Generating transgenics and knockouts in Strongyloides species by microinjection: Response to reviewer comments

We thank the reviewers for their thoughtful and detailed comments on our manuscript. All of these comments have now been addressed in the revised version of our manuscript, as detailed below.

Editorial comments:
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. Please define all abbreviations at first use.
All abbreviations have been defined.

2. Please provide an email address for each author.
	We have now provided an email address for each author.

3. Please reduce the word count of your summary to be 10-50 words.
The summary has been rewritten to be less than 50 words.

4. Please remove citations from the abstract.
Citations have been removed from the abstract.

5. JoVE cannot publish manuscripts containing commercial language. This includes trademark symbols (™), registered symbols (®), and company names before an instrument or reagent. Please remove all commercial language from your manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials and Reagents. For example: QIAGEN miniprep kit, etc.
All commercial names, including “QIAGEN,” have been removed from the text. Please note that “Baermann apparatus”, “Pasteur pipet” and "Lugol's iodine" are the proper names, not commercial language.

6. Please revise the text, especially in the protocol, to avoid the use of any personal pronouns (e.g., "we", "you", "our" etc.).
The text has been revised to avoid the use of personal pronouns.

7. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.” However, notes should be concise and used sparingly. Please include all safety procedures and use of hoods, etc.
The protocol steps have been re-written in the imperative tense. Many of the “Notes” in our original manuscript have now been moved to the Discussion. All safety procedures are described.

8. The Protocol should contain only action items that direct the reader to do something. Please move the discussion about the protocol to the Discussion.
Most of the discussion points have been removed or moved to the Discussion. We strongly feel that the remaining discussion within the protocol is necessary to understand the protocol step. For example, Step 5.2 includes suggestions for how to optimize the shape of the pulled needles. This exposition is integral to the “View tips under a dissecting scope” action. If the shape is incorrect, immediate adjustments to the needle-pulling settings need to be made. 

9. Please note that your protocol will be used to generate the script for the video and must contain everything that you would like shown in the video. 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. There should be enough detail in each step to supplement the actions seen in the video so that viewers can easily replicate the protocol.
	We have ensured that our protocol contains sufficient detail.

10. Please format the manuscript as: paragraph Indentation: 0 for both left and right and special: none, Line spacings: single. Please include a single line space between each step, substep and note in the protocol section. Please use Calibri 12 points and one-inch margins on all the side. Please include a ONE LINE SPACE between each protocol step and then HIGHLIGHT up to 3 pages of protocol text for inclusion in the protocol section of the video.
Formatting has been changed to Calibri 12 point, one-inch margins, and specified paragraph indentation.

11. As we are a methods journal, please add any limitations of your technique to the Discussion.
We have moved the troubleshooting suggestions from the Representative Results section to the Discussion.

12. Please check and reupload movie 1 as it cannot be opened.
Movie 1 has been reformatted.

13. Please ensure that the references appear as the following: [Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source (ITALICS). Volume (BOLD) (Issue), FirstPage–LastPage (YEAR).] For 6 and more than 6 authors, list only the first author then et al. Please include volume and issue numbers for all references, and do not abbreviate the journal names. Make sure all references have page numbers or if early online publication, include
	The references are in the specified format.

Reviewer #1:
Overall, this is a well-written and appropriately-detailed manuscript. Dissemination of the methods for generating transgenic Strongyloides spp. parasites with visual aids is important, as several labs have begun using Strongyloides spp. parasites for genetic studies.

Points:
-Line 61: Strongyloides spp. infect other vertebrate animals in addition to mammals.
We have now removed the phrase “Unlike other mammalian-parasitic nematodes” from the text.

-Line 63: Do you mean the post-parasitic generation consists of larvae, some of which develop into free-living males and females? As written, it sounds like there is more than one free-living generation.
We have reworded the text as follows: “Specifically, both S. stercoralis and S. ratti can cycle through a single free-living generation. The free-living generation consists of post-parasitic larvae that develop into free-living adult males and females; all progeny of the free-living adults develop into infective larvae, which must infect a host to continue the life cycle.”

-Line 68 (or elsewhere in the introduction): It should be noted that both free-living females and males (at least for S. stercoralis) can be microinjected to generate transgenic progeny. PMID: 28577882.
This is now noted in the Introduction.

- Line 98: "room temperature" can be a wide range of temperatures, depending upon local climate. Can you be more specific (or provide ranges of temperatures and developmental timings)?
We have clarified that by “room temperature” we mean a temperature range of 20-23°C.

-Protocol 1.7: In humid climates, it can be helpful to dry the agarose pads in an oven overnight, and then allow them to cool to room temp, before use. It can help the worms "stick" to the pad better.
	This point is now mentioned in the discussion.

-Protocol 4.2: Some people find it is possible to get enough worms in 15-30 min (depending on how many larvae were in the feces, length of the tubing on the Baermann, etc.), if they do not want to wait a full hour. Depends on how many worms are needed for injection.
The time frame for running the Baermann has been changed to 30 min - 1 h.

-Protocol 4.2.2 to 4.4.3: Something appears to be missing here: it is unclear how the worms get from the 30-40 ml of Baermann proceeds (in the 50 ml tube) to the 15 ml tube. Also the numbering skips.
We have now added more details to the protocol for collecting the worms from the Baermann apparatus. The numbering issue has also been fixed.

-Protocol 4.4.3.1: Some people prefer to sediment the worms at 1 x g to avoid pelleting the fecal debris along with the worms in a centrifuge.
Step 4.12 (formerly 4.4.3.1) has been changed to read, “Spin the 15 mL centrifuge tube for 1 min at about 750 x g (slow). Alternatively, worms can be allowed to gravity settle for 10-15 min.”

-Protocol 5.2: It would be really helpful to have a figure with images depicting the range of microinjection needle tips, including: too long and flimsy (where the needle bends, rather than pierces the worm cuticle), comes to a point too quickly and breaks open with too wide of an orifice, and the "Goldilocks" just right needle. This would help people visualize "proper needle shape."
	We have added additional images of needles to Figure 3.

- Protocol 8: Do you have any data for the different post-injection culture conditions (e.g., injected female survival; number of progeny recovered)? A quantitative comparison of post-injection culture conditions might be useful (in addition to the qualitative comparisons in lines 449-462). This isn't necessary for this manuscript, but if you have the data, it would be helpful to include.
	We do not have any quantitative data for the different post-injection culture conditions. In general, our impression is that at least for S. stercoralis, survival is often highest when the injected worms are cultured on small fecal-charcoal plates as opposed to plates with bacterial lawns. However, we do not generally count the total number of progeny recovered, so unfortunately we cannot provide quantitative comparative data. 

-Protocol 9.3.3: One can also use concentrated kennel cleaner containing alkyl benzyl ammonium chlorides to kill excess worms (has a longer shelf-life than iodine solutions).
	This is now noted in the protocol.

-Protocol 9.4.1: NGM agar or just agar?
	We generally use chemotaxis plates. This is now specified in the protocol.

-Protocol 9.4.3: Does nicotine cause any morphological irregularities in the worms (as levamisole does)?
	We have not noticed any morphological irregularities in nicotine-treated worms.

-Line 445: should also discuss the outcome of only getting GFP/RFP+ eggs and no GFP/RFP+ larvae.
	We have now mentioned that getting fluorescent eggs but not fluorescent larvae is an indication the construct may be toxic.

- Line 469: have you tried using a repair template that does not have its own promoter driving expression of the fluorescent protein coding sequence, but instead relies on the endogenous promoter at the targeted locus? This might allow for the ability to distinguish between expression from extrachromosomal arrays vs. integrated transgenes in the F1.
	We have not tried this yet, but it is something we have considered. We expect that whether this works will depend on where the CRISPR target site is in the gene. Since most genes in Strongyloides have very few good target sites, this approach may not work in many cases.

-Figure 1: the free-living life cycle appears continuous (i.e. multiple free-living generations) in the figure. This diagram should be altered to show that S. stercoralis only has a single free-living generation.
The figure has now been altered to make this clear.

- Line 492: there are some people in the parasitology community who would argue that invariant development of post-free-living larvae into iL3 is not a genetic, but rather chromosomal and gene dose-dependent. Maybe best to leave out the word "genetically."
We have removed the word “genetically.”

-Line 495: the autoinfective larvae are L3a and are not iL3. They are morphologically distinguishable (tail either comes to a point or is forked, respectively).
	This has been corrected.

-Figure 2C: the image is a bit blurry. Could you use a better image to show how the mesh is attached to the bottom of the plastic ring?
	We have now included a better image.

-Figure 3: it is a bit challenging to see the difference in the needle tips between panel D and panel E. Can you obtain images with greater magnification?
	We cannot obtain images with greater magnification. However, we replaced the images in panel D and E and added some new images that should demonstrate the difference in needle tips.

- Figure 4: Could you also provide a set of images for what a heterozygous worm would look like, so that comparisons could be drawn for "more bright" vs. "less bright"?
	The “more bright” vs. “less bright” comparison cannot be used to definitively distinguish heterozygotes vs. homozygotes. We have noticed that in a population of red worms, the brightest worms are more likely to be homozygotes than the dimmer worms; however, this is somewhat subjective and we have never quantified brightness. Thus, we have decided to remove this statement from our revised manuscript. The manuscript now reads: “It is possible to identify larvae that are more likely to have integrated transgenes based on the pattern of mRFPmars expression: “patchy” expression in the body wall muscle (Figure 4A) is more common when the transgene is not integrated into the genome, whereas consistent expression throughout the body wall muscle (Figure 4B) often, but not always, indicates the transgene has integrated into the genome. However, expression pattern alone cannot be used to conclusively identify mutants – some worms with consistent expression throughout the body wall muscle may not have integration events. Moreover, expression patterns cannot be used to distinguish mutants that are homozygous from those that are heterozygous or mosaic. Thus, each worm must be PCR-genotyped.”

-Line 534: Are you confident that the worm in panel A is an L2? It appears to have a more blunt-ended tail (similar to the iL3 in panel B), but it is difficult to tell on the PDF.
	We have removed “L2” and simply labeled this worm as a “larva.”

- Table 1: It might be helpful to include the plasmid numbers?
	Plasmid numbers have now been included in the table.


-Line 581: maybe "Strongyloides" rather than "endogenous"? The promoter elements that are cloned out may not include all of the native/endogenous enhancers.
	We have changed “endogenous” to “Strongyloides.”

-Line 590: have these introns been tested in transgenesis studies? Do they splice out well?
These introns have not been tested in transgenesis studies in Strongyloides. This is stated in the text.

-Line 641: Roughly 6% of iL3 make it to the small intestine and become parasitic females in the gerbil (PMID: 8245532), so presumably it is possible to have an infective dose lower than 500 iL3, with sufficient numbers of post-parasitic L1. Additionally: By pre-treating a gerbil with prednisone/MPA/dexamethasone, can one reduce the number of iL3 necessary to establish a patent infection? Similarly, can treating a gerbil with prednisone/MPA/dexamethasone generate increased numbers of transgenic post-parasitic L1?
Line 641 has had the following text added: “Only approximately 6% of infective larvae become parasitic females27. Furthermore, if the transgenic larvae have array expression without genome integration, they will not produce the transgene-expressing progeny required to infect a second gerbil host. To increase the chances of sufficient numbers of genome-integrated larvae becoming reproductive parasitic adults, a minimum of 400 - 500 transgenic larvae in the initial inoculum is recommended. It may be possible to reduce the number of larvae required to establish a patent infection by treating the gerbils with prednisone27. Nevertheless, it is likely to be very difficult to amass enough integrated transgenic or mutant worms to successfully establish a stable line of S. stercoralis.”
It is true that an initial inoculum of fewer than 500 iL3s will establish a patent infection in a gerbil. However, since only 6% of the inoculum will become patent adults, if 500 iL3s are injected into the gerbil, only ~30 worms are likely to survive. Because these worms cannot be definitively genotyped before injecting them into the gerbil, very few of them are likely to have the desired genotype. As a result, establishing a patent infection that yields sufficient numbers of F2 progeny of the correct genotype to establish a stable line is very unlikely when fewer than 500 iL3s are injected into a gerbil.

-Line 654: It should be noted that extrachromosomal arrays can be maintained for multiple generations in S. stercoralis, even though the transgenes are not expressed.
We have added the following phrase to line 654: “even though the extrachromosomal arrays can be detected via PCR in the subsequent generations.”

- For some of the consumables, it might be helpful to include catalog numbers with the items, rather than in a separate table?
	JoVE style specifies that catalog numbers can only be included in the Materials List.

Supplemental protocol:

- In the supplemental protocol: Specify the strain and supplier of Mongolian gerbils as well as the rats?
	We have added the animal suppliers to the supplemental protocol.

- section 1.1.2: it might be helpful to describe how to determine iL3 concentrations in mixes used for infecting animals.
	Steps 1.3.1-1.3.5 describe the calculations for determining iL3 concentrations and an example for each step is given.  

- section 1: it might be helpful to note that dogs can also be used as a laboratory host for S. stercoralis.
	Step 1.7 has been added the Supplemental Protocol stating that dogs can be used as laboratory hosts for S. stercoralis.

- section 1: can the length of time in which a gerbil passes larvae in the feces be extended with low doses of prednisone?
	Perhaps, but we do not routinely use prednisone on our gerbils.


Reviewer #2:

Manuscript Summary:
Michelle Castelletto and Elissa Hallem present a detailed and comprehensive protocol for intragonadal microinjection of DNA into Strongyloides stercoralis free-living females. This protocol exploits the unique lifecycle of Strongyloides species to introduce transgenes and CRISPR/Cas9 components into Strongyloides spp., a technique that is not yet possible in any other parasitic nematode species. As such, this manuscript is of significant interest to anyone involved in molecular parasitology research and will provide significant support to those attempting this type of microinjection experiment for the first time or, indeed, those that are troubleshooting issues with similar approaches. Hallem and Castelletto are absolutely best placed to author this protocol and accompanying media as they developed and optimised the CRISPR/Cas9 protocol in S. stercoralis and S. ratti. Overall, this manuscript represents a very valuable resource and represents an example of one of the most significant recent technical advances in nematode parasitology in addition, it provides insightful discussion on the application of this technique and its broader experimental uses. I have noted just a few very minor queries/comments.

Major Concerns:
None

Minor Concerns:
1. Line 105: should microinjection pads be stored at RT or +4?
	We store the microinjection pads at room temperature. This has now been clarified in the protocol.
2. Line 124-126: an image of this might be useful, I realise that there is a video of tip breaking and a high power image of good vs bad tip, but a low power image of the shard on the agar pad might give some perspective?
	We have added Figure S1, a photograph of the shard on the agar pad.

3. Line 141: add in 'free-living' for clarity
“Free-living” has been added to Line 141.

4. Line 187: nylon tulle, does this have a specific pore size?
The nylon tulle does not have a specific pore size. The lab tissue allows the worms through but holds most of the larger debris from the fecal-charcoal mix. The nylon tulle holds the lab tissues.

5. Is there some way to link the consumables in the protocol text to the table of information (or a specific section of the table) so that it is very clear what each component is referring to and linking the text and the consumables/equipment is easier? Also the table of information appears in five separate sections (on different pages) for me, I assume it is all one table?
We have followed the JoVE formatting guidelines, which unfortunately does not allow us to link the text to the table of materials. We have also followed JoVE formatting guidelines for the materials list. 

6. STEP 4 -Collect young adult S. stercoralis for microinjection: morning of injection day. Can you add in a brief description of how you would dispose of faecal material/baermann waste given that it 'may' contain some infective larvae and that in step 9 you are collecting iL3's. Maybe this would be appropriate added into Supplementary protocol 1 as long as it is also cited in the main text.
We have now added steps 4.20 to 4.22 to the protocol, which outline the handling of the fecal-charcoal mix and the cleaning of the Baermann apparatus.

7. Line 296: should females be transferred to the NGM plate for a specific amount of time prior to microinjection to allow surface bacteria to be removed?
The phrase “for at least 5 min” has been added to the protocol step.

8. Line 524: conventions are (insert as) is in A
The legend for Figure 3 has been altered to say “conventions are as in A.”

9. Line 412: Is there a specific reason why you score a grid onto the bottom of the plate as opposed to use a marker pen? I assume the grid is scored on the plastic of the base of the petri and not the agar itself.
The grid is etched onto the plastic bottom of the plate to make it easier to keep track of location of the worms on the plate. Even very fine-tip markers are larger than the worms one is trying to see. The thin scored line from the razor does not interfere with visualization of the worms. 

10 Line 320: is the amount delivered judged just by eye as per the video? Can you add some clarification to this line.
Line 320 has been changed to read, “Determine by eye when enough fluid has been injected; it may take up to 2 seconds.” The amount of DNA solution injected is variable and is determined by watching the fluid move through the gonad. More detail has also been added to Step 7.5 (“…gently fill the entire gonad arm with the DNA solution”) in order to clarify how much fluid is considered enough.


Reviewer #3:

Manuscript Summary:
This is a really well organized description of transformation in Strongyloides to generate transgenic and CRISPR edited progeny. The videos are very clear and will help researchers, not only those studying Strongyloides, but also research studying other species of nematodes for which transgenesis is currently unavailable (I would include myself in the latter cohort and found the description very insightful). The protocol is very comprehensive and provides all necessary reagents and product codes that a researcher would need to duplicate the approach.

Major Concerns:
My only real concern with the protocol is that as it is currently organized it implies that a description of transgenesis will be outlined for more than one Strongyloides species but in actuality it only described the protocol using S. stercoralis. This should probably be re-framed to more precisely reflect the title etc.
We apologize for the confusion. We have now clarified that the same protocol can be used for S. stercoralis and S. ratti. We have also referred to the worms as “Strongyloides” throughout, except in the few cases where there are minor protocol differences between the two species.

Minor Concerns:
Some of the steps e.g. "pulling the needles" or "making the microinjection mix" need not be performed on the same day as the injection. This could be mentioned. This is very minor and I would be more than comfortable deferring to the author's judgement but it just caught my attention.
The label for Step 3 now includes “prior to or day of injection.” We also added Step 3.5: “Use microinjection mix immediately or store at -20°C for future use.” We recommend pulling needles the day of and only using them on that day. Otherwise, dust and particulate matter can collect on the glass and make the needles more likely to clog during injections.


Reviewer #4:

Manuscript Summary:
The authors describe the procedure for generating transgenic and knockout Strongyloides nematode species. This is a well described protocol, that could be useful not only for Strongyloides but also for other non-Caenorhabditis nematodes.

Major Concerns:
No major concerns

Minor Concerns:
I have only minor clarifications:

line 154: the authors mentioned that QIAGEN kit gave the best results when preparing plasmids. To which other kits/procedures was QIAGEN compared to?
	We have removed the reference to the QIAGEN kit from the protocol, since commercial names are not permitted in the protocol. Instead, we have added a sentence to the discussion stating that some labs have found that some miniprep kits seem to work better for microinjection, in terms of adult and larval survival and transgenesis rate. QIAGEN miniprep kit will be in the parts list since we prefer this kit.
line 438: can the authors clarify what the 3% refers to? Is it the percentage of F1 that is fluorescent? I was a bit confused because in line 349 the transformation rate is stated as being 5%. I was curious about how many of those would have an integration, but I suppose it is difficult to tell because first a host has to be infected.
Line 349 listed a hypothetical transformation rate; this has now been removed. The transformation rate varies dramatically depending on constructs being injected, injector skill, age of worms, post-injection culturing system. Thus, it is not possible to give precise transformation rates. However, we do state in the manuscript that transformation rates for successful experiments are generally >3%. The integration rate can be determined via genotyping the transgenic larvae and depends on a number of factors, including the components of the mix and the activity score of the sgRNA target site in a CRISPR experiment.

In 2019, James "Sparky" Lok published a paper in which he claimed that lipofectamine increases the efficiency for CRISPR/Cas9 for Strongyloides. Have the authors tried adding lipofectamine to the injection mix?
We have tried using lipofectamine and have not seen an increase in transgenesis rate. However, we have now added a reference to this paper to the discussion section.


Reviewer #5:
In this manuscript Castelletto and Hallem provide a guide on generating transgenics and knock-outs in Strongyloides species. This protocol is highly detailed and thorough, providing a valuable resource for any researcher wishing to generate transgenic Strongyloides animals. One area to improve on is an expansion of the section on CRISPR knock-outs, given that it's a focus of the title and an area that other Strongyloides labs will likely be interested in.
We have changed the title to clarify that the focus of this manuscript is on the microinjection technique itself. The method we use for CRISPR/Cas9-mediated mutagenesis has already been published (Gang et al., PNAS 2017).

Suggestions are:

1. Clarify your preferred delivery approach of CRISPR reagents. From the author previous papers it looks like they use plasmid-based reagents. Have they tried Cas9 ribonucleoprotein complexes? If not, it could be worth adding a final "Future Perspectives" paragraph highlighting approaches that work well in C. elegans that may be worth importing into parasitic nematodes.
In our Gang et al., 2017 paper, we detail the use of Cas9 both as plasmids and RNPs. Recent comprehensive reviews including Castelletto et al. 2020, Lok 2019, and Jaleta and Lok 2019 discuss functional genomics techniques, including CRISPR/Cas9 and transgenesis, being imported from C. elegans to parasitic nematodes. Our goal with this manuscript is to describe the process of microinjection, which is used to generate both knockouts and transgenics. This is now clarified in our revised manuscript.
	In this protocol, we describe introducing the CRISPR components as DNA plasmids because this appears to work better than RNPs when making precise genome edits via homology -directed repair (Gang et al., 2017).

2. How do the authors choose sgRNA sites? Do they use a program? Is there a cutoff for off-target? Is there any predicted activity that they can leverage?
We have now added a comment to the Discussion about the selection of sgRNA target sites. We use Geneious to select sgRNA sites. However, since JoVE does not allow product names in the text of the paper, the program we use is not listed.
For many Strongyloides genes, there are only one or two Cas9 targets sites available due to the AT-rich nature of the Strongyloides genome. We use the same guidelines that are used for selecting target sites in C. elegans; these guidelines generally work well for Strongyloides (Gang et al., 2017). As long as the predicted activity score of a target site is above 0.3, it may be possible to use that target site. However, very few knockouts would be expected with an activity score that low.
Again, we apologize for the confusion over the focus of this manuscript. Our goal here is to outline the process of microinjection; the details of target site selection are already published in Gang et al., 2017. This is clarified in our revised manuscript.

3. When they inactivate genes, do they insert an act-2::FP cassette at the start of the gene or use two sgRNAs to cut out the gene and replace it?
In the Discussion, we now explain that due to the limited number of sgRNA target sites in the Strongyloides genome, we use one target and insert a 2.5 kb cassette wherever the target cuts.

4. The authors make the point about the AT-rich genome of Strongyloides species. Do they ever run into issues finding an appropriate Cas9 sgRNA target? It could be worth noting in a "Future Perspectives" section that Cas enzymes like Cpf1/Cas12a with a more AT-rich PAM may be useful to circumvent this issues.
	Yes, this can be an issue – see comments 2 and 3 above. Unfortunately, JoVE formatting guidelines do not seem to allow for a “Future Perspectives” section. However, we agree that Cas12 could be very useful for Strongyloides species. We have not yet tried Cas12 in Strongyloides, but plan to do so in the future.

5. The authors note that unc-22 mutant produce a visible twitching phenotype. Given that this is a co-conversion marker in C. elegans, have they tried a co-conversion approach in Strongyloides. It's worth noting that Farboud and Meyer developed a ben-1 co-conversion marker that results in resistance to benzimidazole which might be very useful for parasitic nematode genome editing. Again, this material is great fodder for a "Future Perspectives" section.
	We have not used a co-conversion approach, in part because using an act-2::mRFPmars cassette has worked so well. Also, we are reluctant to add a drug resistance gene like ben-1 to a human-parasitic nematode.
2

