Lavorato M, Mathew N, et al
Author Response to Reviewer Critiques

Editorial comments:
Changes to be made by the Author(s):
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. 

· We have carefully proofread the manuscript and corrected the spelling and grammar throughout.

2. The summary is exceeding the limit of 50 words. Hence, please rephrase the summary to clearly describe the protocol and its applications in complete sentences between 10-50 words. E.g. “Here, we present a protocol to …” 

· The summary has now been rephrased to fit within the 50 word limit.

3. Please define all abbreviations before use. E.g. OXPHOS? (line 158). 

· This has been corrected in the manuscript, with the OXPHOS definition of ‘oxidative phosphorylation’ now clarified. 

4. Line 181: Pick the worms with?

· This has been corrected to read, ‘using a worm pick’.

5. Please highlight up to 3 pages of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol. Please highlight complete sentences (not parts of sentences). Please ensure that the highlighted part of the step includes at least one action. Remember that non-highlighted Protocol steps will remain in the manuscript, and therefore will still be available to the reader. 

· We have now highlighted the essential steps of the protocol in the manuscript 

6. Please do not use “&” preceding the name of the last author in the references. The Jove reference style is: [Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – LastPage (YEAR).]. 

· We made these corrections in the References.

7. Please remove the color formatting in Table 1 and change the font sizes to improve its readability. 

· These changes have been made.

8. Please sort the Materials Table alphabetically by the name of the material.

· These changes have been made. 


Reviewers' comments:

Reviewer #1:
Manuscript Summary:
This manuscript provides comprehensive comparison of 16 different activity analysis methods for C. elegans. Although it needs a little more elaboration on the details, I think it is appropriate for JOVE.

· We appreciate the Reviewer’s recognition of the value of our work and appropriateness for JOVE.

Major Concerns:
It is concerning that the waiting time for the worms in each drop (ZebraLab) or each well (WormScan) could be quite different. In ZebraLab experiments, the worms in the first drop will not wait too long until they are imaged, but the worms in the last (the 19th) drop will wait at least 18 minutes (1 minute recording per drop x 18 drops) plus the time for picking worms. Also, S basal drops would evaporate as time goes by and the volume might not be 20 uL at the time of imaging. In WormScan experiments, the 15 worms in the first well should wait in the liquid medium for a very long time until the experimenter pick 15 worms for each well x 95 wells. It should be proved that the experiments are not affected by these issues and the results from the first well and the last (96th) well are identical.

· Using the Zebralab assay, each worm is maintained in a petri dish containing nematode growth media (NGM) and spread with Escherichia coli OP50 right up until the time it needs to be transferred to the liquid drop. Worms do not sit in liquid drops while analyzing other worm replicates.  Reviewer #1 is correct this would otherwise stress and desiccate them. This description has now been clarified in the manuscript protocol in line 403 follows: “Five worms are transferred from the petri dish containing NGM and E. coli OP50 to the liquid drop immediately before beginning recording of worms in that droplet, while the other worms are kept in the petri dish until the previous video has been completed. This will avoid worm damage that may occur from drying of the 20 µl drops (dry time ~15-20 minutes).”

To minimize variation between analysis of animals in the first and last wells of a 96-well plate when manually picking 15 worms per well, it is best to wait 20 minutes before scanning to allow all worms to acclimate to liquid NGM.  This step has now been added to the manuscript in line 336.

It would be nice if you could be more specific in what you mean by low/medium/high throughput. Criteria for low/medium/high throughput would be helpful. The total times for setting up and performing the ZebraLab and WormScan experiments should be provided. Then, it would be easier to understand why ZebraLab is medium-throughput and WormScan is high-throughput.

· The general meaning of low/medium/high throughput is explained in the Table 1 legend and also now specifically addressed in the Introduction: “The throughput capacity of each assay is described as low, medium, or high based on the experimental protocol complexity including worm maintenance, processing time, the use of single or multi-well plates, and/or experimenter time needed to complete the experimental setting and data analyses.”  See at line 111.

Additional discussion of the meaning of medium vs high-throughput delineation for the Zebralab method and the WormScan method was also added to the Discussion: “The ZebraLab software approach is considered as a medium-throughput assay since it requires that single plates will be used for each condition studied, without current developed protocol for multi-well plate formats. While using the ZebraLab software approach requires minimal time when analyzing C. elegans activity in a few conditions, the experimental time increases when applied to multiple conditions. Here, the experimental time was approximately 2 hours to transfer worms into liquid droplets and record videos of their activity, considering 18 technical replicates for each condition. The time spent for the analysis of these videos using the ZebraLab software was approximately one hour.  By comparison, the WormScan method is high-throughput because it incorporates a multi-well plate format that permits concurrent analysis of four 96-well plates in less than 10 minutes and setting up a 96-well plate with a COPAS Bisoter is also less than 10 minutes.

For locomotion analysis, it would be nice to include Yemini EI et al., Nat. Meth. (2013). Also, for pharyngeal pumping, there is an automated pharyngeal pumping analysis method based on image analysis only. It captures the details of single pumping events, even without EPG (Lee KS et al., Nat. Comm. (2017).

· Yemini EI et al., Nat. Meth. (2013) was added in the Introduction. 

We added the suggested reference and the original source used by Lee et al, 2017: Kopito RB, Levine E. Durable spatiotemporal surveillance of Caenorhabditis elegans response to environmental cues. Lab Chip. 2014 Feb 21;14(4):764-70. doi: 10.1039/c3lc51061a. PMID: 24336777.  The reference was added in Table 1 and in the Introduction, together with a sentence regarding the WormSpa.


The figure quality needs to be significantly improved. 

· Figure quality has now been improved. 

Minor Concerns:
1. The alignments in Table 1 needs to be fixed.

· This issue has now been corrected. 

2. In Table 1, it was confusing why imaging "less than" 120 worms / plate is an advantage.

· “Less than” has been replaced with “up to”.

3. In Table of Materials, cell alignments needs some work to improve the readability.  Ex) S Basal

· We modified the cell alignments in the table. 

4. ln 97 - ImageJ plugin or plug-in? 

· ‘Plug in’ was corrected to ‘plugin’.

5. ln 138 and onward - referring appropriate figures earlier would help the readers. 

· We have referenced the figures earlier, as suggested. 

6. ln 157 - the protein is not NDUFS2, but its Ce homologue. It could be confusing.

· This point has been clarified. 

7. ln 164 - How about commenting on the merit of ZebraLab, as you did for WormScan?

· We have now explicitly discussed the merit of ZebraLab, as follows: “ZebraLab software allowed rapid quantitation of several concurrent conditions of worm locomotor activity in C. elegans mitochondrial disease models, with potential application for targeted drug screening or validation studies”

8. ln 182 - More information on how to perform drug treatments would be useful. 

· The following sentence was added: “When used to evaluate drug treatment effects, the desired drug stock concentration is prepared in S. basal solution and calculated to spread a specific volume onto the NGM plates and allowed to dry.  Worms can then be transferred at a specific larval or adult stage, and maintained on the drug treatment plate for the desired duration before analysis”

9. ln 187 - How long does it take for a single 20 uL drop of S basal evaporate? How quickly should one complete picking 5 worms? 

· These points have been clarified, as follows: “Five worms are transferred from the petri dish containing NGM and E. coli OP50 to the liquid drop only at the moment of the recording, while the other worms will be still maintained on the petri dish until the previous video has been taken. This will avoid that the 20 µl drops will dry during the procedure (dry time ~15-20 minutes) causing worms’ damage.”

10. ln 209 - "Experiment duration" field? 
· This field was changed to “window”.

11. ln 210 - Select or deselect "No time bin": What does it do? 
· Time bin is the time over which the activity will be averaged. This information was added in the protocol section.

12. ln 218 - the green circle icon under "Areas" - adding an arrow for this icon in the figure would be more specific. It was hard to find this icon, maybe because of the low resolution of the figures. 
· A grey arrow has now been added, as suggested. 

13. ln 250 - t-test performed with Prism? 
· This has been corrected.

14. ln 320 - websites? . .one be picking worms? 
· ‘Web sites’ has been replaced with ‘websites’.  However, we were not able to locate ‘one be picking worms’ phrase in the text.. 

15. ln 369 - in "a" single worm: "a" is italic. 
· This correction has been made.


Reviewer #2:
Manuscript Summary:
Lavorato present a review on current research methods that quantify nematode behaviour, and evaluates the advantages, limitations and technical requirements of each method. Additionally, the work focuses on two semi-automated analysis programs and validates these two systems (Zebralab and WormScan) in an experiment that showed that worms with the gas-1(fc21) mutation have reduced locomotion. This reduced locomotion worsens with age. Overall, the work provides good description for replicating worm locomotion experiments with Zebralab and WormScan - the methodology was described very well.

· We appreciate the Reviewer’s recognition of the value and high quality of our work and appropriateness for JOVE.


Major Concerns:
Table 1 - There are several errors in this table for a tracker I am familiar with- the Multi-Worm Tracker is incorrectly portrayed- it assesses many aspects of basal locomotion well and should be included in the top category as well as being used for chemotaxis and responses to stimuli (see McDiarmid et al 2020 PNAS). In addition, in Swierczek et al 2011 it states "we verified that the system robustly tracks swimming worms and fruit fly larvae in addition to crawling worms", thus the Multi-Worm tracker can score swimming behavior. The Multi-Worm Tracker does not require a dissecting microscope. The large number of errors for one technique suggest the authors might want to re-review the literature and the WormBook chapter on the other techniques to ensure there are not additional errors in the descriptions of other trackers as well.

· We appreciate this careful review and have now amended the table to make these corrections. 


Minor Concerns:
1. As the two methods described here quantify predominantly worm locomotion some parts of the intro, especially on other modalities of worm behaviour or muscular function (such as pharyngeal pumping) appear superfluous. Instead more elaboration on tracking systems that can be used to quantify locomotion, and how it has been applied throughout the landscape of research is suggested. 

· Our intention was to describe the strengths and weakness of a wide range of activity methodologies commonly used to evaluate neuromuscular activity.  This is the reason why pharyngal pumping is included as a relevant outcome in the paper. 

2. L66: "…high homology of most genes between C. elegans and humans." - perhaps specify with a rough estimate of proportion? When you say most, do you mean 80% of all human genes have C. elegans orthologs? 50%? Also, although the original Ortholist work is cited, the updated Ortholist 2 should also be referenced (PMID: 30120140). 

· The additional reference have now been added, as suggested.  Clarification in the Introduction has been made that all human genes have C. elegans have ~80% orthologs 

3. The Wormbook chapter on worm trackers (PMID: 23436808) would be very useful and should be referenced! 

· We regret our original error in this citation and this has been corrected to include the reference by Husson et al. 2013.

4. L77: "…aspects of animal activity" - Here and elsewhere throughout the manuscript, the word "activity" is used, but "worm activity" is not very descriptive. Perhaps narrowing down on a more appropriate descriptor will help readers understand more the scope of the methodologies you cover. Worm behaviour? Worm locomotion? Worm metabolic activity?

· ‘Worm activity’ has been replaced with more specific terms of ‘worm behavior’ and ‘worm locomotor activity’.

5. Table1/L105-106: the MultiWorm Tracker is mentioned later as a method with capacity for quantifying chemotaxis, but it is not mentioned as a method for quantifying locomotor activity at baseline. 

· This has now been addressed in Table 1 and its Table Legend, as follows: “*, Indicates that the methodologies can also be used for evaluation of locomotion.”

6. L124: (InVivo Biosystems). 

· This change has been made.

7. L154: "… well-established mitochondrial complex I disease strain" Perhaps, "model" would be a better word, than strain? i.e. "well-established C. elegans model of mitochondrial complex I disease."
 
· This change has been made.

8. L160: "… gas-1(fc21) locomotor activity…"- as though it is the locomotor activity of an impaired gene. Rather, "locomotor activity of gas-1(fc21) mutants"? 

· This change has been made.

9. Figure 2B/C: both of these panels are difference images - it is not clear what the difference is between the two panels. Perhaps re-write the caption so the reader has a better idea what each panel is? 

Figure 2B is not a difference image, it is an alignment of the image to the region of interest.  We have corrected the figure to added ‘Aligned to ROI’. The protocol and Figure 2C have been corrected to clarify this shows the difference image .

10. L371: "We highlighted two novel…" Zebralab and WormScan are not novel - these are novel applications and/or adaptations, but the underlying methodology is not novel.

· This has been corrected to read, “Among these, we highlighted two novel adaptations and applications of semi-automated analyses….”

11. L377-378: This statement was already refuted in the introduction, as there are automated, high-throughput method that can quantify abnormalities in movement path and speed. 

· We appreciate this point and have amended the sentence to read, “To increase experimental throughput, automated and high-throughput methods should be selected.”

12. L380-381: This passage implies that an automated quantification system is available for tracking worm locomotion in liquid media but not solid media. This is not true! Please see behavioral characterization of over 135 strains in McDiarmed et al 2020 PNAS. 

· This point is well-taken and has now been corrected. 
