Reviewers' comments:
Reviewer #1:
Manuscript Summary:
This paper describes two protocols to map RNA-DNA hybrid structures using the S9.6 antibody. Beyond the classic DRIP-seq, a variant method is also described (dubbed sDRIP-seq) that relies on sonication rather than restriction enzyme digestion to fragment the genome prior to S9.6 immunoprecipitation. However, sonication is routinely applied in DRIP protocols to fragment the genome, so the sDRIP variant is by no means new in this regard. The positive effect of ultrasound treatment on the resolution of DRIP-seq is thoroughly discussed in e.g. https://pubmed.ncbi.nlm.nih.gov/28341774/, which should be cited in the manuscript. In addition, differences between published DRIP protocols relying on sonication and their sDRIP-seq protocol should be clearly highlighted and elaborated in more detail.

The reviewer is correct that previous approaches have used sonication. We’ve added a reference to the paper mentioned above to justify the utility of sonication. We note however, that quite a few sonication-based datasets published so far appear rather discordant from the majority of other DRIP-based datasets (see PMID: 33411340). This raises questions about these prior protocols and lessens the utility of including a detailed side-by-side comparison of protocols. We note that the sDRIP-seq protocol described here is very close to the qDRIP-seq protocol published by the Cimprich lab (Crossley et al., 2020), which we cite in this work. sDRIP-seq and qDRIP-seq generate datasets that are highly congruent with each other and also in strong agreement with many other DRIP-based datasets (see PMID: 33411340).

Concerns:
1. Is there an optimal RE cocktail for different species (having different genomes in term of size, CG content, repetitive elements, DNA methylation levels)? Could the authors suggest suitable RE cocktails for the most common model organisms?

We mention (step 3.1.1) that the “classic” RE cocktail (BsRGI, EcoRI, HindIII, SspI, XbaI) is suitable for human and mouse cells, generating an average fragment length of 5 kb, in a manner insensitive to DNA methylation. We also refer to Ginno et al., (2013), where a second cocktail was developed to improve resolution. Beyond this we do not have direct experience with RE cocktails for other organisms. We advise users that these cocktails can be adjusted.

2. R-loop formation is prevalent in most organisms studied so far. How does the presence of R-loops affect the efficiency of RE fragmentation? (Most restriction enzymes do not cut R-loops.) Sonication seems to be more unbiased in this respect.

The reviewer is correct that R-loops are often not cut by restriction enzymes, which may lower the resolution for those instances where an R-loop covers an RE site. We agree that this is yet one more argument in favor of sonication.

3. In the classical DRIP protocol, RE fragmentation is followed by sonication to reduced fragment size. This step is needed to make the sample compatible with NGS library preparation but it will not improve the low resolution of the method. This should be clearly articulated in the manuscript.

We agree and believe that Step 6 clearly states that this sonication step is used “To reduce the size of the material for library construction”. This is also clearly mentioned in Figure 1.

4. Please show the fragment size distribution of RE-fragmented and sonicated nucleic acid samples related to the DRIP protocols.

We added this information to revised Figure 2C. Thanks for the suggestion.

5. It is argued that "Sonication leads the displaced ssDNA strand of R-loops to break. Thus, three-stranded R-loop structures are converted into two-stranded DNA:RNA hybrids upon sonication." Is there any experimental proof or reference justifying this statement?

The experimental “proof” is that we systematically failed to build proper sequencing libraries until we incorporated a second strand synthesis step, which converts RNA:DNA hybrids to dsDNA. In the absence of this step, all enrichments were lost because the only fragments that could be ligated to our dsDNA adapters were background dsDNA fragments. Once hybrids were converted back to dsDNA, we were able to pick them up and the libraries displayed the expected enrichments for R-loop-positive loci versus negative controls. 

Similar observations were derived from the Cimprich lab using qDRIP-seq. The qDRIP protocol uses identical conditions for virtually every step (which makes sense as it was adapted from our sDRIP protocol), except that at the end, libraries are built using single-strand ligation step following denaturation of IP-ed material. If sonication followed by IP resulted in three-stranded R-loops, then both DNA strands would have been captured by the ligation step and the resulting maps would not be stranded. However, qDRIP maps are clearly strand-specific. This strongly argues that the displaced strand of R-loops does not survive sonication and that two-stranded hybrids are immunoprecipitated.

We are not sure if these detailed considerations are useful to include in a step by step protocol and look forward to guidance on this point. 


Reviewer #2:
Manuscript Summary:
In this manuscript, Sanz. L. et al describe a novel technique (sDRIP) designed to achieve highly sensitive and strand-specific mapping of R loops and compare it to DRIP-seq, the most used technique to study R loops currently. First, current knowledge on R loops filed is nicely introduced and then DRIP and sDRIP-seq techniques are described at high technical level. Importantly, specific details on DRIP-seq technique not previously reported (such as the optional RNH treatment of samples prior to library construction) are clarified which further increase the relevance of the protocols described. Finally, they discuss the benefits of using each technique and also compare them to other reported methodologies to map R loops genome-wide. Overall, in my opinion, both techniques are thoroughly described in the text and should be of knowledge to any scientist planning to map such structures genome-wide. However, I have several concerns/suggestions that they should address prior to publication (see below, please).

We thank the reviewer for his/her general positive comments.

Major Concerns:
1) The authors describe sDRIP-seq as a highly sensitive and stranded procedure to map R loops and compare it to DRIP-seq, a widely used technique to map R loops. In the last years, DRIPc-seq has also emerged as a technique allowing high sensitivity and stranded sequencing of R loops (Sanz, L. et al. Mol Cell 2016). However, only little mention to DRIPc-seq methodology is present in the manuscript. Actually, there is only one reference to say DRIPc-seq may suffer from RNA contamination (lines 109-112). But, what are the efficiencies in R loop mapping in DRIPc-seq and sDRIP-seq? How much of the signal is RNH-sensitive and correlate with DRIP-seq in each case? Given that both techniques offer stranded mapping of R loops, the authors should offer convincing data to demonstrate that sDRIP-seq permits higher sensitivity and reproducibility in R loop mapping than DRIPc-seq. They should offer comparative results between both techniques to justify why sDRIP-seq is better than DRIPc-seq.

We thank the reviewer for raising this point and have revised the manuscript to provide better context as users consider which method to use. We added a new paragraph at the end of the Introduction that presents users with a guide on choosing the most appropriate R-loop mapping method, including a discussion of their caveats, limitations, and degree of technical difficulty.

In our minds, DRIPc-seq remains superior in terms of resolution and sensitivity but it is technically more challenging and requires significantly more starting material. Both sDRIP-seq and DRIPc-seq are highly reproducible and in strong agreement which each other overall (See Figure 2). This is now illustrated by adding a correlation plot and a screenshot illustrating mapping results. sDRIP-seq does not necessarily “permit higher sensitivity … in R-loop mapping” but the fact that it is technically much less demanding and that it is insensitive to any RNA contamination issues are significant advantages. 
   
2) Related to the first point. The authors claim that DRIPc-seq suffers from RNA contamination due to the residual affinity of S9.6 for dsRNA, but certainly part of such "contamination" may be present as well in sDRIP-seq. As described recently (Chedin, F. et al. EMBO J 2021), most of such signal may come from transposable elements such as retrotransposable Alu elements. As far as I understood from the description of sDRIP-seq technique, this type of contamination will be present as well in sDRIP-seq as retrotransposons may exist as DNA:RNA hybrids while retrotranposing and such structures will also be immunoprecipitated by S9.6 antibody and amplified according to the protocol. In fact, RNH will digest RNA strand from retrotransposable DNA:RNA hybrids and DNA polymerase I perform second strand synthesis in step from the protocol. Again, comparison between both techniques is missing.

To clarify, the issue of Alu-delineated signal in DRIPc-seq described in our EMBO J review doesn’t correspond to actively transposing retroelements being captured through an RNA:cDNA replication intermediate. These Alu-delineated signals instead result from contamination from unspliced gene transcripts strictly at the RNA level. This conclusion is supported by three main observations. One, these Alu-delineated signals map to transcribed genes only. If they came from independently transposing Alu elements, a significant portion of them would be expected to map outside of genes. Two, the strandedness of these Alu-delineated signals is always that of the gene in which these Alu repeats lie. If these Alu elements were engaged in independent transposition events, we would expect the strandedness to vary according to the orientation of each Alu in the genome (Alu possess their own RNA Pol III promoters). Three, if these signals were derived from RNA:DNA hybrids, they would be sensitive to RNase H pre-treatment. While no RNase H pre-treated dataset could be found for the Nojima et al, (2018) study, the Perez-Calero et al., (2020) study did include such a control and the signals are clearly RNase H resistant (please follow the link provided in our EMBO J review to access the datasets). Finally, we note that the Alu-delineated signals are most evident in datasets that already also show clear signs of contamination by spliced transcripts, creating exon-delimited signals (see EMBO J review).

Regardless of these considerations, the reviewer is correct that if there was true retroelement transposition, characterized by the formation of RNA:cDNA hybrids, sDRIP would indeed capture this (and the signals would be RNase H sensitive).

3) According to the described protocol, sDRIP-seq technique will allow sequencing on genomic places where displaced single strand of DNA will be preferentially broken thru sonication while the other strand will be much more protected from breaking thru hybridization with the RNA. But what happens with similar structures found in the genome that might also be IPed with S9.6 antibody. Will Okazaki fragments be sequenced also? What is the real extent of RNH-sensitive sDRIP-seq signal? This may complicate interpretation of the results.

Currently, given the size selection imposed on sequencing libraries, small hybrids (estimated < 75 bp), such as those found transiently at Okazaki primers will be excluded. We added a note for this in the revised version so that it is clearer to those users interested in addressing short hybrids. We thank the reviewer for this comment.

sDRIP signal is very sensitive to RNase H pre-treatment, as expected. We now cite a new publication in press in which this is illustrated.  


4) What is used as input in sDRIP-seq? Simply sonicated gDNA or second strand synthesis on sonicated gDNA skipping S9.6 IP? Are inputs also sequenced in sDRIP-seq? Is peak calling performed against the input in this case also? This information is missing.

Input DNA is indeed sonicated DNA, which we recommend to sequence and to use in peak calling. We thank the reviewer for pointing out this omission and revised the manuscript accordingly.

Minor Concerns:
1) In Figure 2, authors show an example of a genomic screenshot from DRIP-seq and sDRIP-seq data. According to the text, sDRIP-seq is much more specific as sequencing will concentrate on DNA:RNA hybrid itself rather than the restriction fragment carrying the hybrid. Then, why sDRIP-seq profile at gene CCND1 is wider than DRIP-seq? It should be the other way around, no?

As it often happens, the CCND1 gene and its neighbor are covered by R-loops almost through their entire gene bodies so the higher resolution is hard to detect going from DRIP to sDRIP (although detectable at the start of these genes if you look closely). We chose this region because it nicely illustrates the strandedness of the method, the agreement with DRIPc-seq, and the overall great RNase H sensitivity. 

2) It would be nice to show which strands are DNA and which ones are RNA in Figure 1. I think it would increase understanding of the described methodology, especially at second strand synthesis step in sDRIP-seq technique.

We added in the Figure legend that “RNA strands within R-loops are represented by squiggly lines”.

Reviewer #3:
Manuscript Summary:
In this manuscript, Sanz et al describe DRIP-seq methods for genome-wide mapping of R-loops using the anti RNA/DNA hybrid S9.6 antibody. They provide protocols for the classical DRIP-seq and an iteration of this technique, which they called sDRIP-seq (for sonication DRIP-seq). sDRIP-seq relies on sonication to fragment the genome prior to immunoprecipitation with the S9.6 antibody while DRIP-seq uses restriction enzymes. They report that the two main advantages of sDRIP-seq over DRIP-seq are (i) higher resolution of the R-loop mapping, and (ii) the possibility to map R-loops in a strand-specific manner without building the library from the RNA of RNA/DNA hybrids as in the case of DRIPc-seq. The protocols are very well detailed and comprehensive, and suitable examples of DRIP-qPCR and DRIP-seq profiles are provided. Given the growing interest in R-loop structures, these protocols will be very useful for the scientific community.

We thank the reviewer for his/her positive comments.

Major Concerns:
None

Minor Concerns:
It would be useful that the authors mention and discuss in the manuscript the S9.6-independent techniques to map R-loops.

We added references to various methods including bisulfite-based and RNase H1-based.


Reviewer #4:
Manuscript Summary:
In "Mapping R-loops and RNA:DNA hybrids with S9.6-based immunoprecipitation methods", the authors describe DRIP-Sequencing and sDRIP-Sequencing, two techniques which they developed for mapping R-loop locations across the genome. In their introduction, the authors describe the recent research demonstrating the characteristics of R-loops and their important roles in pathology and physiology. These findings indicate the importance of R-loop mapping experiments which seek to uncover R-loop locations across the genome. Overall, the introduction was well written, easy to follow and covered current understanding of the varieties of R-loop biologies.
The written protocol presented in the manuscript is easy to follow and highly detailed. The representative results clearly demonstrate the expected outcomes from DRIP-Seq and sDRIP-Seq experiments.
Aside from the minor critiques noted below, this reviewer finds this to be an excellent resource and an important contribution to the R-loop field.

We thank the reviewer for his/her positive comments.

Major Concerns:
One shortfall of the manuscript, though beyond its scope and focus, is the lack of attention is paid to the bioinformatics analysis, following sequencing. As the authors have already pointed out in a recent publication, the analysis step is a major contributor to the quality of the resulting R-loop map (https://www.embopress.org/doi/abs/10.15252/embj.2020106394). This reviewer would, therefore, expect a note on appropriate bioinformatics approaches used in order to analyze these data with an indication of where to find such protocols, particularly when considering any differences in data types (eg. strandedness) between sDRIP-Seq and DRIP-Seq.
We agree with the reviewer that the bioinformatic treatment of data is of strong importance. We are in the midst of preparing a MS dedicated to this topic, offering a second set of “best practices” and a uniform pipeline for this purpose. The format of this JoVE manuscript, however, doesn’t lend itself to such an extensive discussion and we note than many genomic-focused JoVE articles do not include any bioinformatics information. To nonetheless help guide users, we added a reference to our previous Nature Protocols manuscript in which the bioinformatics treatment of both unstranded and stranded data was specified. 

An additional concern is a lack of information on the extent of reduction in R-loops caused by sonication (about 40-50%?). That may be important depending on the question being asked. The authors mention that sDRIP typically results in lower yield, so it would be valuable to have a comparison between DRIP and sDRIP and whether sonication affects any one class/subset of R-loops (eg. TSS vs TTS Rloops) and the authors should provide a measure for the amount of correlation between the two methods.

We added a comment that while yields appear lower in sDRIP compared to DRIP as judged after qPCR, the reduction does not appear to affect any particular subset of R-loops as best we can tell. Thus, maps derived from all three DRIP-based approaches discussed here are in good agreement. We thank the reviewer for bringing this point. 

To further show the correlation between methods, we added three XY plots to revised Figure 2D that display both self-correlation (two independent sDRIP replicates), the impact of RNase H1 pre-treatment on sDRIP, and a correlation between sDRIP-seq and DRIPc-seq. We thank the reviewer for the suggestion.

It may also be fair to the reader if the authors also cautions on when to prefer RE based methods over sonication (say if probing for Rloops in a "normal" cell line that has fewer Rloops than a cancer cell line thus making retrieving sufficient material to see strong signal over background more of a concern).

We thank the reviewer for this comment and added a paragraph in the Introduction that addresses this topic, which we hope will be useful to users.

Minor Concerns:
Minor typographical error:
Line 130: 20 mg/ml should be mL
This was corrected.
