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SUMMARY  39 
This work describes a semi-high-throughput protocol that allows simultaneous 3D time-lapse 40 
imaging of embryogenesis in 80–100 C. elegans embryos in a single overnight run. Additionally, 41 
image processing and visualization tools are included to streamline data analysis. The 42 
combination of these methods with custom reporter strains enables detailed monitoring of 43 
embryogenesis. 44 
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 46 
ABSTRACT  47 
C. elegans is the premier system for the systematic analysis of cell fate specification and 48 
morphogenetic events during embryonic development. One challenge is that embryogenesis 49 
dynamically unfolds over a period of about 13 hours; this half day-long timescale has constrained 50 
the scope of experiments by limiting the number of embryos that can be imaged. Here, we 51 
describe a semi-high-throughput protocol that allows for the simultaneous 3D time-lapse 52 
imaging of development in 80–100 embryos at moderate time resolution, from up to 14 different 53 
conditions, in a single overnight run. The protocol is straightforward and can be implemented by 54 
any laboratory with access to a microscope with point visiting capacity. The utility of this protocol 55 
is demonstrated by using it to image two custom-built strains expressing fluorescent markers 56 
optimized to visualize key aspects of germ-layer specification and morphogenesis. To analyze the 57 
data, a custom program that crops individual embryos out of a broader field of view in all 58 
channels, z-steps, and timepoints and saves the sequences for each embryo into a separate tiff 59 
stack was built. The program, which includes a user-friendly graphical user interface (GUI), 60 
streamlines data processing by isolating, pre-processing, and uniformly orienting individual 61 
embryos in preparation for visualization or automated analysis. Also supplied is an ImageJ macro 62 
that compiles individual embryo data into a multi-panel file that displays maximum intensity 63 
fluorescence projection and brightfield images for each embryo at each time point. The protocols 64 
and tools described herein were validated by using them to characterize embryonic development 65 
following knock-down of 40 previously described developmental genes; this analysis visualized 66 
previously annotated developmental phenotypes and revealed new ones. In summary, this work 67 
details a semi-high-throughput imaging method coupled with a cropping program and ImageJ 68 
visualization tool that, when combined with strains expressing informative fluorescent markers, 69 
greatly accelerates experiments to analyze embryonic development. 70 
 71 
INTRODUCTION  72 
The C. elegans embryo is an important model system for mechanistic cell biology and analysis of 73 
cell fate specification and morphogenetic events driving embryonic development1-9.To date, 74 
much of the characterization of both cellular-level events and cell fate specification in the embryo 75 
has been achieved using relatively high temporal resolution one-at-a-time imaging experiments 76 
(i.e., acquisition every 10–100 s) of embryos expressing fluorescent markers. Although well suited 77 
for events on the order of seconds to tens of minutes, this approach becomes technically limiting 78 
for the characterization of longer processes, on the order of hours to days. Embryonic 79 
development from first cleavage to the end of elongation takes about 10 hours. At this time-80 
scale, semi-high-throughput methods that would allow for simultaneous lower time resolution 81 
imaging (i.e., acquisition at 5–20 minute time intervals) of larger cohorts of embryos, from 82 
different conditions, would open up a new range of experiments; for example, enabling 83 
systematic large-scale screening efforts and the analysis of sufficient numbers of embryos for 84 
comparisons of the consequences of molecular perturbations. 85 

 86 
Here, we describe a semi-high-throughput method for monitoring C. elegans embryogenesis that 87 
enables the simultaneous 3D time-lapse imaging of development in 80–100 embryos, from up to 88 
14 different conditions, in a single overnight run. The protocol is straightforward to implement 89 



and can be carried out by any laboratory with access to a microscope with point visiting 90 
capabilities. The major steps in this protocol are outlined in Figure 1. In brief, embryos are 91 
dissected from gravid adults expressing fluorescent markers of interest and transfer young 92 
embryos (2–8 cell stage) to wells of a 384-well plate for imaging. In this format, the relatively 93 
small well size funnels embryos into a narrow area, which facilitates the identification of fields 94 
containing multiple embryos for time-lapse imaging. To maintain roughly synchronous 95 
development across the cohort of embryos, dissections are performed in chilled media and the 96 
plate is held on ice, which prevents significant development during the hour-long dissection time 97 
window. The plate is transferred to the microscope and embryos are filmed in a temperature-98 
controlled room overnight, at 20 min time intervals, using a 60x oil immersion 1.35 NA lens, to 99 
collect the full z-range in 2 µm steps. Fifty fields, each containing between 1–5 embryos, are 100 
imaged in a single overnight run. Depending on the desired experiment, the time resolution could 101 
be increased (for example, imaging at 5–10 min intervals) by proportionally decreasing the 102 
number of imaged fields. 103 

 104 
With this protocol, even a single overnight run generates a significant amount of data (80–100 105 
embryos spread out over 50 fields) and larger experiments can quickly become unmanageable 106 
with respect to data analysis. To facilitate processing, visualization and streamline analysis of this 107 
data, a program was built to crop out and orient embryos and perform pre-processing steps 108 
(optional), and an ImageJ macro that compiles the data to simplify viewing. These programs can 109 
be used to process images collected using conventional approaches, as they are independent of 110 
the imaging method, requiring only a single brightfield plane. The first program takes in a 4D field 111 
containing multiple embryos (GUI option or source code embryoCrop.py) or multiple 4D fields 112 
containing multiple embryos (screenCrop.py), tightly crops embryos and orients them in an 113 
anterior-posterior configuration. These programs also give users the option to perform 114 
background subtraction, drift correction, and attenuation correction. The resulting files are 115 
uniformly pre-processed, tightly cropped tiff stacks for each embryo that are amendable to 116 
automated image analysis. To make it simpler to view all embryos for each condition, an ImageJ 117 
macro (OpenandCombine_embsV2.ijm) was written, which assembles all embryos from a given 118 
condition into a single tiff stack and arrays brightfield images and maximum intensity projection 119 
color (RGB) overlays, side-by-side, for each embryo. The methods were validated by using them 120 
to characterize embryonic development after knock-down of 40 previously-described 121 
developmental genes in a pair of custom-built strains expressing fluorescent markers optimized 122 
to visualize key aspects of germ-layer specification and morphogenesis10,11. Together, the semi-123 
high throughput embryo imaging protocol and image processing tools will enable higher sample 124 
number experiments and large-scale screening efforts aimed at understanding developmental 125 
processes. In addition, these strains will also provide an efficient means for examining the effects 126 
of molecular perturbations on embryogenesis.  127 

 128 
PROTOCOL: 129 
 130 
1. Preparing C. elegans embryos for semi-high-throughput imaging  131 
 132 
NOTE: The goal of this portion of the protocol is to load a population of semi-synchronized (2 to 133 



8-cell stage) C. elegans embryos, dissected from suitable marker strains (Figure 2), into a glass-134 
bottom 384-well plate for imaging. Other plate formats could also work, but the 384 well plates 135 
are preferred because the small well size constrains the spread of embryos to a relatively small 136 
area, which facilitates the identification of fields containing multiple embryos for time-lapse 137 
imaging. Roughly synchronizing the embryos ensures that the full course of development is 138 
captured for each of the embryos in a field. 139 
 140 
1.1. Prepare 5–10 mL of 0.1 mg/mL solution of tetramisole hydrochloride (TMHC) anesthetic 141 
dissolved in ice cold M9 medium (0.45 M Na2HPO4∙7H2O, 0.11 M KH2PO4, 0.04 M NaCl, 0.09 M 142 
NH4Cl) to use during dissection and imaging. This media includes an anesthetic to ensure that 143 
moving hatched larva do not disrupt imaging of embryos at earlier developmental stages.  144 
 145 
NOTE: If using the cropping and visualization tools to analyze data acquired using standard 146 
agarose pad mounting methods, skip ahead to section 3 below. 147 

 148 
1.2. Aliquot 70 µL of the prepared solution into individual wells of a glass-bottom 384-well plate 149 
with one well for each condition; avoid the outer two rows of the plate to prevent edge effects.  150 
 151 
NOTE: It is useful to mask surrounding wells using adhesive PCR plate foil (see example in Figure 152 
1D) this preserves adjacent wells for future experiments and makes it easier to locate appropriate 153 
wells under the dissection microscope. Once the solution is aliquoted, keep the plate and 154 
remaining solution on ice throughout dissection.  155 

 156 
1.3. Generate mouth pipets for transferring embryos from the depression slide (where the gravid 157 
hermaphrodites are dissected) to the wells. Pull capillary pipets (25 µL calibrated pipets) over a 158 
flame and break to generate a fine tapered end (Figure 1D). One pipet is needed per condition 159 
to prevent cross-contamination; discard pipet after use. 160 

 161 
1.4. Use fine tweezers to transfer ~10 gravid adults under a dissection scope into 150 µL of the 162 
ice cold TMHC solution aliquoted onto a depression slide for each condition. Using the tweezers 163 
and a scalpel, dissect the worms to release the embryos. 164 

 165 
1.5. Load a pulled capillary pipet into the aspirator attachment included with the pipets, and 166 
mouth pipet to transfer all of the 2 to 8-cell-stage embryos into an individual well of the prepared 167 
plate (Figure 1D). Avoid transferring late stage embryos and dissection debris. Examine under a 168 
dissection scope and if aggregates of embryos are present, mouth pipet up and down or tap 169 
clumps of embryos with pipet tip to disperse.  170 

 171 
NOTE: To prevent cross-contamination, clean dissection equipment and use a fresh mouth pipet 172 
while moving between conditions. Store plate on ice between dissections. 173 
 174 
1.6. Once worms from all conditions have been dissected and embryos placed in their 175 
appropriate well, spin the 384-well plate for 1 min at 600 x g to settle the embryos.  176 

 177 



1.7. Wipe the bottom of the plate with an ethanol-soaked wipe to remove any residue and place 178 
the plate on a confocal microscope equipped with a plate holder in a temperature-controlled 179 
environment. 180 

 181 
NOTE: The steps that follow detail this method using the lab setup; please modify acquisition 182 
conditions to suit experimental needs and equipment. Here, a confocal scanner box equipped 183 
with a microlens-enhanced dual Nipkow spinning disk, a 512x512 EM-CCD camera, a high-184 
precision auto-XY-Stage (designated resolution 0.1 µm) and motorized z-axis control (designated 185 
resolution 0.1 µm) is used. This system is kept in a 16 °C room, which maintains the microscope 186 
temperature between 21 and 23 °C during overnight imaging.  187 

 188 
1.8. To identify fields with suitable embryos, perform a pre-scan of each well using a 10x 0.4 NA 189 
objective and suitable imaging software. The most optimal fields will contain more than one early 190 
stage embryo that is in the same focal plane as other embryos and ideally will have minimal 191 
contact between adjacent embryos. Mark positions of suitable regions. 192 

 193 
1.9. To select imaging fields, switch to the 60x objective and adjust the focal plane at each point 194 
visit to appropriately section the embryos. 1–4 fields per well are imaged, for a total of 50 fields 195 
across 14 wells, and each field can contain between one and five embryos. Overall, 4 to 15 196 
embryos are selected from each condition for high-resolution imaging.  197 

 198 
NOTE: A key variable at this step is the use of sufficient oil; place oil on the objective, visiting 199 
points in each well to spread the oil around the surface of all of the wells and then apply an 200 
additional drop of oil to the objective prior to selection of fields. 201 
 202 
1.10. Image the selected fields using a 60x 1.35NA objective to acquire 18 z sections at 2 µm 203 
intervals every 20 min for 10 h. The imaging conditions using the germ-layer and morphogenesis 204 
reporter strains are as follows: brightfield, 90% power, 25 ms, 20%  gain; 488 nm, 100% power, 205 
200 ms, 60% gain; 568 nm, 45% power, 150 ms, 60% gain. 206 
 207 
1.11. After imaging is complete, assess embryonic lethality by performing a low magnification 208 
(10x 0.4 NA objective) whole well brightfield scan ~20–24 h following the start of overnight 209 
imaging. 210 
 211 
2. Embryonic lethality scoring 212 
 213 
2.1. Using the post-run 10x scanned fields, assess embryonic lethality and larval defects by 214 
counting hatched worms and unhatched embryos for each well. 215 
 216 
2.2. Score unhatched embryos as embryonic lethal. Exclude arrested one- to four-cell-stage 217 
embryos from lethality count, since young dissected embryos sometimes fail to complete 218 
eggshell formation (if meiosis II is not yet complete) and permeability defects can lead to osmotic 219 
complications during the first two divisions. 220 
 221 



2.3. Score partially hatched or fully hatched worms with body morphology or behavioral defects, 222 
such as dumpy or paralyzed, as ‘abnormal larva’. 223 
 224 
3. Automated cropping (Figure 3A) 225 
 226 
NOTE: The software is housed in two locations: (1) Zenodo houses a user-friendly version of the 227 
software12 that does not require any programming expertise. (2) Github contains the source 228 
code for our embryoCropUI.py and screenCrop.py software13, which require proficiency with 229 
Python. Detailed instructions for downloading and operating both versions of the program can 230 
be found below.  231 
 232 
3.1. Automated cropping using embryoCropUI executable version (user friendly version) 233 
 234 
3.1.1. To use the embryoCropUI program, first download the program from Zenodo 235 
(https://zenodo.org/record/3235681#.XPAnn4hKg2w)12. 236 
 237 
3.1.1.1. Download the MacOS or Windows format version of the program (note that the MacOS 238 
version requires MacOS X10.11 or higher). 239 
 240 
3.1.1.2. Download the instructions file (GUI_Instructions_zenodo_repoV2.docx), which provides 241 
step by step instruction for testing and using the embryoCropUI program. 242 
 243 
3.1.1.3. Download the test_files.zip to test if the program is properly functioning on the platform 244 
(see instructions). 245 

 246 
3.1.2. Once downloaded, unzip and navigate to find the embryoCropUI executable 247 
(…\embryoCropUI\_WINDOWS\embryoCropUI\embryoCropUI.exe) or 248 
(…\embryoCropUI\_MacOS\embryoCropUI\embryoCropUI.exe). Double click to launch (or 249 
chose ‘open with’ terminal) and run the embryoCropUI executable. 250 

 251 
3.1.3. The GUI executable crops one 4D field of view at a time. In the upper left-hand corner, 252 
select the open button to load the specific field to crop (multi-tiff). If cropping a tiff series, with 253 
multiple dimensions (i.e., z, time, channel), load only the first image in the series within the folder 254 
(one tiff series per folder).  255 
 256 
3.1.4. Once images have been loaded, specify the following information: number of z- slices, (Z), 257 
number of time points (T), number of channels (C), the channel that corresponds to DIC or 258 
brightfield (first=1, second=2, etc.). 259 

 260 
3.1.5. Select additional processing to run on the images. The program offers Drift Correction, 261 
Background Subtraction, and Attenuation Correction.  262 

 263 
3.1.6. Specify parameters for Background Subtraction and Attenuation Correction to guide 264 
processing efforts in the GUI prompt. For Background Subtract, define the largest feature size to 265 

https://zenodo.org/record/3235681#.XPAnn4hKg2w


reflect the size of meaningful signal; this feature size should not be considered as background 266 
and must be an odd number value. Input a value from 0-1 for Attenuation Correction. The 267 
Attenuation Correction value reflects the percent of original intensity that remains at the furthest 268 
depth of the object being imaged.  269 

 270 
NOTE: Background Subtraction and Attenuation Correction must be run together. 271 

 272 
3.1.7. Specify the image collection order (i.e., channel-z-time (czt), or z-channel-time (zct)). 273 

 274 
3.1.8. Specify the microns per pixel for the images based on the camera being used.  275 
 276 
NOTE: Poor image cropping will occur if pixel size is not properly defined. 277 

 278 
3.1.9. Select Run at the bottom left corner. A new subfolder labeled “crop” will be created in in 279 
the same path as the uncropped folder; cropped versions will be saved in this location. Depending 280 
on file size, cropping should complete within seconds to minutes. 281 

 282 
3.2. Automated cropping using screenCrop.py (batch version alternative to embryoCrop GUI 283 
described above; Python savvy users only)10,13 284 
 285 
3.2.1. To use screenCrop.py, the Python software version for cropping of larger data sets in a 286 
batch format, clone or download the source code from Github 287 
(github.com/renatkh/embryo_crop.git). 288 

 289 
3.2.2. Read the instructions for configuring a proper virtual environment and follow the file-290 
naming system described; both of which are detailed in the README file in the Github repository: 291 
https://github.com/renatkh/embryo_crop/blob/master/README.md. 292 
 293 
3.2.3. Once environmental variables and naming conventions have been properly established, 294 
open parameters.py and screenCrop.py in an editor of choice. 295 

 296 
3.2.4. To modify adjustable parameters without touching the source code, edit the 297 
parameters.py file.  298 

 299 
NOTE: it is also possible to directly change parameters within the header of screenCrop.py. 300 

 301 
3.2.4.1. If using the parameters.py configuration file, change the use_configure setting to True. 302 
If using direct editing within screenCrop.py, leave the use_configure setting at False. 303 

 304 
3.2.4.2. Locate the following information within the parameters.py file and make modifications 305 
to suit desired imaging parameters and file structure:  306 
 307 
3.2.4.2.1. loadFolder (line 9): Change to the drive on which the files are stored (e.g., Z:/, D://, 308 
etc.) 309 

https://github.com/renatkh/embryo_crop.git


 310 
3.2.4.2.2. date (line 7): Change to the folder containing files for the imaging session. This is 311 
referred to as ‘Experiment Folder Name’ in the CSV tracking file (see instructions).  312 
 313 
3.2.4.2.3. trackingFile (line 11): Change to the path to the CSV file in which experiment 314 
information is stored.  315 
 316 
3.2.4.2.4. z (line 13): Set as the number of z planes.  317 
 318 
3.2.4.2.5. nT (line14): Set as the number of timepoints. 319 
 320 
3.2.4.2.6. nWells (line 19): Set as the number of wells used. 321 
 322 
3.2.4.2.7.  pointVisits (line 20): Set as the maximum number of point visits (per well). 323 
 324 
3.2.4.2.8.  In line 10 find the location currently occupied by ‘CV1000/’ and input the outer folder 325 
used in the file path. To avoid issues, use the following convention: ‘XXXXXXX/’.  326 
 327 
3.2.4.2.9.  In Line 12, input a valid file path for storing aspect ratio data for cropped data. 328 
 329 
3.2.4.2.10.  In Lines 15, 16, 17, and 18 input True/False for whether the images go through the 330 
following processing:  331 
 332 
3.2.4.2.10.1.  Input True or False for drift correction on Line 15. 333 
 334 
3.2.4.2.10.2.  Input True or False for background subtract on Line 16. Feature size must be 335 
empirically determined for different marker strains and pixel sizes. In the configuration here, 336 
feature size was defined as 41 for the Germ-Layer strain and 201 for the Morphogenesis strain. 337 
Background subtract must be done in conjunction with attenuation correction.  338 
 339 
3.2.4.2.10.3.  Input True or False for attenuation correction on Line 17. 340 
 341 
3.2.4.2.10.4.  Input True or False for anterior posterior rotation on Line 18.  342 

 343 
3.2.5. Once all changes have been made, cropping can begin. To do this, switch to screenCrop.py 344 
and select the play icon in the toolbar, in the drop-down menu select Run As > Python Run. 345 

 346 
3.2.6. As cropping can take several hours to complete for a large dataset (50 point visits 18 z 347 
steps, 3 channels, 31 timepoints), track progress of cropping in the console window. Once 348 
cropping is completed, a small window will show previews of the cropped images before saving. 349 
For each image there are 3 options:  350 
 351 
3.2.6.1. Save: Press Space Bar to save the image if the image is cropped properly with no areas 352 
of interest being cut off.  353 



 354 
3.2.6.2. X: Press X if the image appears to have areas of interest cut off; the image will be saved 355 
with an X in front of the name to separate it from the other images. 356 
 357 
3.2.6.3. Delete: Press D to delete the cropped image if the image is not cropped properly or the 358 
embryo is not satisfactory.  359 

 360 
NOTE: The images will be saved to a subfolder named “Cropped” in the Load Folder (defined in 361 
Line 9 of the program). 362 

 363 
4. Visualization (Figure 4)  364 
 365 
NOTE: OpenandCombine_embsV2.ijm10,12 is an ImageJ macro that will construct an easy to view 366 
tiff file from all the images for a specific strain and condition. Installation of FIJI/ImageJ14,15 is 367 
required. This macro runs according to our file structure; it will need to be modified to work with 368 
other file structures. A guide to proper file structure and detailed description of important 369 
considerations can be found at the end of the GUI_Instructions_zenodo_repoV2.docx file on the 370 
Zenodo repository. Please read through these instructions completely before imaging to properly 371 
name and structure files to interface best with this macro. For reference, our file location 372 
structure looks like this: 373 
Z:\cropped\Target\Strain\Emb#\Target_Emb#_15 Digit Unique Identifier 374 
_W##F#_T##_Z##_C#.tif 375 
i.e. 376 
Z:\cropped\EMBD0001\GLS\Emb1\EMBD0001_Emb1_20140327T135219_W02F1_T01_Z01_C1.377 
tif 378 
 379 
4.1. Download OpenandCombine_embsV2 and GUI_Instructions_zenodo_repoV2.docx from 380 
Zenodo (https://zenodo.org/record/3235681#.XPAnn4hKg2w). 381 

 382 
4.2. Prepare the following information: 383 
-The location where the image folders are stored (following cropping). 384 
-The image folder name(s) for the specific condition(s) to be processed (i.e., EMBD0002). This is 385 
referred to as “Target” in the above example 386 
-A 15 digit alpha-numeric unique identifier that is specific to a given overnight experiment—this 387 
identifier is the data acquisition folder name (i.e., 20140402T140154) and the unique identifier 388 
is embedded in the individual tiff file name 389 
(EMBD0002_Emb1_20140402T140154_W06F2_T01_Z01_C1) for every embryo imaged on that 390 
day. The macro uses this identifier to check for embryos acquired on the same date and can 391 
assemble repeated conditions, with separate dates, into separate ImageJ files. 392 

 393 
4.3. Open ImageJ, and drag-and-drop the macro file, OpenandCombine_embsV2.ijm, to the 394 
ImageJ bar, or open the macro directly.  395 

 396 
4.4. Once the macro is open, locate lines 3 and 4. Input the information gathered in (section 4.2) 397 



according to the following steps: 398 
 399 
4.4.1. In Line 3 (RNAL), input the target name for the images to be processed. Input each target 400 
in the following structure newArray(“XXXXXXXX/”); include quotations. To run multiple 401 
conditions at once, separate with a comma and keep all target names within the parenthesis (i.e., 402 
newArray(“EMBD0000/”,”EMBD0001/”,”EMBD0002/”). 403 
 404 
4.4.2. In Line 4 (date), input the 15 digit alpha-numeric unique identifier in quotations, for 405 
example newArray(“20140402T140154”). 406 
 407 
4.5. Press Run at the bottom left of the macro window. A window will appear, which will launch 408 
a prompt to navigate to the outer folder containing the cropped image folders (specified in 4.4.1). 409 
 410 
4.6. Once selected, another window will appear, which will allow specification of imaging 411 
parameters. 412 
 413 
4.6.1. Enter the number of channels, the number of Z slices, the font size for the text used in 414 
labeling the compiled images, and the color for each of the channels. 415 
 416 
4.6.2. Check on/off auto contrasting in all channels. 417 
 418 
4.7. Once all parameters have been specified, click OK at the bottom of the window. The 419 
composite file will begin to assemble; this will take several minutes, per condition, to complete. 420 
 421 
4.8. Once completed, review the files that are left open if desired. They can be closed without 422 
saving, as the macro has already saved the files to a newly created folder which is named in the 423 
following manner: outer folder name (specified in the prompt of section 4.5) + “-fiji-processed-424 
output” (i.e., Z:\ cropped-fiji-processed-output\EMBD0002_GLS_20140402T140154.tif). 425 

 426 
REPRESENTATIVE RESULTS:  427 
A significant challenge in characterizing the effect of molecular perturbations on C. elegans 428 
embryonic development is that it takes about 10 hours for embryos to progress from first 429 
cleavage to the end of elongation at 20 degrees16. A semi-high-throughput method in which large 430 
cohorts of embryos can be simultaneously imaged is useful for events on this time-scale because 431 
it permits imaging of multiple conditions in parallel with a sufficient ensemble size for each 432 
condition to enable quantitative analysis (Figure 1A). 433 
 434 
Semi-high throughput imaging method and multi-marker strains 435 
The semi-high-throughput imaging method described here (outlined in Figure 1B), employs a 436 
384-well glass bottom plate; the multi-well format allows for up to 14 conditions to be arrayed 437 
in parallel and the small size of the wells constrains the search area, simplifying the identification 438 
of fields containing embryos for high resolution imaging. Here, a confocal scanner box was used, 439 
equipped with a microlens-enhanced dual Nipkow spinning disk, a 512x512 EM-CCD camera, a 440 
high-precision auto-XY-Stage (designated resolution 0.1 µm) and motorized z-axis control 441 



(designated resolution 0.1 µm). However, the protocol can be adapted for any confocal 442 
microscope with precision point-visiting capabilities and a stage adaptor that can accommodate 443 
a multi-well plate. A significant challenge in developing this method was devising a means to 444 
generate a plate of embryos at the same developmental stage so that the entirety of 445 
development can be captured for all of the embryos in each field. This is a challenge because the 446 
embryos arrayed onto the imaging plate first will continue to develop while later samples are 447 
dissected, resulting in a gradient of staging across the wells. To circumvent this issue, early stage 448 
embryos (2-8 cell stage) are selected and keep the dissection media and imaging plate on ice; this 449 
stalls embryogenesis for the dissected embryos until all conditions have been arrayed without 450 
significantly impacting embryonic viability10. To limit the time that the embryos sit on ice to 1 451 
hour, two researchers perform the dissections simultaneously, which allows for the set-up of 14 452 
different conditions in about 50 minutes. After dissection, the plate is spun at 600 x g for 1 min 453 
to sediment the embryos and wells are pre-scanned at low magnification to locate fields with 454 
groups of suitable embryos for high-magnification imaging; point visit locations are marked. 455 
Embryos are filmed in a temperature-controlled room overnight using a 60x oil immersion 1.35 456 
NA lens. The samples are configured in a 4 well by 4 well region so that the surface area of the 457 
plate that is used in an experiment is comparable to a 22x22mm standard coverslip, which allows 458 
for the use of a 60x oil objective. Uniform spreading of oil across this region prior to the start of 459 
imaging is critical for successful long-term image acquisition. The developing embryos are imaged 460 
in a solution containing anesthetic; this ensures that when the older embryos within the well 461 
hatch, their movement does not disrupt the position of adjacent younger embryos that are being 462 
imaged. Due to the impenetrable nature of the eggshell, the anesthetic does not affect 463 
movement prior to hatching. Under these conditions, 3D time-lapse data is collected in 3-464 
channels for a total of 80-100 embryos in a single overnight experiment (discussed more below). 465 

 466 
C. elegans embryonic development occurs in two phases. First, 10 rounds of cell division coupled 467 
to cell fate specification generate the three germ layers (ectoderm, mesoderm, and endoderm) 468 
over a 6 hour period17. In the following 7 hours, morphogenetic events drive the formation of 469 
differentiated tissues8,16. To capture these two aspects of development, we built a pair of custom 470 
strains, the Germ Layer and Morphogenesis strains10 (Figure 2A), and used the semi-high-471 
throughput protocol to image embryos from both strains. The Germ Layer strain expresses 472 
transgene-encoded fluorescent proteins that mark nuclei in the ectoderm, mesoderm and 473 
endoderm in red, yellow, and green. This strain contains three reporter transgenes: (1) a 474 
transgene expressing PHA-4::GFP that marks nuclei in the intestine and pharynx (green 475 
endoderm)10,18,19, (2) a transgene expressing an mCherry-histone fusion in the epidermis and in 476 
~1/3 of neurons (red ectoderm; Figure 2A), and (3) a transgene that simultaneously expresses 477 
mCherry and GFP-tagged histones in body wall muscle (yellow mesoderm). The Morphogenesis 478 
strain has two transgenes that express: (1) a green epithelial junction marker (DLG-1::GFP) in the 479 
epidermis, and (2) an mCherry-tagged plasma membrane marker, in ~ 1/3 of neurons (Pcnd-1 480 
promoter; Figure 2A). To enhance the effectiveness of RNAi, both strains were also engineered 481 
to contain a pair of RNAi-sensitizing mutations (nre-1(hd20) lin-15b(hd126)20. These were 482 
constructed with the goal of performing a large-scale RNAi-based screen of the ~2,000 genes 483 
required for embryonic development. However, this pair of strains will also constitute a broadly 484 
useful standardized platform for assessing developmental defects in mutants, and for more 485 



detailed analyses of the roles of different proteins in development. 486 
 487 

For data collection in this semi-high throughput format, with these strains, green, red and bright-488 
field z-series (18 x 2 µm intervals) are collected, every ~20 min, for a period of 10 h in a 16 °C 489 
temperature-controlled room; this maintains the microscope between 21-23 °C during the run. 490 
The 20 min time interval allows us to image 50 fields of embryos (point visits) per experiment. 491 
Users can tailor acquisitions to shorter intervals with fewer point visits, or longer intervals with 492 
more point visits to best suit their experimental objectives. For these strains, the early 493 
developmental timepoints are not imaged because the tissue specific reporters driving marker 494 
expression do not begin to express until mid-to-late gastrulation. During this early phase, wells 495 
were scanned at low magnification (10x) and fields are selected for high magnification imaging. 496 
Selecting fields containing more than one early stage embryo is recommended, but avoiding 497 
fields where embryos are partially overlapping, overly crowded, or are found at the extreme edge 498 
of the well. Following overnight 60x imaging, a low magnification (10x) whole well scan is 499 
performed to determine whether embryos hatch with normal appearance (WT), hatch with 500 
visible abnormalities (larval abnormal), or are embryonic lethal for each condition assessed 501 
(Figure 1B). This step serves as an easy alternative to setting up plates in parallel to assess 502 
lethality across a larger population; the whole well 10x post-scan provides embryonic lethality 503 
data on 50-80 embryos per condition. Using this measure to compare the population embryonic 504 
lethality data for controls between runs is a useful control that ensures consistency with respect 505 
to the health of the strains and the environmental conditions and processing steps. When imaged 506 
in combination, the two custom reporter strains provide informative readouts for most major 507 
developmental events, including cell fate specification, dorsal intercalation, epidermal enclosure, 508 
elongation, and neurogenesis (representative control images are shown in Figure 2B, also see 509 
Wang et al.10).  510 
 511 
Data processing: automated embryo cropping and orientation 512 
With our imaging protocol, each high-resolution imaging field contains between 1 and 5 embryos; 513 
these embryos are randomly oriented and are frequently positioned immediately adjacent to one 514 
another. Data collected using conventional embryo mounting techniques suffers from the same 515 
challenges. To prepare the data for subsequent visualization and analysis, considerable hands-on 516 
manipulation is needed to crop and orient the embryo sequences, as well as to pre-process them 517 
to subtract background, correct for drift, and compensate for signal attenuation with depth. To 518 
streamline this process, a custom embryo cropping program was built that isolates and orients 519 
each embryo from the broader field (Figure 1C, Figure 3). This program has been packaged as a 520 
user-friendly, stand-alone program with graphical user interface (GUI, compatible with data from 521 
most imaging platforms) that can take in a 3D time-lapse sequence of a field of embryos, and 522 
process it into individual tiff series for each embryo in the field (Figure 3B, available at 523 
https://zenodo.org/record/3235681#.XPAnn4hKg2w)10,12. The Python source code for the GUI 524 
(embryoCropUI.py), and a batch version of this program (screenCrop.py) are also available for 525 
experienced Python users on GitHub (https://github.com/renatkh/embryo_crop.git)10,13. The 526 
core functionality of this program is to locate, crop, and orient the embryo along the anterior-527 
posterior axis. Simultaneously, background subtraction, attenuation correction, and drift 528 
correction can be performed on the dataset using optional adjustable settings.  529 

https://github.com/renatkh/embryo_crop.git


 530 
Briefly, the automated cropping software iteratively detects individual embryos in a binary mask 531 
obtained from the bright-field images and sequentially crops the embryos from all channels and 532 
orients the images along the anterior-posterior axis (Figure 3B, first described in Wang et al.10). 533 
Prior to cropping, the software corrects for drift, subtracts background and performs depth 534 
attenuation correction in each fluorescence channel (optional). To obtain the binary mask, the 535 
software applies Canny edge detection21 to the bright-field images, performs maximum intensity 536 
projection of the three central planes and fills in small holes. The algorithm detects individual 537 
embryos by fitting a Cassini oval to a section of the binary mask outline (see Figure 3B, 3C). After 538 
aligning the oval along its main axis, the software measures red fluorescence intensity in each 539 
half of the isolated embryo and rotates the embryo such that red intensity is oriented towards 540 
the left, which puts the embryo anterior on the left for both of the reporter strains used in this 541 
work (Figure 3D). Piloting of this software revealed that most embryos were efficiently cropped 542 
as anticipated. Minor imaging issues, such as embryo drift, temporary focal plane loss (due to 543 
bubbles in oil), or crowded fields of embryos did not typically disrupt successful cropping. 544 
However, for fields where there were large clumps of embryos (overlapping somewhat in z), 545 
embryos that were significantly tilted within the imaging plane (in Z), long-term focal plane loss, 546 
or embryos that were partially cutoff, successful cropping was not always achieved. These issues 547 
can be easily circumvented by better field selection during the data acquisition phase. Overall, 548 
pre-processing data collected with this semi-high-throughput method or using conventional 549 
mounting methods is a useful first step for visualizing and analyzing embryonic datasets. 550 

 551 
Validation of image collection and data processing methods: visualize embryonic development 552 
after knock-down of 40 previously-described genes 553 
To validate this semi-high-throughput image collection method and custom cropping regime, a 554 
small RNAi screen was performed in the custom strains, directed against 40 genes with previously 555 
described functions in cell fate specification and morphogenesis (described by Wang, Ochoa, 556 
Khaliullin and colleagues10,11). To do this, dsRNA was generated against each target, injected L4 557 
animals from each strain, waited 20-24 hours, and then dissected out and imaged embryos using 558 
the protocol described above (for complete dataset10,11). Achieving developmental phenotypes 559 
by RNAi requires inhibition of both maternal and zygotic gene expression. Developmental genes 560 
can be maternally expressed, with the resulting protein products being loaded into the embryos, 561 
or zygotically expressed in the embryo, or, in many cases, both10,22,23. The time between injection 562 
and embryo filming is the critical variable to effectively targeting maternally and zygotically 563 
expressed populations; timing determines both the amount of injected dsRNA that is loaded into 564 
the embryo to prevent zygotic expression24 and the extent of maternal protein depletion. After 565 
the dsRNA injection, the maternal mRNA corresponding to the targeted gene gets degraded and 566 
does not recover over in a relevant time interval. Pre-existing protein depletion requires embryo 567 
production, which ejects the maternal protein from germline tissues by loading it into forming 568 
embryos. 20-24 hours at 20 °C is the shortest incubation time that allows consistent maternal 569 
depletion; maternal depletion gets better at later timepoints (i.e., 36-42 hours after injection). 570 
The amount of injected dsRNA that is loaded into the embryo dictates how effective the 571 
prevention of zygotic gene expression will be. The amount of loaded RNA peaks about 5-10 hours 572 
after injection, when embryos with injected material are first fertilized, declining thereafter. In 573 



our experience, 24 hours after injection is an optimal timepoint, in which maternal protein 574 
depletion and inhibition of zygotic gene expression are both effective. Analysis of phenotypes in 575 
the custom reporter strains used in this work, across the set of 40 test genes, showed that our 576 
combined protocol yielded distinct, highly reproducible signature phenotypes across a broad 577 
spectrum of genes involved in cell fate specification and morphogenesis (see Wang et al.10); the 578 
complete dataset is available11). As an example of this data, still images of four different embryos 579 
for control, pha-4(RNAi), pal-1(RNAi), and mex-3(RNAi) in the germ layer reporter strain are 580 
shown in Figure 4A. For a more comprehensive discussion of the phenotypes observed in the 40-581 
gene RNAi screen, see Wang et al.10 582 

 583 
ImageJ macro: Compilation and visualization of all data for a given condition 584 
Visualization of large numbers of embryos from individual tiff stacks can be tedious and time 585 
consuming to work through. From our initial effort, >400 individual embryos were isolated using 586 
the custom automated cropping program described above. To speed up first-pass analysis, we 587 
built an ImageJ macro, which generates an array of all embryos imaged for a given RNAi condition 588 
in a given strain background (Figure 4B). For each embryo in the array, a brightfield image and a 589 
maximum intensity projection image are presented side-by-side, for each time point, to generate 590 
a composite movie file. While this macro was written to function with our file structure, it can be 591 
edited to accommodate the user’s file structure. For best results, however, users should follow 592 
the naming and file structure conventions set forth in the protocol (see Zenodo or Github 593 
README files for more specifics for the Python and ImageJ application naming conventions). To 594 
view all of the ImageJ processed data and get more in-depth analysis of the phenotypes observed 595 
for the 40-gene test set, please see the data deposited in the Dryad database10,11. This ImageJ 596 
visualization format enables rapid assessment of the overall phenotype and its penetrance, and 597 
makes it easy to flag data quality issues, such as presence of debris or loss of focal plane. Overall, 598 
the combination of the semi-high-throughput data acquisition method, cropping program and 599 
ImageJ visualization tool, combined with custom reporter strains, greatly facilitates larger scale 600 
efforts to study embryonic development.  601 

 602 
FIGURE AND TABLE LEGENDS:  603 
 604 
Figure 1. Overview of high-content imaging method, data processing procedure, and essential 605 
tools. (A) A comparison of the features of the standard agarose pad-based method for mounting 606 
C. elegans embryos to the semi-high-throughput multi-well imaging approach described here. (B) 607 
Overview of the semi-high-throughput method for monitoring embryonic development. See text 608 
for details. (C) Overview of the data processing and visualization tools, which can be used on data 609 
acquired using either a conventional agarose pad-based mounting procedure or the semi-high-610 
throughput multi-well plate-based method described herein. A single 3 channel time lapse 611 
embryo sequence from one field (left) or multiple 3 channel, 4-dimensional fields of embryo data 612 
(right) can be processed using the custom cropping program, which is compatible with data 613 
captured on most imaging platforms. The graphical user interface (GUI) version of the program 614 
is user friendly and does not require any programming expertise. The screenCrop.py application 615 
requires Python expertise, but it has added capabilities- namely that it can crop in batch format. 616 
The output of this step is tightly cropped, anterior-posterior oriented embryo tiff stacks. To 617 



visualize all data from a single condition, an ImageJ macro was built that compiles cropped, 618 
rotated tiff stacks to show a brightfield image and maximum intensity projection for each embryo 619 
at each timepoint. (D) Panel shows essential tools needed for dissection and setup of semi-high-620 
throughput imaging format. Some figure components reproduced with permission from Wang et 621 
al.10. 622 
 623 
Figure 2. Custom strains generated for high-content imaging of C. elegans embryogenesis. (A) 624 
Schematics illustrate the transgenes used to construct the Germ Layer (top) and Morphogenesis 625 
(bottom) strains. (B) Maximum intensity projection panels show the developmental time-course 626 
in the Morphogenesis (top) and the Germ Layer (bottom) strains. Ventral view is shown, as 627 
illustrated in the schematics (left). Time is relative to the comma stage (t=0), which is easily 628 
identifiable in both strains. Scale bar is 10 µm. Figure reproduced with permission from Wang et 629 
al.10. 630 
 631 
Figure 3. Custom cropping program isolates and orients individual embryos from imaging fields. 632 
(A) Schematic illustrates the features of the custom embryo cropping program and highlights the 633 
two options for accessing this program: a user-friendly GUI interface, which requires no 634 
programming expertise and is available on Zenodo (left) and a batch cropping version of the 635 
program, which requires Python experience and is available on Github (right). (B) Graphic 636 
summarizes the automated cropping algorithm—a binary mask is generated from 8-bit 637 
brightfield images and individual embryos are detected, cropped out, and oriented along the 638 
anterior-posterior axis. Scale bar is 10 µm. (C) Schematics detail the procedure used to iteratively 639 
detect embryos in the binary mask. (D) Schematic illustrates the method used for orienting 640 
embryos along the anterior-posterior axis. Panels B-D reproduced with permission from Wang et 641 
al.10. 642 
 643 
Figure 4. Custom ImageJ macro enables visualization of RNAi screening data by generating 644 
composite files for each condition. (A) Embryos for three example RNAi conditions from the 40-645 
gene test set (see Wang et al.10,11 for complete dataset) are shown (right) that highlight the 646 
distinct signature phenotypes that are obtained for each condition and the reproducibility of the 647 
phenotypes within each condition. Panel was adapted with permission from Wang et al.10. (B) 648 
Panel illustrates how the custom ImageJ macro (OpenandCombine_embsV2.ijm) arrays embryos 649 
from a given RNAi condition into a composite ImageJ file that arrays the brightfield and maximum 650 
intensity projections for each embryo at each timepoint. While only one example is highlighted, 651 
this macro can compile the data for many RNAi conditions at once. ImageJ macro is available on 652 
Zenodo12. Scale bar is 10 µm.  653 
 654 
DISCUSSION:  655 
This work describes a suite of tools and methods that were developed to enable larger-scale 656 
efforts to profile the function of genes in embryonic development in C. elegans. Our semi-high-657 
throughput method allows 3D time-lapse imaging of embryonic development at 20 min 658 
resolution for 80–100 embryos in a single experiment. While this protocol can be adapted for use 659 
with any desired marker strain(s), this work demonstrates the potential of the method using two 660 
custom strains developed to monitor events during embryogenesis: (1) a germ-layer reporter 661 



strain, in which tissue specific promoters drive the expression of fluorescent histones to mark the 662 
endoderm, mesoderm and ectoderm nuclei, and (2) a morphogenesis reporter strain, which uses 663 
epidermal and neuronal promoters to drive the expression of fluorescent markers in cell-664 
junctions and the plasma membrane. By imaging the two strains, the consequences of molecular 665 
perturbations on cell fate specification and morphogenetic events can be captured with 666 
remarkable detail. To address the challenges presented by the quantity of data generated by this 667 
method, custom tools were developed for the purpose of streamlining data processing and 668 
visualization. The first tool crops individual embryos out of a field of embryos in 3D time-lapse 669 
sequences while also rotating the embryos to a standard anterior-posterior orientation and 670 
performing background subtraction, drift correction, and attenuation correction. This program 671 
was packaged as a user-friendly GUI (https://zenodo.org/record/3235681#.XPAnn4hKg2w) and 672 
the source code and a more advanced batching version of the program for Python savvy users 673 
(github.com/renatkh/embryo_crop.git) is provided10,12,13. Finally, to visualize this processed data 674 
in a meaningful format, an ImageJ macro was devised; this allows the user to visualize all embryos 675 
from a given RNAi condition in a multipaneled movie, which shows a brightfield and maximum 676 
intensity projection for each embryo at each timepoint. Together, the strains, protocol, and data 677 
processing tools, make efforts to study C. elegans embryogenesis in larger-scale a more feasible 678 
endeavor. 679 

 680 
While straightforward to implement on the whole, the semi-high-throughput acquisition method 681 
described here does require attention to a few critical details, which are discussed below. First, 682 
users must have access to a confocal microscope with precision point-visiting capacity that can 683 
be outfitted with a multi-well plate holder. The most critical consideration for this protocol is that 684 
the microscope be maintained in a temperature-controlled room. While many microscopes have 685 
the capacity to heat, most cannot reliably cool, thus the environmental temperature has to be 686 
adapted to maintain a constant C. elegans friendly temperature. To achieve this, the imaging 687 
room is held at 16 °C. The sample area of the instrument heats up to 21-23 °C during imaging. 688 
Fluctuations in room temperature can affect developmental timing and subtly alter the focal 689 
plane accuracy during point visiting and should be avoided as much as possible. Note that running 690 
at temperatures above 23 °C can result in a considerable spike in embryonic lethality for control 691 
conditions and is not advisable. Another key consideration is embryo selection and dispersion 692 
during dissection. Care should be taken to avoid transferring older embryos into the imaging 693 
wells, since, upon hatching animals tend to swish adjacent embryos out of view; the incidence of 694 
this is lessened by the inclusion of anesthetic in the media. The dispersion of embryos, to avoid 695 
large clumps of embryos, is also a critical variable. Clumping tends to occur when embryos are 696 
transferred to the wells in capillary pipets that are too thinly drawn out, or when embryos are 697 
not sufficiently dispersed during dissection. Another consideration is that point selection and 698 
focal plane tuning takes time. The plate is not held on ice during this process, so the embryos 699 
begin developing immediately. For the custom marker strains used in this study, there is about a 700 
90-minute window after the plate is removed from ice to accomplish plate scanning and point 701 
selection before markers begin to be expressed. This is sufficient time for set up on our 702 
instrument with these strains, but other microscopes and strains may offer additional time 703 
challenges that will require troubleshooting. Finally, the method we describe employs a 60x oil 704 
objective to collect z-stacks of 50 fields at 20 min time intervals. As we highlight, the temporal 705 



resolution can be increased by decreasing the number of fields imaged. For example, 10 fields 706 
can be imaged at 4 min time resolution. A second alternative for increasing temporal resolution 707 
is to use a lower magnification, high numerical aperture objective; in this case, the larger field of 708 
view allows imaging of a large number of embryos at higher time resolution with only a moderate 709 
reduction in spatial resolution. 710 

 711 
To enable data processing and visualization on a larger scale, we built custom tools and made 712 
them freely available. The most broadly useful tool is the custom cropping GUI, which requires 713 
no programming expertise to operate. The GUI can be used to crop out and orient embryos at all 714 
stages of development and is compatible with all markers, making it useful not only for 715 
developmental biologists, but also for researchers studying processes in the early embryo. 716 
Because the output of the GUI is precisely cropped, oriented, scaled, drift-corrected data, the 717 
data can be easily funneled into an automated analysis pipeline, making this tool useful for 718 
analysis of past and future data; if appropriate strains are used, resulting data files can be used 719 
as input for existing automated analysis regimes, such as embryogenesis alignment tools25. In 720 
order to use the program, it is important for users to be aware that the cropping algorithm 721 
requires a brightfield or DIC image to be collected for each step and timepoint. In addition, users 722 
should note that the anterior-posterior orientation algorithm is structured based on the 723 
distribution of the red signal in the germ-layer reporter and morphogenesis report strains, shown 724 
in this work. Thus, accuracy of AP orientation in other marker strains will need to be evaluated 725 
on a case-by case basis. The GUI has been tested with data collected on three different confocal 726 
imaging platforms and is compatible across the board for multi-tiff stacks and tiff series. In 727 
addition to the user-friendly version, the source code for the GUI and a batch version of this 728 
program has also been made available, with the caveat that programming experience is required, 729 
and file structures and naming conventions will need to be followed. Finally, an ImageJ processing 730 
macro was built to take raw image stacks for all embryos, in each RNAi condition, and compile an 731 
informative array to show all embryos for that condition in brightfield and fluorescence 732 
maximum intensity projection at each time point. This tool can be adapted to user’s specifications 733 
and is a useful macro to make data exploration and quality control assessment simpler. 734 

 735 
Together, the semi-high-throughput filming method along with the embryo cropping and image 736 
processing tools described herein will facilitate analysis of C. elegans embryonic development 737 
using a variety of mutants, perturbations, and marker strains. In our own lab, a large-scale screen 738 
employing these methods to film embryos from the two custom engineered strains described 739 
here after knockdown of ~2,000 genes required for development, is currently underway. Finally, 740 
the data from this effort will serve as a further resource to enhance efforts to understand cell 741 
fate specification and morphogenetic events during embryogenesis. 742 
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to the Article and the Video. 
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publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
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digital and electronic form) throughout the world, (b) to 
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adaptations, summaries or extracts of the Article or other 
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or Collective Works based on all or any portion of the Article 
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translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
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all media and formats, whether now known or hereafter 
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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 of 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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RESPONSE TO EDITORIAL AND REVIEWER COMMENTS  KHALIULLIN ET AL 2019- JoVE60362  

EDITORIAL COMMENTS: 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling 
or grammar issues. 
The manuscript has been proofread and all edits are marked with track changes, as requested by the 
editor. 
 
2. Please revise lines 251-266, 317-326, 430-433, and 526-540 to avoid overlap with previous publications. 
Language in the noted lines was changed to prevent overlap with prior publications. 
 
3. Please reduce the amount of personal pronouns used (we, our, you, your). 
Most personal pronouns have now been eliminated in the manuscript. 
 
4. Please include email addresses for all authors in the manuscript. 
Email addresses have been provided on the title page for all co-authors. 
 
5. Please do not include citations in the abstract. 
The citation has been removed from the abstract. 
 
6. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols 
(™), registered symbols (®), and company names before an instrument or reagent. Please limit the use of 
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: CellVoyager, Sensoplate, Greiner, Kim-Wipe, etc. 
Commercial language and trademarked names have been removed from the manuscript main text.  
 
Protocol: 
1. For each protocol step, 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. If 
revisions cause a step to have more than 2-3 actions and 4 sentences per step, please split into separate 
steps or substeps. 
Modifications were made to clarify the “how” question for several steps in the protocol and no step exceeds 
4 sentences. 
 
Figures: 
1. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit 
permission can be expressed in the form of a letter from the editor or a link to the editorial policy that 
allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. 
 
Permission is automatically granted for an author as per Development policy 
(https://www.biologists.com/user-licence-1-1/). This policy was verified via email correspondence with 
Richard Grove. 
 
2. Please remove ‘Figure 1’ etc. from the figures themselves. 
Figure numbers were removed from the figure panels.  
 

Rebuttal Letter Click here to access/download;Rebuttal
Letter;Khaliullin_JoVE_ReviewerResponseFINAL.docx

https://www.biologists.com/user-licence-1-1/
https://www.editorialmanager.com/jove/download.aspx?id=1084180&guid=748ea650-ea7a-492e-92b4-1e38815de8d4&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1084180&guid=748ea650-ea7a-492e-92b4-1e38815de8d4&scheme=1


References: 
1. Please do not abbreviate journal titles. 
Referencing in EndNote has been configured to include full journal names. 
 
Table of Materials: 
1. Please ensure the Table of Materials has information on all materials and equipment used, especially 
those mentioned in the Protocol. 
 
Table of materials includes all materials and equipment used in the protocol. 

 
REVIEWER COMMENTS: 
Reviewer #1: 
Manuscript Summary: 
This paper describes a semi-automated pipeline to generate movies of developing C. elegans embryos at 
2 micron spatial resolution and 20 minute intervals. Dozens of animals can be viewed in a single imaging 
session, allowing quantitative exploration of development in wild-type and mutants in up to 14 
experimental conditions. Custom software was developed to orient and display acquired images, to aid in 
analysis. The paper is very clearly written, the method appears to work quite well, as validation 
experiments confirm, and would be an important addition for those researchers studying or assaying early 
C. elegans development. I do not have any major concerns. The method is less useful for early 
embryogenesis, where divisions occur more rapidly, and 20 minute intervals are too long. It is also less 
useful for tracking more fine structure movements, as there will be a trade-off between number of 
animals observed and time resolution. In that respect, imaging more embryos per well using a high NA 
lower magnification objective may be a way to enhance resolution in time, without giving up on numbers 
of embryos scored. Combining the data with previous tools for aligning embryos in early development 
(Insely and Shaham, 2018) may allow even more useful automatic comparisons. Overall, a significant 
addition to the C. elegans tool arsenal. 

We thank the reviewer for the positive comments and have added a note (added text marked in red below) 
in the discussion to reflect their suggestion that use of a lower magnification objective may offer better 
time resolution (with sufficient spatial resolution for some experiments) without compromising the number 
of embryos that can be imaged at once. 

“…the method we describe employs a 60x oil objective to collect z-stacks of 50 fields at 20-minute 
time intervals. As we highlight, the temporal resolution can be increased by decreasing the 
number of fields imaged. For example, 10 fields can be imaged at 4-minute time resolution. A 
second alternative for increasing temporal resolution is to use a lower magnification, high 
numerical aperture objective; in this case, the larger field of view allows imaging of a large number 
of embryos at higher time resolution with only a moderate reduction in spatial resolution.” 

 In addition, we have added a note about combining our method with prior automated embryo time-
alignment strategies (Insely and Shaham, 2018). 

“Because the output of the GUI is precisely cropped, oriented, scaled, drift-corrected data, the 
data can be easily funneled into an automated analysis pipeline, making this tool useful for 
analysis of past and future data; if appropriate strains are used, resulting data files can be used as 



input for existing automated analysis regimes, such as embryogenesis time alignment tools (Insely 
and Shaham, 2018). 

 
 
Reviewer #2: 
 
Manuscript Summary: 
Khaliullin et al. provide a pipeline for the visualization and analysis of C. elegans embryonic development. 
The pipeline is intended for developmental processes that occur on the scale of larger time scales (tens of 
minutes to hours). The authors provide a simple yet effective way to screen through hundreds of embryos 
using commonly available equipment. The only potential technological hurdle is the need for a microscope 
with point visiting capabilities, but I would expect most moderately funded labs to have access to such a 
microscope. In general, I found the methods well written and easy to follow. Provided a user is able to 
successfully work the software, I see no obvious reason why following the methods outlined in the article 
should not lead to the desired results. 

We thank the reviewer for the positive comments highlighting the clarity of our work and the overall 
usefulness of the data collection/analysis pipeline described in this manuscript. 
 
Major Concerns: 
Steps 3.2.4 and 4.4 require the user to adjust the source code of the software. This should always be 
avoided. Users should NEVER have to look at the source code to adjust parameters. Defining parameters 
should be done in a separate file. Python provides the configparser module for this, but there are a 
number of ways to define parameter files. The reason for defining parameter files outside the source code 
is because source code frequently gets modified. If the source code is modified then line numbers of the 
parameters stated in steps 3.2.4 may change. If the line numbers change, then the methods become 
obsolete. 

First, we would like to note that the user-friendly GUI version of our program (embryoCrop.UI) does not 
require any code editing or any coding expertise at all. The Reviewer’s concern relates to implementation 
of the batch version of the cropping program (screenCrop.py). This is a tool built for in-house use that we 
provide as a courtesy to Python savvy users, who can make modifications to implement batch cropping on 
their system of choice. Implementing this version depends on image file structure (which varies across 
imaging systems) and draws on a set of interconnected Python programs. Given our limited resources, 
creating a ‘user-friendly’ version of this batch version with multiple customizable settings was not realistic.  

For the batch version of the program, we agree with the Reviewer’s point that a separate file to define 
adjustable parameters is the preferred approach. We have implemented a simplistic fix that puts in place 
a configuration file (parameters.py) that is called by screenCrop.py, which has now been modified to 
accommodate this input and the embryocrop repository has been updated on Github. This change allows 
users to modify a separate file defining adjustable parameters without having to touch the source code. 
At the same time, this fix leaves intact the ability to directly modify the source code at the line numbers 
specified. It was important to maintain the direct editing capability given that the batch program has 
already been published in conjunction with our Development paper (Wang, Ochoa, Khaliullin, 2019, 
Development. 2019 Apr 11;146(7) doi: 10.1242/dev.174029. PMID:30890570). In this work, we provided 
detailed instructions for modifying parameters directly in the code. We modified the protocol instructions 
to clarify parameter input using the configuration file. 



 

With respect to the Reviewer’s primary concern that edits to later versions of the program will render the 
line number call-outs obsolete, we note that we have already completed data collection on a large-scale 
screen looking at ~2000 RNAi conditions) using this version of the code, which will be featured in two of 
our upcoming papers. As the data processing for these projects is already complete, we do not envision 
changing or updating either our bulk embryo cropping program (screenCrop.py (Python)- step 3.2.4) or our 
movie compiler script (OpenandCombine_embsV2.ijm - ImageJ- step 4.4) in the foreseeable future.  

 
Minor Concerns: 
1. The introduction makes it clear that this method is only intended for analyzing developmental processes 
that occur over large time scales. Given that z-series are only collected every ~20 minutes, it is neither 
possible to lineage the embryo nor monitor behaviors that occur over shorter time scales. Currently, 
neither the title nor the abstract speak to this limitation. Given that this is a methods article, as a reader, 
I would appreciate if these limitations of the method were made clear in the abstract. 

Although designed to complement rather than enable lineaging, a point we now clarify in the text, the 
method we describe can be adapted for higher time resolution imaging of behaviors that occur over shorter 
time scales. In the revision, we have added text to the discussion to address how this can be achieved. 

“…the method we describe employs a 60x oil objective to collect z-stacks of 50 fields at 20-minute 
time intervals. As we highlight, the temporal resolution can be increased by decreasing the 
number of fields imaged. For example, 10 fields can be imaged at 4-minute time resolution. A 
second alternative for increasing temporal resolution is to use a lower magnification, high 
numerical aperture objective; in this case, the larger field of view allows imaging of a large number 
of embryos at higher time resolution with only a moderate reduction in spatial resolution.” 

We have also added language to the abstract to highlight the applicable time-scale for this method: 

“Here we describe a semi-high-throughput protocol that allows for the simultaneous 3D time-
lapse imaging of development at moderate time resolution in 80-100 embryos, from up to 14 
different conditions, in a single overnight run.” 

 
2. I found the term 'semi-high-throughput' slightly confusing. In particular, it was unclear to me what the 
'semi' term is emphasizing. Is it referring to the volume of the data being processed? Or the speed with 
which the data is processed? Personally, I'm not sure if the method qualifies as either. The data collection 
component still requires an hour of tedious prep to separate embryos. And my understanding from the 
article is that the software takes hours to crop, segment and orient embryos. So it seems to me that the 
authors have an experimental/computational pipeline for embryo analysis, but not necessarily a 'semi-
high-throughput' method. For such a claim, I would like to see some basic benchmarks on the speed and 
accuracy of their pipeline. 

The dictionary defines “throughput” as the number of items passing through a system or process. In this 
case throughput refers to the number of embryos that are imaged in a single experiment. Our method, in 
which 80-100 embryos are imaged simultaneously, is significantly higher throughput than conventional 



approaches that monitor 1-5 embryos per experiment. However, since “High-throughput” generally refers 
to tissue culture experiments monitoring 100-1000s of cells, our method falls in an intermediate zone, 
which is why we believe “semi-high-throughput” is an appropriate term. 

 Our semi-high-throughput data collection step does require about an 45-60 minutes of dissection and 45-
60 minutes of point selection, however, this is a minimal time investment for the payout of data on 80-100 
embryos in a 1 day imaging period. To prepare a similar number of embryos for imaging embryogenesis 
using conventional methods (capturing ~5 embryos per experiment), would require 15-20 consecutive 
days of overnight imaging, with each daily imaging session requiring at least 15 minutes of hands on 
time for dissection and point selection. Similarly, our cropping program requires only a few moments of 
hands-on time to initiate processing; users can walk away and come back to streamlined pre-processed, 
A-P oriented data for 80-100 embryos ~2 hours later. Whereas, cropped and rotated data for 80-100 
embryos would take >8 hours of hands on time to process manually (assuming ~5-10 minutes to open, 
crop, rotate, and save each data file). Thus, our combined methods significantly improve the “throughput” 
of data collection and analysis.  
 
3. Because embryos take such a long time to load (an hour) and in order to maintain synchronized 
development, the authors prep the embryos on ice in order to slow development. I wouldn't necessarily 
expect prepping the embryos on ice to adversely affect development. But a useful control would be a 
small number of embryos prepped quickly off ice and then passed through the pipeline. This would 
provide a baseline for the embryos prepped on ice. 

In our prior paper, we addressed concerns over the potential adverse effects of 
our dissection and imaging protocol. The best readout that we have for adverse 
effects is % embryonic lethality. In Fig. 1D of our Development paper (Wang, 
Ochoa, Khaliullin, 2019, Development. 2019 Apr 11;146(7) doi: 
10.1242/dev.174029. PMID:30890570), reproduced (right) for the reviewer, we 
show that control conditions exhibit ~5% embryonic lethality for both reporter 
strains in conditions where we dissect the embryos on ice but do not image them. 
This percentage is mildly increased when we dissect on ice and image the embryos 
(likely due to very mild phototoxic stress). In both cases, the embryos are held at 
a slightly elevated temperature (22 degrees), so baseline levels of embryonic lethality are to be expected.  

The reviewer’s specific concern, however, is whether the time spent on ice, during dissection, significantly 
impacts development. To look more directly at this, we compared experimental data 
from wells dissected first (embryos spent the longest duration on ice ~45 minutes) and 
last (embryos spent the shortest duration on ice ~5 minutes) for embryonic lethality 
(see graph, left). We used previously collected data from 3 separate control runs (data 
reported for the morphogenesis reporter strain). In all cases, the embryonic lethality 
hovered between 4-8% and was not significantly different between the two conditions 
(see graph).  
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