Review History
First round of review
Reviewer 1

Comments to author:
The authors have collated and described tools for learning copy number aberrations from single-cell sequencing, an important and timely topic for cancer research.  The description of the general steps is well presented.

The authors have then carefully collected the methods into different groups and highlighted their different aspects.  Given the variety of approaches, this is a formidable task which the authors have handled
well, though the text describing the methods could benefit from a bit of reworking to improve the flow.  One question is whether it might be better to extract the segmentation part of the different algorithms as a separate section, rather than a description for each algorithm.  Of course, some algorithms have this as in integral part of the copy number calling.

The sections on tree inference, on the other hand are less of a review and more a collection of the authors' thoughts, and seemed a little out of place.  This could be heavily condensed.

One question is the relationship between this paper and the previous preprint of the authors benchmarking different tools. The benchmark and the review are two sides of the same coin, and including benchmarking of the reviewed methods would add a lot of value to the current manuscript.

More minor points:

In the first line of the introduction, ITH is described as a confounding factor and a clarification of how ITH is confounding and the effects it has would be welcome.

The second paragraph of the intro discusses generally the topics exemplified by scDNA SNV methods, so it would make sense to move that overview earlier.  In particular the statement about performing mutation calling and tree inference jointly to improve performance is supported by works like SCIPhi which do so.

In the segmentation section of the overview of the steps, some references would be good for each approach.  The objective function has much more detail than the other approaches, but still not enough to be comprehensive, so it might be preferable to summarise it to the level of the other two approaches.

In the introduction to the methods, for example SCNV, seqCBS is mentioned for several methods, but not introduced itself.  Also for SCNV, how would a damped sine wave help identify the ploidy?

AneuFinder and HMMCopy are fairly similar, and their sections could be together.

For chisel, BAF is not defined.  And EM is not used outside the definition.  Sometimes it is capital, sometimes lower case.

The testing and results of Genome Research 27 1885-1894 (2017) could add to the discussion of the infinite sites for SNVs and how minimal their effect is.

For sites being iid, the authors should distinguish between the data noise being iid (given the copy number or mutation state) and the sites being independent (that they can mutate regardless of each other).  It is the dependence between sites due to copy number segments changing that is the issue for sequence phylogeny models (like the Felsenstein) algorithm so that the likelihood cannot be factored over the sites. Independence across cells is still a reasonable assumption.

The formula for matrix exponential does not serve any purpose.

Figure 1e is not very instructive.

In Figure 2a, isn't the sliding window predefined and not based on the segmentation points?  Also the test would be across the segments?



Reviewer 2

Comments to author:
In this review paper, Fan et al. survey copy number callers for single-cell DNA sequencing data. The authors identify seven steps that are common to such approaches, and classify them according to differences in the steps as well as other features. Overall the paper is well written and the topic is timely. This review lays out some good directions for future work and will be interest to the community, both to method developers and users. I have one major comment and several minor points.
1. Single-cell sequencing technologies
While this review does a good job surveying existing approaches, few details are given about the input these methods take. It would be good to discuss current single-cell sequencing technologies (scDNAseq based on DOP-PCR, 10X Genomics Chromium, Mission Bio, pseudobulk sequencing, etc.). In particular it would be good to list their differences, error profiles, limitations and subsequent implications for copy number callers. This would provide the proper context for the rest of the review paper.

Minor comments:
* Paper mentions that there current single-cell phylogeny inference methods for SNVs do not use CNA data. There is a recent method that does this: SCARLET (RECOMB 2020/Cell Systems).
* A table similar to Table 1 for CNP distance measures would be very helpful
* Define B-allele frequency
* Define Gini coefficient
* CNA or CNV -- good to indicate what the difference is between these two.
* It would be good to define what a false negative/positive is (mismatch in breakpoints, copy number?)
* Chisel or CHISEL?

Reviewer 3

Comments to author:
The authors of this manuscript have made seminal contributions, methodological and clinical, in the field of single-cell cancer genomics, and they really have to be praised for that. Here, they present a review of single-cell copy number calling, a timely contribution to the field. I found the review interesting, but at the same time I felt that several aspects could be improved.  
** Major comments **
1) Scope
Somehow, my impression that the review addresses many things at variable depths. The title refers to detection of copy number alterations (CNAs) in single-cell DNA sequencing data, but the text seems to go in multiple directions.
For example, the review mixes bulk and single-cell approaches, and it is not always clear to which scenario a given passage is referring to. I believe that bulk CNA detection has been addressed elsewhere in multiple occasions, and that focusing on single-cell CNA (scCNA) detection, as the title suggests, would increase readability. There are plenty of issues to discuss just on this.
I believe the text refers exclusively to human cancer cells. Several issues would be different in somatic and/or non-human tissues (ploidy, purity, CN rate, genomic reference, genome structure and size, etc.). I would clarify at the start that the focus is human cancer, also in the title.
I suggest each of the methodological steps of scCNA calling is presented along with a discussion of how the single-cell genomics particularities affect (or not) each of them. Also, a figure including an example of inferred scCNA profiles for a group of cells could be useful.
The manuscript not only addresses CNA detection and evolution but also CNA phylogenetic analysis. While a discussion of how CNA evolve is necessary to develop realistic detection algorithms, phylogenetic analyses is a related but different topic that might be better addressed in a separate review. If the authors believe that it should still be included, then I believe the contents should be modified (see below).

2) Style
In general, my impression is that the depth of the argumentation varies perhaps too much. The text combines more or less shallow paragraphs with some very technical descriptions, already available in the programs' documentation, which in my opinion are not important in a journal like this.
Also, I felt that there was a bit of redundancy when comparing the introduction (saying what is going to be done), results (showing what was done) and conclusions (which says what was done). Perhaps the text could be streamlined a bit.
In conclusions, it would be ideal to provide the user with some recommendations regarding experimental design, data analysis and interpretation caveats, for the different scenarios in which scCNA calling might be of interest.  This final section should highlight the main insights, offering a guideline for the user to choose the best method for the question at hand.

3) Single-cell genomics
I believe that in a review of scCNA a section on the different biases that affect single-cell sequencing data is mandatory. The particularities of single-cell genomics are extremely relevant for CNA detection, as very noisy profiles can result from the amplification step (to a different step depending on the particular amplification methodology). In this type of data, allelic imbalance, allelic dropout,  doublets and others are factors that need to be considered for scCNA detection. Variable sequencing depth and amplification recurrence are key, copy numbers are integers, there can be contamination, there might be cell population structure. One could use consensus strategies, or combine the single-cell data with the bulk. In my opinion, all this needs to be discussed in depth, comparing also the advantages/disadvantages of the different experimental procedures to obtain good CN calls, together with a discussion, later on, on how each method deals with these issues.

5) Describing and comparing methods
Ideally, one would compare tools identifying potential scenarios in which some would be more appropriate than others (depending on the data type, the size of the data, the CN rate, the question at hand, etc.). While Table 1 is nice and informative, I found the description of the methods often too technical, feeling sometimes as an enumeration of features extracted from the program documentation. In my opinion, the description of the methods should focus on helping the user to make choices. For example, I believe that a typical reader of this journal read user will not really care whether some program uses a Cauchy or a Dirichlet distribution, or a Baum-Welch algorithm, per se.  Instead, I expect readers to care more about the biological assumptions behind the use of these distributions or algorithms. Some of these aspects are already discussed, like independence of the events, ploidy, marginal/joint calling, but it would be also interesting to know how methods deal with different CN sizes, CN rates, different experimental procedures for the amplification (if there is such a thing, as direct library preparation methods exist; they should be discussed), which type of genomic reference they can use, whether they can use target/WES/WGS data, or the purity requirements of the samples. It would be nice also to mention whether methods offer some type of statistical uncertainty measurement.

Failures of the methods are mentioned, but often without demonstrating why this the case, and without citations. If a method has limitations, maybe one could explain why and how they affect user's choices.
Computational demands and scalability are also key, and the user should learn which dataset sizes a method can deal with, in a grossly manner if you want. I assume some methods are lighter and faster than others. In this regard, and in general, it would be very informative for the reader to see the results of the analysis of at least one real data set with the different callers and compare the CN calls, including runtime.
Also, it would be nice to summarize here the main conclusions arising from empirical and in silico benchmarks of scCNA calling. For example, Ginkgo was compared with bulk CN calling algorithms, and there might be now other comparisons out there. Also, the authors have a preprint on in silico benchmark of scCNA calling, and perhaps could summarize here the main conclusions.
Finally, new methods have appeared very recently for simultaneous inference of CNA call and phylogenetic tree, that probably should be now included in this review: https://www.biorxiv.org/content/10.1101/2020.04.28.065755v1.

4) CNA evolution
A section on how CNAs take place is important to understand which detection methods are more realistic, and therefore putatively superior. Such a section could be located at the very beginning.
A section explaining how CNAs evolve is indeed necessary, and the authors have made a very good job discussing key issues like recurrence and non-independence of CNA events at the beginning of the section "Evolutionary Modeling and Analysis of CNAs". However, as I already mentioned, I believe the phylogenetic analysis of CNAs is a related but different topic, even if one could use a tree to help CNA detection, this is something that can be just mentioned in a review like this in principle focused on detection (according to the title). However, if you insist on including a whole section on CNA phylogenetic analysis, then, in my opinion, it should be changed quite a bit.
For example, I do not think that one needs to refer to general phylogenetic concepts available elsewhere (there are multiple tumor phylogenetic reviews already), like parsimony or distance-based method, or to explain here P=e^Qt. Instead, I would refer to what is known already about copy-number-like scenarios in organismal molecular evolution, and that could be used for scCNA. For example, one could refer to existing phylogenetic models for gene family evolution, using gene counts or sequences, and for microsatellites (stepwise mutation models are very relevant here anyway), and in general, to birth-death models in molecular evolution. There is ample literature on this, some goes back to the 70's and to Kimura, and in my opinion it would much informative to discuss how they could be leveraged to develop better CNA calling and phylogenetic methods, than to show simple distance calculations that have been superseded long time ago.


** Minor specific comments **

[page, line]
2, 31: CNV is not defined. Please clarify the difference, if any, between CNA and CNV. These terms are used in different, often contradictory, ways in the literature.
2, 32: application to scDNAseq data of *human* cancer genomes.
4, 43: remove "it has been observed that"
4, 44: "GC correction starts with modeling the change of (log normalized) read count with respect to GC content, either parametrically by a polynomial function, or non-parametrically by LOESS regression [15,22,27]." => I believe this is unnecessary detail, and instead I would write something like "The GC correction starts with modeling the change of read count with respect to GC content" . I would revise the whole text accordingly as there are multiple statements which seem too technical. I would stress instead the assumptions and capabilities behind, and what the user should or could do about it.
4, 48: "The data to be analyzed is used to study the model," => rewrite, maybe "The GC correction is specific for each cell, as…"
5, 40: "Both low coverage and large Gini coefficient indicate potential failed library preparation" => I would explain what is the Gini coefficient, what is used for (depth heterogeneity), and hot it relates to CNA calling.
6, 18: "The first term is the distance between the underlying piecewise constant function and the given data. The second term is the number of the changes, which is usually an L1 norm total variation term. The two terms are often combined by a Lagrange multiplier. Numerical methods are often applied to find the piecewise constant function that minimizes the objective function." => to me, this is another example of the type of paragraphs that need to be removed or rewritten; they are too technical and I believe add not relevant information for the reader.
6, 31: "Twenty-nine methods … are reviewed in this section", and then ten lines below "In the following section, we review the seven methods".  (but as I mentioned, I would remove from this review methods that no specific for single cells)
6,62: "It models the emission probability of each state by Gaussian distribution, whose mean and the inverse of variance are modeled by Gaussian and Gamma prior distributions, respectively. It models the transition probabilities by a Dirichlet distribution. The probability of a bin being an outlier is modeled by Beta distribution. HMMcopy estimates the state sequence and parameters simultaneously by blocked Gibbs sampling" =>  Again, I believe this type of information is not useful for the readers of Genome Biology. Instead I suggest focusing on biological assumptions, robustness to single-cell genomics biases, and in general to advantages/disadvantages of the method for scCNA. Can HMM be really applied to single-cells? How does it deal with, for example, with biases like ADO?  There are many paragraphs like this before and after in the text, I suggest a thorough rewriting of them.
6, 32: remove "etc" and enumerate the specifics.
6,55: 16,698 single cells. => which type of cells? human?
7, 23: 54 *human* normal diploid cells?
7, 25:  What is a "CBS-based approach"?
7, 31: "Ginkgo also clusters the cells, infers the phylogenetic tree *of* the cells ."
7, 34: "The limitations of Ginkgo include the fact that the list of bad bins is learned from a fixed set of normal cells, and its GC correction does not incorporate each bin's copy number. => In this type of statements  (there are a few like this) I suggest you try to explain the reasoning and consequences of these observations. Why are these limitations bad?
7, 61: What is the L2 norm? do we really need this info?
9,18: "important to be inferred simultaneously. In addition, maximum parsimony criterion can be used to more accurately infer the tree than hierarchical clustering." => can you justify this statement?
13, 30: Is not reference 64 this same manuscript?  (paper self-citation?)
I think a review like this could be useful, but I suggest a few changes of style and focus. You are welcome to contact me for any clarification.
David Posada (dposada@uvigo.es)

Authors Response
Point-by-point responses to the reviewers’ comments: 
Reviewer #1 Comments: 
The authors have collated and described tools for learning copy number aberrations from single-cell sequencing, an important and timely topic for cancer research.  The description of the general steps is well presented.

The authors have then carefully collected the methods into different groups and highlighted their different aspects.  Given the variety of approaches, this is a formidable task which the authors have handled well, though the text describing the methods could benefit from a bit of  reworking to improve the flow.  One question is whether it might be better to extract the segmentation part of the different algorithms as a separate section, rather than a description for each algorithm.  Of course, some algorithms have this as an integral part of the copy number Calling.
We have now reorganized the writing. The first five steps are really "data wrangling" steps that involve cleaning the data, and are not necessarily specific to CNA detection in general, as much as they're relevant to scDNAseq data. The last two steps (segmentation and calling absolute copy numbers) are really the core of CNA detection. So, we now have two subsections, one dedicated to the first five steps, and one to the last two, with segmentation and calling absolute copy numbers described separately and in more detail. 

The sections on tree inference, on the other hand are less of a review and more a collection of the authors' thoughts, and seemed a little out of place. This could be heavily condensed.
Following the comments of this reviewer and Reviewer #3, we have heavily revised the section. Evolutionary analysis has become very big in cancer genomics. While evolutionary analyses of SNV data have become common, this task is not well developed for CNA data. Our goal is to draw upon the existing literature to highlight directions that could be fruitful to pursue in this field. We hope the new revised section is to the reviewers' satisfaction (we ourselves feel it's much better now that it's been revised in response to the reviewers' feedback, and we are very thankful). 

One question is the relationship between this paper and the previous preprint of the authors benchmarking different tools. The benchmark and the review are two sides of the same coin, and including benchmarking of the reviewed methods would add a lot of value to the current manuscript.
We have discussed this with the Editor and have taken two actions. First, we now provide reference to the benchmarking study and refer to our findings there in the relevant sections. Second, we have withdrawn the benchmarking manuscript from the journal where it was under review and will submit it to Genome Biology. While we are not opposed to combining the two into a single manuscript, I believe the reviewers and Editor will agree with us that combining them would create a massive manuscript most of which would have to be relegated to a supplementary materials section. The benchmarking study, for example, reports on a new simulator we developed specifically for CNAs in scDNAseq data. In addition to the excessive length of a single combined manuscript, we feel that a combined manuscript will have too many important messages that shouldn't all be part of a single manuscript, or else they'd be lost on the reader. However, once the benchmarking study is submitted to GB, we're happy to hear the Editor's and reviewers' thoughts on options for how to handle both manuscripts. 

More minor points:

In the first line of the introduction, ITH is described as a confounding factor and a clarification of how ITH is confounding and the effects it has would be welcome.
We edited the text explaining why ITH is confounding and the effects it has in the first paragraph of the text. 

The second paragraph of the intro discusses generally the topics exemplified by scDNA SNV methods, so it would make sense to move that overview earlier.  In particular the statement about performing mutation calling and tree inference jointly to improve performance is supported by works like SCIPhi which do so.
We intended to link simultaneous calling of mutation and the phylogenetic tree to both SNV and CNAs in our second paragraph. We now added the reference to two methods in this paragraph, SCIPhi on SNV, and SCICoNE on CNA, both of which infer mutation and the tree jointly. 

In the segmentation section of the overview of the steps, some references would be good for each approach.  The objective function has much more detail than the other approaches, but still not enough to be comprehensive, so it might be preferable to summarise it to the level of the other two approaches.
We have made the discussion of all three approaches more uniform in coverage. 

In the introduction to the methods, for example SCNV, seqCBS is mentioned for several methods, but not introduced itself.  Also for SCNV, how would a damped sine wave help identify the ploidy?
This comment is probably no longer relevant. As Reviewer #3 suggested, our writeup was too heavy on the technical details of methods (as he wrote, some of the details belong in a user manual of the method). We have now revised the writeup heavily so as to focus on the methods from the perspective of a user, not a technical developer. 

AneuFinder and HMMCopy are fairly similar, and their sections could be together.
We agree with the reviewer and have combined both methods in a single section. 

For chisel, BAF is not defined.  And EM is not used outside the definition.  Sometimes it is capital, sometimes lower case.
We have addressed these points. 

The testing and results of Genome Research 27 1885-1894 (2017) could add to the discussion of the infinite sites for SNVs and how minimal their effect is.
We have addressed this in the paragraph discussing the infinite-sites assumption in SNV analyses. 

For sites being iid, the authors should distinguish between the data noise being iid (given the copy number or mutation state) and the sites being independent (that they can mutate regardless of each other).  It is the dependence between sites due to copy number segments changing that is the issue for sequence phylogeny models (like the Felsenstein) algorithm so that the likelihood cannot be factored over the sites. Independence across cells is still a reasonable assumption.
We have clarified this point. 

The formula for matrix exponential does not serve any purpose.
We have revised this section heavily and the formula is no longer there or needed. 

Figure 1e is not very instructive.
This figure is just to illustrate how the Gini index is computed. While it's very simple, we would like to keep it so that the figure thoroughly captures all seven steps. 

In Figure 2a, isn't the sliding window predefined and not based on the segmentation points?  Also the test would be across the segments?
Yes, and we have clarified this point in the caption of Fig. 2. 


Reviewer #2: 
In this review paper, Fan et al. survey copy number callers for single-cell DNA sequencing data. The authors identify seven steps that are common to such approaches, and classify them according to differences in the steps as well as other features. Overall the paper is well written and the topic is timely. This review lays out some good directions for future work and will be interest to the community, both to method developers and users. I have one major comment and several minor points.

1. Single-cell sequencing technologies
While this review does a good job surveying existing approaches, few details are given about the input these methods take. It would be good to discuss current single-cell sequencing technologies (scDNAseq based on DOP-PCR, 10X Genomics Chromium, Mission Bio, pseudobulk sequencing, etc.). In particular it would be good to list their differences, error profiles, limitations and subsequent implications for copy number callers. This would provide the proper context for the rest of the review paper.
We thank the reviewer for this great comment. We have now added a new section titled "Particularies of scDNAseq" where we discuss eleven existing single-cell sequencing technologies including MDA, MALBAC, DOP-PCR, 10X, Mission Bio, etc. Furthermore, we have added Table 1 that lists their particularities and whether they are suitable for CNA calling or not. We also discussed the implications of doublets in the same section. As for using "pseudo-bulk" to improve CNA detection, we added it in the final paragraph of the Conclusions section, along with the caveats of joint analysis of bulk sequencing and scDNAseq data. 

Minor comments:

* Paper mentions that the current single-cell phylogeny inference methods for SNVs do not use CNA data. There is a recent method that does this: SCARLET (RECOMB 2020/Cell Systems).
We agree with the reviewer, and have now added this point to the paragraph where we discuss SNV methods. 

* A table similar to Table 1 for CNP distance measures would be very helpful
The entire section on evolutionary analysis has been revised. 

* Define B-allele frequency
We added the definition.

* Define Gini coefficient
We moved the description of Gini coefficient next to the first appearance.

* CNA or CNV -- good to indicate what the difference is between these two.
We explained CNA in the abstract. Since we removed the review of the methods that have been applied to detect CNV as suggested by Reviewer #3, CNV becomes not the focus of this paper and we avoided using the term CNV in the main text. In general, CNA is a term that's applied to copy number variants in cancer genomes, whereas the community uses CNVs for copy number variants in healthy cells. We are not advocating this naming, but are merely using it according to the custom in the cancer genomics community. 

* It would be good to define what a false negative/positive is (mismatch in breakpoints, copy number?)
We added the definition in the text. They refer to missing/false calling of breakpoints in the context. 

* Chisel or CHISEL?
We capitalized all occurrences of CHISEL.


Reviewer #3: 
The authors of this manuscript have made seminal contributions, methodological and clinical, in the field of single-cell cancer genomics, and they really have to be praised for that. Here, they present a review of single-cell copy number calling, a timely contribution to the field. I found the review interesting, but at the same time I felt that several aspects could be improved.  
** Major comments **

1) Scope
Somehow, my impression that the review addresses many things at variable depths. The title refers to detection of copy number alterations (CNAs) in single-cell DNA sequencing data, but the text seems to go in multiple directions.
For example, the review mixes bulk and single-cell approaches, and it is not always clear to which scenario a given passage is referring to. I believe that bulk CNA detection has been addressed elsewhere in multiple occasions, and that focusing on single-cell CNA (scCNA) detection, as the title suggests, would increase readability. There are plenty of issues to discuss just on this. 

We thank the reviewer for this comment and agree with it. We have now refocused the review on CNA detection from scDNAseq and removed all discussion of bulk sequencing data except when relevant to the methods here. We also revised the tables that describe the methods. 

I believe the text refers exclusively to human cancer cells. Several issues would be different in somatic and/or non-human tissues (ploidy, purity, CN rate, genomic reference, genome structure and size, etc.). I would clarify at the start that the focus is human cancer, also in the title.
The review is definitely about cancer genomes, and the use of copy number aberrations (CNA) rather than copy number variants (CNV) is aimed at emphasizing this point. In terms of applicability of the methods beyond human cancer genomes, we don't feel comfortable ruling out other cancers, as the method developers might find our review to be biasing against their methods. For example, while ploidy could differ in non-human genomes, this could be an issue of the performance of the method rather than general applicability or lack thereof. 

I suggest each of the methodological steps of scCNA calling is presented along with a discussion of how the single-cell genomics particularities affect (or not) each of them. 
We have done this by adding a new section on scDNAseq particularities and their relevance/impact for each of the steps. 

Also, a figure including an example of inferred scCNA profiles for a group of cells could be useful.
At the end of the describing "Calling the absolute copy numbers", we referred the readers to an example of such figure in a reference.

The manuscript not only addresses CNA detection and evolution but also CNA phylogenetic analysis. While a discussion of how CNA evolve is necessary to develop realistic detection algorithms, phylogenetic analyses is a related but different topic that might be better addressed in a separate review. If the authors believe that it should still be included, then I believe the contents should be modified (see below).
The Editor has requested that we keep this section and we agree. Having said this, the reviewer's comments and feedback are tremendously helpful and we have revised the section heavily and tried our best to draw upon methods from molecular evolution and population genetics that are relevant in this context. We appreciate the reviewer's feedback. 

2) Style
In general, my impression is that the depth of the argumentation varies perhaps too much. The text combines more or less shallow paragraphs with some very technical descriptions, already available in the programs' documentation, which in my opinion are not important in a journal like this. 
We agree and have revised the method description to remove technical details and focus on the user's perspective. 

Also, I felt that there was a bit of redundancy when comparing the introduction (saying what is going to be done), results (showing what was done) and conclusions (which says what was done). Perhaps the text could be streamlined a bit.
We have addressed this, mainly by removing the last paragraphs from the Introduction. We kept the text in the Conclusions since it summarizes the main points. 

In conclusions, it would be ideal to provide the user with some recommendations regarding experimental design, data analysis and interpretation caveats, for the different scenarios in which scCNA calling might be of interest.  This final section should highlight the main insights, offering a guideline for the user to choose the best method for the question at hand. 
We hope that by addressing all of the above comments, the review is now more along the lines of what the reviewer suggests. 

3) Single-cell genomics 
I believe that in a review of scCNA a section on the different biases that affect single-cell sequencing data is mandatory. The particularities of single-cell genomics are extremely relevant for CNA detection, as very noisy profiles can result from the amplification step (to a different step depending on the particular amplification methodology). In this type of data, allelic imbalance, allelic dropout,  doublets and others are factors that need to be considered for scCNA detection. Variable sequencing depth and amplification recurrence are key, copy numbers are integers, there can be contamination, there might be cell population structure. One could use consensus strategies, or combine the single-cell data with the bulk. In my opinion, all this needs to be discussed in depth, comparing also the advantages/disadvantages of the different experimental procedures to obtain good CN calls, together with a discussion, later on, on how each method deals with these issues.
We have added the section "Particularies of scDNAseq" to discuss these issues. We discussed how the eight reviewed methods deal with these issues. And, while it is still in its infancy in the context of CNAs, we now discuss the notion of pseudo-bulk and how it can be used (mainly in the Conclusions section). 

5) Describing and comparing methods
Ideally, one would compare tools identifying potential scenarios in which some would be more appropriate than others (depending on the data type, the size of the data, the CN rate, the question at hand, etc.). While Table 1 is nice and informative, I found the description of the methods often too technical, feeling sometimes as an enumeration of features extracted from the program documentation. 
In my opinion, the description of the methods should focus on helping the user to make choices. For example, I believe that a typical reader of this journal read user will not really care whether some program uses a Cauchy or a Dirichlet distribution, or a Baum-Welch algorithm, per se.  Instead, I expect readers to care more about the biological assumptions behind the use of these distributions or algorithms. Some of these aspects are already discussed, like independence of the events, ploidy, marginal/joint calling, but it would be also interesting to know how methods deal with different CN sizes, CN rates, different experimental procedures for the amplification (if there is such a thing, as direct library preparation methods exist; they should be discussed), which type of genomic reference they can use, whether they can use target/WES/WGS data, or the purity requirements of the samples. It would be nice also to mention whether methods offer some type of statistical uncertainty measurement. 
We have removed all the unnecessary technical descriptions of the methods and focused more on describing the methods from the user's perspective.  

Failures of the methods are mentioned, but often without demonstrating why this the case, and without citations. If a method has limitations, maybe one could explain why and how they affect user's choices. 
We rewrote the review of the methods. Whenever applicable, we explained the reasons when stating methods' limitations and added the citations. We also explained why and how they affect users' choices.

Computational demands and scalability are also key, and the user should learn which dataset sizes a method can deal with, in a grossly manner if you want. I assume some methods are lighter and faster than others. In this regard, and in general, it would be very informative for the reader to see the results of the analysis of at least one real data set with the different callers and compare the CN calls, including runtime.
We now discuss the scalability for a few methods which we tested, including HMMcopy, Ginkgo and CopyNumber. The results were reported in detail in our benchmarking study that, as we discussed above, will now be submitted to Genome Biology and hopefully will be linked to this manuscript.  

Also, it would be nice to summarize here the main conclusions arising from empirical and in silico benchmarks of scCNA calling. For example, Ginkgo was compared with bulk CN calling algorithms, and there might be now other comparisons out there. Also, the authors have a preprint on in silico benchmark of scCNA calling, and perhaps could summarize here the main conclusions. 
We discussed this with the Editor. As suggested by the Editor, we now describe the main findings from the benchmarking manuscript and reference it. We have also withdrawn the benchmarking study from the other journal where it was under review and will submit to Genome Biology. We are fine with suggestions by the Editor and reviewers on how to present both manuscripts. 

Finally, new methods have appeared very recently for simultaneous inference of CNA call and phylogenetic tree, that probably should be now included in this review: https://www.biorxiv.org/content/10.1101/2020.04.28.065755v1.
We thank the reviewer for bringing this to our attention. The field is moving very fast, and this method was posted online just a few days before we received the review. We have now included it. 

4) CNA evolution
A section on how CNAs take place is important to understand which detection methods are more realistic, and therefore putatively superior. Such a section could be located at the very beginning.
We have added a brief description in the Introduction, but have also referred to how CNAs take place throughout the revised manuscript. 

A section explaining how CNAs evolve is indeed necessary, and the authors have made a very good job discussing key issues like recurrence and non-independence of CNA events at the beginning of the section "Evolutionary Modeling and Analysis of CNAs". However, as I already mentioned, I believe the phylogenetic analysis of CNAs is a related but different topic, even if one could use a tree to help CNA detection, this is something that can be just mentioned in a review like this in principle focused on detection (according to the title). However, if you insist on including a whole section on CNA phylogenetic analysis, then, in my opinion, it should be changed quite a bit.
For example, I do not think that one needs to refer to general phylogenetic concepts available elsewhere (there are multiple tumor phylogenetic reviews already), like parsimony or distance-based method, or to explain here P=e^Qt. Instead, I would refer to what is known already about copy-number-like scenarios in organismal molecular evolution, and that could be used for scCNA. For example, one could refer to existing phylogenetic models for gene family evolution, using gene counts or sequences, and for microsatellites (stepwise mutation models are very relevant here anyway), and in general, to birth-death models in molecular evolution. There is ample literature on this, some goes back to the 70's and to Kimura, and in my opinion it would much informative to discuss how they could be leveraged to develop better CNA calling and phylogenetic methods, than to show simple distance calculations that have been superseded long time ago.
We appreciate the reviewer's comments very much. We have revised the section heavily and hope he finds it better written and that the exposition is more informative now. 


** Minor specific comments **
[page, line]

2, 31: CNV is not defined. Please clarify the difference, if any, between CNA and CNV. These terms are used in different, often contradictory, ways in the literature.
We addressed at the very first occurrence of the acronyms in the abstract. 

2, 32: application to scDNAseq data of *human* cancer genomes.
Done. 

4, 43: remove "it has been observed that"
Done.

4, 44: "GC correction starts with modeling the change of (log normalized) read count with respect to GC content, either parametrically by a polynomial function, or non-parametrically by LOESS regression [15,22,27]." => I believe this is unnecessary detail, and instead I would write something like "The GC correction starts with modeling the change of read count with respect to GC content" . I would revise the whole text accordingly as there are multiple statements which seem too technical. I would stress instead the assumptions and capabilities behind, and what the user should or could do about it.
We have revised the text. 

4, 48: "The data to be analyzed is used to study the model," => rewrite, maybe "The GC correction is specific for each cell, asﾅ"
Fixed. 

5, 40: "Both low coverage and large Gini coefficient indicate potential failed library preparation" => I would explain what is the Gini coefficient, what is used for (depth heterogeneity), and how it relates to CNA calling.
We moved the description of Gini coefficient next to its first appearance. We also explained what it is used for and related it to CNA calling. 

6, 18: "The first term is the distance between the underlying piecewise constant function and the given data. The second term is the number of the changes, which is usually an L1 norm total variation term. The two terms are often combined by a Lagrange multiplier. Numerical methods are often applied to find the piecewise constant function that minimizes the objective function." => to me, this is another example of the type of paragraphs that need to be removed or rewritten; they are too technical and I believe add not relevant information for the reader. 
This has been rewritten. 

6, 31: "Twenty-nine methods ﾅ are reviewed in this section", and then ten lines below "In the following section, we review the seven methods".  (but as I mentioned, I would remove from this review methods that no specific for single cells)
This has changed significantly as we now focus on only 8 methods specific to scDNAseq. 

6,62: "It models the emission probability of each state by Gaussian distribution, whose mean and the inverse of variance are modeled by Gaussian and Gamma prior distributions, respectively. It models the transition probabilities by a Dirichlet distribution. The probability of a bin being an outlier is modeled by Beta distribution. HMMcopy estimates the state sequence and parameters simultaneously by blocked Gibbs sampling" =>  Again, I believe this type of information is not useful for the readers of Genome Biology. Instead I suggest focusing on biological assumptions, robustness to single-cell genomics biases, and in general to advantages/disadvantages of the method for scCNA. Can HMM be really applied to single-cells? How does it deal with, for example, with biases like ADO?  There are many paragraphs like this before and after in the text, I suggest a thorough rewriting of them. 
We agree with the reviewer and have revised the way we describe methods significantly.

6, 32: remove "etc" and enumerate the specifics.
Done.

6,55: 16,698 single cells. => which type of cells? Human?
Yes, the cell type is human. We rewrote the paragraph entirely and this sentence is no longer relevant. 

7, 23: 54 *human* normal diploid cells? 
Done.

7, 25:  What is a "CBS-based approach"?
We spelled out CBS and also cited the relevant paper.  

7, 31: "Ginkgo also clusters the cells, infers the phylogenetic tree *of* the cells ."
Done.

7, 34: "The limitations of Ginkgo include the fact that the list of bad bins is learned from a fixed set of normal cells, and its GC correction does not incorporate each bin's copy number. => In this type of statements  (there are a few like this) I suggest you try to explain the reasoning and consequences of these observations. Why are these limitations bad?
We added texts to explain the reasoning and consequences of these observations. Specifically, we explained why the bad bins learned from a fixed set of normal cells limits Ginkgo, as well as what is the consequence of conducting GC correction without incorporating each bin's copy number. 

 7, 61: What is the L2 norm? do we really need this info?
This has been revised. 

9,18: "important to be inferred simultaneously. In addition, maximum parsimony criterion can be used to more accurately infer the tree than hierarchical clustering." => can you justify this statement?
We have rewritten these statements. The main point is that the tree produced by hierarchical clustering is not necessarily (the topology of) a phylogenetic tree. 

13, 30: Is not reference 64 this same manuscript?  (paper self-citation?)
Reference 64 (now reference [56]) is not the same manuscript as this one. It is the benchmarking paper that evaluates the three methods that have been widely applied to scDNA-seq data. 

I think a review like this could be useful, but I suggest a few changes of style and focus. You are welcome to contact me for any clarification. 
David Posada (dposada@uvigo.es)


Second round of review
Reviewer 1
page 3 line 54: the degree of these artifacts can depend on the sequencing technology

page 15, line 51: SCICoNE does not have an independent bin model, in fact this is their rationale for using an event tree model rather than a cell-based phylogeny.  Events are formed of contiguous bins in their model.

The manuscript has several copy-editing errors and would benefit from some proofreading

Reviewer 3
The authors have made a nice effort to revise the manuscript. Clearly, the scope of the article and the writing style have improved, but I have to say that the level of ambiguity in the text is still significant (see below minor comments).
The section of scDNAseq technologies is an improvement. Table 1 is the type of summary I appreciate in a review. Sections like "General Considerations When Using scDNAseq CNA Detection Methods" also make the review more useful for the reader.
** (relatively) Major comments **
1) Guideline
While now we can see more recommendations regarding experimental design, data analysis, and interpretation. I still miss a condensed guideline for the user to choose the best scCNA caller for the question at hand. Normally such a guideline is the most useful part of a review.

2) Extended concepts
For example, how does the reader exactly measure coverage heterogeneity? In particular, I miss a more detailed explanation of "phase", and allele-specific CNA calls, which indeed they are fundamental for improved CNA evolutionary models.

3) Relevant preprint
A very relevant preprint that should be discussed in depth is "Efficient Bayesian inference of phylogenetic trees from large scale, low-depth genome-wide single-cell data" by Dorri et al.; bioRxiv preprint doi: https://doi.org/10.1101/2020.05.06.058180.

4) Running times
Running times are now included for some, but not all, methods. I still think that it would be very informative for the reader to see the results of the analysis of at least one real data set with the different callers and compare the CN calls, including runtime.

5) Publishing strategy
About publishing the review and the benchmark as two different papers side-by-side, I am OK with it.


** Minor specific comments **

[page, line]

Abstract: "Results: In this review, we review eight methods that have been developed for detecting copy number aberration (CNA)" => add "in scDNAseq data".
2, 6: "Moreover, quite a few methods that have been applied to detect CNAs from scDNAseq data were "borrowed" from other types of data" => methods cannot be borrowed from data. One can see what you mean but this sounds too informal; this statement needs to be rewritten.
2, 9: "Since DOP-PCR [17] and TnBC [18], the single-cell DNA amplification protocols generating data suitable for CNA detection, are limited in terms of their coverage depth and uniformity, it is important to study the existing methods in terms of how well they can be adapted to scDNAseq data." => some words seem to be missing
2, 18: "Finally, while SNVs occur to only one nucleotide" => sounds strange to me
2, 19: define "focal region".
2, 19: "The former is a result of genomic instability due to segregation error during anaphase [20], whereas the latter is due to the gain of selective advantage during tumor progression [21-23]."=> I am not sure if former here refers to SNVs, or to the whole chromosomal events, I assume it is the latter. Most importantly, that CNAs "are due" to the gain a of a selective advantage does not make sense to me. Selection could never be the "cause" of a change. Moreover, a CNA can become abundant and even clonal just by chance (i.e., neutral mutations can fix in populations with more or less probability depending on multiple factors). As written, it seems that all CNAs we see in a tumor offer selective advantages, which is clearly not the case.
2, 59: "far from enough" could be understood as too little or as too much. It is easy to be precise by writing "not enough"
3, 7: remove "etc.", if you know more methods, enumerate them. Alternatively, if you just want to highlight some examples, use "e.g.".
3, 10: "The genomic sequencing analysis of a non-uniformly sequenced genome tends to contain false positive CNA calls as it is computationally challenging to distinguish between amplification bias (i.e., noise) and CNAs (i.e., true signal) for read count fluctuation [41]."  
=>
"The analysis of a non-uniformly sequenced genome tends to contain false positive CNA calls as it is computationally challenging to distinguish whether read count fluctuations are due to amplification biases or to true CNAs [41].  

3, 13: "Therefore it is important to measure the non-uniformity of genomic coverage before CNA calling." => and how can we measure this? This seems the right place to explain how readers can measure coverage heterogeneity
3, 27: "recovering the lineage of single cells from the same sample." => not sure what you mean by the lineage of single cells, perhaps "a more complete cell genealogy" or, directly, "tumor history"?
3, 39: "coverage fluctuation is not as promising" => What does "is not as promising" means here? I guess you mean larger.
3, 42: "But such improvement is contingent upon prior knowledge of the ITH in the samples, which is unknown and is an objective of the biological studies." => ""But such improvement is contingent upon prior knowledge of the ITH in the cell population, which is rather one of the objectives of the scDNAseq studies"
3, 50: "However, since sequencing is targeted at a catalogue of the designed panel or a custom panel, most of the genome is not covered and the analysis may miss major CNAs by this platform." => "However, since this technology is targeted at small set of genomic regions, major CNAs can be missed"
3, 54: "In addition to low and uneven coverage, scDNAseq data also suffers from a high allelic dropout (ADO) rate, doublets, and a high C>T transition bias. The C>T bias, though being a major confounding issue in SNV calling for causing false positives,"
=> "In addition to low and uneven coverage, scDNAseq data also suffers from a high allelic dropout (ADO) rate, doublets (DEFINE doublets), and a high rate of false C>T calls (add REFERENCES). The C>T bias, though being a major confounding issue in SNV calling,"
3, 58: "The same applies to ADO, as most of the existing CNA calling methods do not distinguish the major and minor alleles." => "The same applies to ADO, as most of the existing CNA calling methods do not distinguish major and minor alleles (DEFINE major and minor alleles)."
4, 12: "and thus violating the assumption of most of the CNA calling methods." => "and thus, violating an assumption of most CNA calling methods."
4, 14: "but the consequence of doublets to breakpoint detection is not as bad as calling the absolute copy numbers" => not sure of what you mean.
4, 15: Cell contamination should be much worse than doublets, as contaminant cells are not, by definition, from the same sample
5, 9: "high false-positive deletion calls" => remove "high" or rephrase using "rate"
5, 36: " For scDNAseq, this could lead to false-negative CNAs, which are hundreds of thousands of base pairs long, as the bin size is often around 200kbp [24]." => remove first comma?
5, 40: "to the dropping read coverage" => "to the dropping OF read coverage"
6, 24: "However, correcting mappability based on a pre-computed mappability file constrains the tool to certain human genome reference versions." => which tool?

6, 35: "The selection process is more flexible and adaptable to the data if it is data-driven." => you mean if it takes into account specific properties of the data at hand?
6, 36: "Ginkgo [51], for example, blacklists "bad bins" using 54 existing normal cells without input from the data." => Ginkgo [51], for example, blacklists "bad bins" using 54 existing normal cells without input from the data  AT HAND."
6, 46: "based on the empirically derived distribution." = > "based on this distribution."
6, 51: "Cells with extremely high Gini coefficient are expected to have a large number of false positive CNA calls, and thus shall not be considered in CNA inference." => false positives or false negatives? or both?
7, 28: "…across genomes." => "…across sampled cells"?
7, 61: "…they handle single sample/cell at a time or multiple ones" => "…they handle a single sample/cell at a time, or multiple ones at once."
7, 62: "as the latter potentially fits scDNAseq data better." => exactly why?
8, 24: "a simulation study." => of single cells, correct?
8, 25: "For 1000 cells, it takes about 7 hours to finish…" => and which was the depth?
8, 36: "size and reference version are restricted" => you mean fixed?
8, 44: "It then uses a circular binary segmentation (CBS) [64] based approach for segmentation" = > "It then uses a circular binary segmentation (CBS) [64] approach"
8, 39: Ginkgo can be also run locally…
10, 21: "However, as we discussed, scDNAseq suffers from high ADO, and when alleles are separately taken into account, modeling ADO is essential for achieving high accuracy in segmenting the genome and cell clustering." => Can you justify this statement with data? Or is it a prediction?
10, 39: "This separation of the two processes may propagate errors made in breakpoint identification to the following analysis." => "…  to the phylogenetic analysis"
10, 55: "Such design favors large CNAs, as it has a better chance to be identified prior to smaller CNAs." => "Such design favors large CNAs, as they have a better chance to be identified than smaller CNAs."
11, 7: CNA rate variation per se does not need to result in more overlap. Large CNA rates do result in more overlaps, but a large rate is not the same as variable rate.  Average (number of events and size), not variance, is what it matters for the overlap issue.
11, 55: You have not explained yet what a "finite-site" model is.
12, 39: "While this level of resolutions" => "While this level of resolution"

12, 51: "Existing Relevant Approaches to Evolutionary Analysis of CNAs" => "Existing Approaches Relevant to the Evolutionary Analysis of CNAs"
12, 54: "In particular, three general approaches from the fields of phylogenetics and molecular evolution and population genetics can be useful, and some readily available, in evolutionary analyses of CNAs or, more generally, copy number profiles." => Several words seem to be missing.
12, 59: "To the best of our understanding, partitioning a genome into bins as described above, and conducting bin-based analyses are most common in this area" => which area?
13, 14: "Assuming the bins are independent makes the analyses more tractable and lend themselves to analyses using existing tools." => analyses lend themselves to analyses? I guess you mean "Assuming the bins are independent makes the analyses more tractable and facilitates the use of existing tools."
13, 47: "To address this problem, distance correction can be applied; " => "To address this problem, a distance correction can be applied; "
14, 13: "An alternative evolutionary model is the stepwise mutation model (SMM). In this model, a mutation can only increase or decrease the state (number of repeats) by 1." => not necessarily by 1, it can be any number, the key is that the states are ordered.
14, 16: "Treating the different copy numbers at a locus similarly to the states of a microsatellite, the infinite-alleles model and SMM, along with methods for inference under them can be applicable to evolutionary analysis of copy number profiles." => to some evolutionary analyses. Phylogenetic trees are seldom built using microsatellites precisely because the models are too naïve.
14, 41: "...or for inferring evolutionary histories of species given a set of multigene families (e.g., [91]) could potentially be applicable to CNA evolutionary modeling and analysis."=> and what would be the "species" in cell populations? In cancer, I would say only samples from different organs would make sense.
15, 13: "elucidating ITH, etc.," => remove "etc.", a reader should not guess what you mean
15, 13 "CNAa" => "CNAs"
15, 47": "very small clones" => you mean "rare" or "infrequent".
Table 1: I would use "Depth" instead of "Coverage".
Table 2: this table is very difficult to read because of uninformative column labels (S,D,1,2,etc.). I suggest you transpose it and use meaningful abbreviations instead of single letters and numbers.
Best wishes,
David Posada


Authors Response
Point-by-point responses to the reviewers’ comments: 

[bookmark: _gjdgxs]Reviewer #1: page 3 line 54: the degree of these artifacts can depend on the sequencing technology
[bookmark: _mp5brzyl4zw7]
[bookmark: _ifw015hmxqu8]We added this note in the manuscript.
[bookmark: _h0vvxy9edi05]
[bookmark: _iyhe86o392ki]page 15, line 51: SCICoNE does not have an independent bin model, in fact this is their rationale for using an event tree model rather than a cell-based phylogeny. Events are formed of contiguous bins in their model.
[bookmark: _6n1lfq3kks4]
[bookmark: _wgaa3ngsphxl]Thanks for pointing this out. We edited the text accordingly.
[bookmark: _y5ih75nkydj4]
[bookmark: _437z5hqrkxua]The manuscript has several copy-editing errors and would benefit from some proofreading
[bookmark: _jc5qqprgl5ex]
[bookmark: _9okvloeap8sv]We proofread the manuscript and corrected the copy-editing errors.
[bookmark: _28xux1yux678]
[bookmark: _68e1bkiorul]Reviewer #3: The authors have made a nice effort to revise the manuscript. Clearly, the scope of the article and the writing style have improved, but I have to say that the level of ambiguity in the text is still significant (see below minor comments).
[bookmark: _rpwiljj92n4]
[bookmark: _zh2uf5ix8iq9]The section of scDNAseq technologies is an improvement. Table 1 is the type of summary I appreciate in a review. Sections like "General Considerations When Using scDNAseq CNA Detection Methods" also make the review more useful for the reader.
[bookmark: _4rbfky8rkipq]
[bookmark: _dpw70odphukz]
[bookmark: _z5j6yyix87y3]** (relatively) Major comments **
[bookmark: _opo4s0mqqz07]
[bookmark: _1h79b0flkaxh]1) Guideline
[bookmark: _6x9x304slpvw]While now we can see more recommendations regarding experimental design, data analysis, and interpretation. I still miss a condensed guideline for the user to choose the best scCNA caller for the question at hand. Normally such a guideline is the most useful part of a review.
[bookmark: _3ilg2kycxs]
[bookmark: _98g9evpqt9sp]We added a sentence recommending the best scCNA caller(s) at the end of the subsection “General Considerations When Using scDNAseq CNA Detection Methods”.
[bookmark: _l4004467o4e4]
[bookmark: _xbtc4z4m8lhq]2) Extended concepts
[bookmark: _2kpa2csvtsr4]For example, how does the reader exactly measure coverage heterogeneity? In particular, I miss a more detailed explanation of "phase", and allele-specific CNA calls, which indeed they are fundamental for improved CNA evolutionary models.
[bookmark: _wp0fkuk062lb]
[bookmark: _i0p5otxgwd06]We explained how to measure coverage heterogeneity by giving examples at the place where we mentioned the importance of measuring the non-uniformity of genomic coverage before CNA calling.
[bookmark: _vuwwv6qbuftr]
[bookmark: _m3am28ehbh4t]We explained in more detail the allele-specific CNA detection, and their impact on the inference of the evolution from CNA. We also explained “phasing”, and its relationship with scDNAseq in the section “Particularities of scDNAseq”.
[bookmark: _wsvf1oplocgb]
[bookmark: _gi67ytnonhi4]3) Relevant preprint
[bookmark: _lyt7slpfj4qj]A very relevant preprint that should be discussed in depth is "Efficient Bayesian inference of phylogenetic trees from large scale, low-depth genome-wide single-cell data" by Dorri et al.; bioRxiv preprint doi: https://doi.org/10.1101/2020.05.06.058180.
[bookmark: _vglvekiokq96]
[bookmark: _hit8mlcroyot]We thank the reviewer for bringing this to our attention. We have addressed this point and added the reference.
[bookmark: _3ngc7jdo90ym]
[bookmark: _xdpwu7csenlg]4) Running times
[bookmark: _t31cp6gx29ji]Running times are now included for some, but not all, methods. I still think that it would be very informative for the reader to see the results of the analysis of at least one real data set with the different callers and compare the CN calls, including runtime.
[bookmark: _26mb0wokxjb0]
[bookmark: _wc8d5skuo0s5]We are very willing to run all different CNA callers for scDNAseq on a real data set. But we refrain from doing so due to the scope of this paper, which is a review paper instead of a benchmark paper. We leave this work to the next benchmark paper.
[bookmark: _hsicy0yna8k3]
[bookmark: _gzdwj8jfpz5f]5) Publishing strategy
[bookmark: _1ww0ekbp8hrc]About publishing the review and the benchmark as two different papers side-by-side, I am OK with it.
[bookmark: _jfl0yqqs989w]
[bookmark: _rlxk71wf0ssx]Thank you.
[bookmark: _w5i88u5kti54]
[bookmark: _rqfh1bhn44hb]
[bookmark: _qiltyo42dko2]
[bookmark: _q0cv72wwsyyz]
[bookmark: _glril2xjtcmj]** Minor specific comments **
[bookmark: _nxnn4ti7jna7]
[bookmark: _lsjw6euim62f][page, line]
[bookmark: _8venbi1s43vt]
[bookmark: _lzapgat42uip]Abstract: "Results: In this review, we review eight methods that have been developed for detecting copy number aberration (CNA)" => add "in scDNAseq data".
[bookmark: _28gc6gct2jmn]
[bookmark: _6vkyh6sly6sg]Added.
[bookmark: _5xfz1eqrax5z]
[bookmark: _vhssn2z2tzmk]2, 6: "Moreover, quite a few methods that have been applied to detect CNAs from scDNAseq data were "borrowed" from other types of data" => methods cannot be borrowed from data. One can see what you mean but this sounds too informal; this statement needs to be rewritten.
[bookmark: _dooznuzih82t]
[bookmark: _t982pktvkmv2]Yes, we edited it and made it more formal.
[bookmark: _1ok0lajiaqs2]
[bookmark: _h71hqkm79f69]2, 9: "Since DOP-PCR [17] and TnBC [18], the single-cell DNA amplification protocols generating data suitable for CNA detection, are limited in terms of their coverage depth and uniformity, it is important to study the existing methods in terms of how well they can be adapted to scDNAseq data." => some words seem to be missing
[bookmark: _9gtsa05o6f0q]
[bookmark: _b7f9hnlhqx0l]We rewrote this sentence.
[bookmark: _ltzkiovxes2u]
[bookmark: _df1hbg7mx6nt]2, 18: "Finally, while SNVs occur to only one nucleotide" => sounds strange to me
[bookmark: _imkkjit514r]
[bookmark: _fvlurlsvjhbg]We rewrote it.
[bookmark: _49dop7t42xjq]
[bookmark: _fken2gvqe3nz]2, 19: define "focal region".
[bookmark: _exh79k39rvma]
[bookmark: _ydde2kwolw00]Done.
[bookmark: _pm9t8zp8anjh]
[bookmark: _msitemlu2qm]2, 19: "The former is a result of genomic instability due to segregation error during anaphase [20], whereas the latter is due to the gain of selective advantage during tumor progression [21-23]."=> I am not sure if former here refers to SNVs, or to the whole chromosomal events, I assume it is the latter. Most importantly, that CNAs "are due" to the gain a of a selective advantage does not make sense to me. Selection could never be the "cause" of a change. Moreover, a CNA can become abundant and even clonal just by chance (i.e., neutral mutations can fix in populations with more or less probability depending on multiple factors). As written, it seems that all CNAs we see in a tumor offer selective advantages, which is clearly not the case.
[bookmark: _cuup6zv192ob]
[bookmark: _u8sipa9ow1sc]Thank you for pointing this out. We rewrote the text for clarification.
[bookmark: _bedcfuke3weg]
[bookmark: _dxi05v1g2g8h]2, 59: "far from enough" could be understood as too little or as too much. It is easy to be precise by writing "not enough"
[bookmark: _ilcwqhhg5rt]
[bookmark: _tc0yftfc3tsc]Edited.
[bookmark: _se94ee4klw42]
[bookmark: _vvle66mumzht]3, 7: remove "etc.", if you know more methods, enumerate them. Alternatively, if you just want to highlight some examples, use "e.g.".
[bookmark: _4izb8681r6c]
[bookmark: _orhnrdgykc55]Edited.
[bookmark: _20imnlkfsv5h]
[bookmark: _xzx2n32jdpw]3, 10: "The genomic sequencing analysis of a non-uniformly sequenced genome tends to contain false positive CNA calls as it is computationally challenging to distinguish between amplification bias (i.e., noise) and CNAs (i.e., true signal) for read count fluctuation [41]."
[bookmark: _1cdd6z4byc04]=>
[bookmark: _tqv7ljgs9n1e]"The analysis of a non-uniformly sequenced genome tends to contain false positive CNA calls as it is computationally challenging to distinguish whether read count fluctuations are due to amplification biases or to true CNAs [41].
[bookmark: _e2l2rgao3cw2]
[bookmark: _3iyifbtjqkev]Done.
[bookmark: _n3r53weijtcc]
[bookmark: _mirq8r900a1p]3, 13: "Therefore it is important to measure the non-uniformity of genomic coverage before CNA calling." => and how can we measure this? This seems the right place to explain how readers can measure coverage heterogeneity
[bookmark: _yfuq5pd4ixm9]
[bookmark: _x78jpaxiqryw]We added a couple of examples on how to measure the non-uniformity of genomic coverage.
[bookmark: _mmuseirykjb7]
[bookmark: _rbwkt4tpqn42]3, 27: "recovering the lineage of single cells from the same sample." => not sure what you mean by the lineage of single cells, perhaps "a more complete cell genealogy" or, directly, "tumor history"?
[bookmark: _g0xuhjowopcf]
[bookmark: _yta0253u2adn]Yes, we meant tumor history. We clarified it.
[bookmark: _1z740o2x1u8p]
[bookmark: _qb31w1vhxo9d]3, 39: "coverage fluctuation is not as promising" => What does "is not as promising" means here? I guess you mean larger.
[bookmark: _674kud5uz5j3]
[bookmark: _y968ef2e7ziu]Yes, we meant that the coverage fluctuation is actually larger. We clarified it.
[bookmark: _nlc5a294a2li]
[bookmark: _5al0l6b0dvn9]3, 42: "But such improvement is contingent upon prior knowledge of the ITH in the samples, which is unknown and is an objective of the biological studies." => ""But such improvement is contingent upon prior knowledge of the ITH in the cell population, which is rather one of the objectives of the scDNAseq studies"
[bookmark: _58fagrmw66q9]
[bookmark: _h4ttl8a9enrc]Done.
[bookmark: _wewdv0imnc6x]
[bookmark: _f3pwc4tnm2jj]3, 50: "However, since sequencing is targeted at a catalogue of the designed panel or a custom panel, most of the genome is not covered and the analysis may miss major CNAs by this platform." => "However, since this technology is targeted at small set of genomic regions, major CNAs can be missed"
[bookmark: _a86a6f51f2l5]
[bookmark: _bt7b9rfj2ikf]Done
[bookmark: _sl41dvp1tu2f]
[bookmark: _wn5zzaua84pz]3, 54: "In addition to low and uneven coverage, scDNAseq data also suffers from a high allelic dropout (ADO) rate, doublets, and a high C>T transition bias. The C>T bias, though being a major confounding issue in SNV calling for causing false positives,"
[bookmark: _srescpksj277]=> "In addition to low and uneven coverage, scDNAseq data also suffers from a high allelic dropout (ADO) rate, doublets (DEFINE doublets), and a high rate of false C>T calls (add REFERENCES). The C>T bias, though being a major confounding issue in SNV calling,"
[bookmark: _jsfa5ff1jhn5]
[bookmark: _yzqtpl6otvba]Done. The definition of doublets and the reference for high rate of false calls were added.
[bookmark: _ce8r4y8yf6s3]
[bookmark: _1eny78suku76]3, 58: "The same applies to ADO, as most of the existing CNA calling methods do not distinguish the major and minor alleles." => "The same applies to ADO, as most of the existing CNA calling methods do not distinguish major and minor alleles (DEFINE major and minor alleles)."
[bookmark: _efb045yyo4s3]
[bookmark: _dwi03sdo3sf1]Done. The definition of major and minor alleles was added.
[bookmark: _4qo7o3ybdyvk]
[bookmark: _m9zqelv01l2]4, 12: "and thus violating the assumption of most of the CNA calling methods." => "and thus, violating an assumption of most CNA calling methods."
[bookmark: _r3754dijfr1v]
[bookmark: _lgn5ez3s71ws]Edited
[bookmark: _b8tx5z27en1o]
[bookmark: _iozbxr2695nz]4, 14: "but the consequence of doublets to breakpoint detection is not as bad as calling the absolute copy numbers" => not sure of what you mean.
[bookmark: _p17mbuvkonqp]
[bookmark: _gjyorbptl5xj]We meant that the effect of doublets on detection of breakpoints is less than its effect on the inference of absolute copy numbers. We rewrote this sentence.
[bookmark: _7ozbilp11kcz]
[bookmark: _7rdlj7lx5iev]4, 15: Cell contamination should be much worse than doublets, as contaminant cells are not, by definition, from the same sample
[bookmark: _bqrb4ad3zbpb]
[bookmark: _4jo44dhx0bro]Edited: to clarify, we added to that sentence “even to a larger extent as the contaminant cells are not from the sample”
[bookmark: _7gaov74xtwxn]
[bookmark: _9g02p121rzt1]5, 9: "high false-positive deletion calls" => remove "high" or rephrase using "rate"
[bookmark: _7tqflx1qhq3a]
[bookmark: _2z6swmh2qznz]Edited.
[bookmark: _22zouustd13q]
[bookmark: _o3b34qfwkl1a]5, 36: " For scDNAseq, this could lead to false-negative CNAs, which are hundreds of thousands of base pairs long, as the bin size is often around 200kbp [24]." => remove first comma?
[bookmark: _o6rp8ml9j1nu]
[bookmark: _rvo8p4gq2nnq]Edited.
[bookmark: _tuno9cg56cob]
[bookmark: _js7nx61svjwm]5, 40: "to the dropping read coverage" => "to the dropping OF read coverage"
[bookmark: _crpoo9yrmndm]
[bookmark: _hsn9apphye9p]Done.
[bookmark: _om9njl9f59h0]
[bookmark: _fmaelxtplpjo]6, 24: "However, correcting mappability based on a pre-computed mappability file constrains the tool to certain human genome reference versions." => which tool?
[bookmark: _oup0wys9v6cf]
[bookmark: _64hodfv3wpdi]We meant “the CNA detection tool”. The text is edited.
[bookmark: _7rg2yicg0poy]
[bookmark: _p14t9ph54pgk]6, 35: "The selection process is more flexible and adaptable to the data if it is data-driven." => you mean if it takes into account specific properties of the data at hand?
[bookmark: _5y4ftee0m2py]
[bookmark: _m046jqb3un6g]We meant that the threshold that determines which bins are outliers is a function of the data given instead of the hard-coded parameters. We clarified this in the manuscript.
[bookmark: _juvelyrxqu05]
[bookmark: _2g8bs0fivg78]6, 36: "Ginkgo [51], for example, blacklists "bad bins" using 54 existing normal cells without input from the data." => Ginkgo [51], for example, blacklists "bad bins" using 54 existing normal cells without input from the data AT HAND."
[bookmark: _ofpv7dgtygnp]
[bookmark: _hgx1z7gp71u0]Edited.
[bookmark: _1mcsu1pfqwts]
[bookmark: _uvboglpkqu91]6, 46: "based on the empirically derived distribution." = > "based on this distribution."
[bookmark: _3u1uoaghgwio]
[bookmark: _ur8v9jmy73i3]Done.
[bookmark: _ueut04ul0jbr]
[bookmark: _7mclaens43zo]6, 51: "Cells with extremely high Gini coefficient are expected to have a large number of false positive CNA calls, and thus shall not be considered in CNA inference." => false positives or false negatives? or both?
[bookmark: _ycs599o95yf8]
[bookmark: _kgxv0denpdlu]It is mainly the false positives. The reason is the high Gini coefficient reflects a high fluctuation of the read coverage, which makes the read count noisy and the CNA detection tools may falsely count them as the signals of CNAs.
[bookmark: _3j0weskgzy51]
[bookmark: _dslqfy2yd382]7, 28: "…across genomes." => "…across sampled cells"?
[bookmark: _md9zxc4ksuzn]
[bookmark: _4w605xjsm8sa]Yes, we rewrote it as “across sampled cells”.
[bookmark: _vjyqbd4vzuif]
[bookmark: _33563lp4ubcq]7, 61: "…they handle single sample/cell at a time or multiple ones" => "…they handle a single sample/cell at a time, or multiple ones at once."
[bookmark: _lwhdc9lagyiz]
[bookmark: _vw09hyt8mjth]Done.
[bookmark: _wf7pd5z6dtq5]
[bookmark: _x0jrpqupb0z5]7, 62: "as the latter potentially fits scDNAseq data better." => exactly why?
[bookmark: _n0xd2a52jz8g]
[bookmark: _6vgj7r2ps8e2]We added: “because it pools the information shared among the single cells”.
[bookmark: _3z8gy1dcld02]
[bookmark: _etxwblb8mqzp]8, 24: "a simulation study." => of single cells, correct?
[bookmark: _uw6w42is5b3q]
[bookmark: _m7t6oef3owfp]That is correct. We clarified by adding “of single cells”.
[bookmark: _o2i8ssptwbrq]
[bookmark: _uk5y6452lqnx]8, 25: "For 1000 cells, it takes about 7 hours to finish…" => and which was the depth?
[bookmark: _t95jvhcbi9qp]
[bookmark: _clo6jrikoyrc]It is 0.04X. We added it to the text. It is also mentioned in the reference.
[bookmark: _7h25252y8qw5]
[bookmark: _uo2z2i3eayc0]8, 36: "size and reference version are restricted" => you mean fixed?
[bookmark: _an1htqw005ki]
[bookmark: _n2eewr9gajd1]We meant that there are only a few versions that are available and they are restricted to only a small pool. We clarified it in the text.
[bookmark: _vsb1tctvot13]
[bookmark: _c9l8kdx15l28]8, 44: "It then uses a circular binary segmentation (CBS) [64] based approach for segmentation" = > "It then uses a circular binary segmentation (CBS) [64] approach"
[bookmark: _2duslsb7cnql]
[bookmark: _nw33mip6u1mz]Done.
[bookmark: _d46vu84p085k]
[bookmark: _z3i4v6jtvgq]8, 39: Ginkgo can be also run locally…
[bookmark: _7tluxz6y0giu]
[bookmark: _sdfpddvn8wbd]We added the clarification.
[bookmark: _e3rb96inxuv8]
[bookmark: _7olcf7vn3qhd]10, 21: "However, as we discussed, scDNAseq suffers from high ADO, and when alleles are separately taken into account, modeling ADO is essential for achieving high accuracy in segmenting the genome and cell clustering." => Can you justify this statement with data? Or is it a prediction?
[bookmark: _f8bb61p64dko]
[bookmark: _xrh4nw1q2n67]This is a prediction based on the signals that CHISEL used and the nature of scDNAseq technologies. The original text explained the reasoning.
[bookmark: _laguq9o2pku6]
[bookmark: _d93r8c7z6lot]10, 39: "This separation of the two processes may propagate errors made in breakpoint identification to the following analysis." => "… to the phylogenetic analysis"
[bookmark: _t06ybksu6wf4]
[bookmark: _un28fpet2n7i]Edited.
[bookmark: _4chbvikhttnl]
[bookmark: _94ochm65y6ba]10, 55: "Such design favors large CNAs, as it has a better chance to be identified prior to smaller CNAs." => "Such design favors large CNAs, as they have a better chance to be identified than smaller CNAs."
[bookmark: _y7xox874m15t]
[bookmark: _3crnzeqtb1pe]Edited.
[bookmark: _14bcpyzdiegv]
[bookmark: _z6zcosgxtop]11, 7: CNA rate variation per se does not need to result in more overlap. Large CNA rates do result in more overlaps, but a large rate is not the same as variable rate. Average (number of events and size), not variance, is what it matters for the overlap issue.
[bookmark: _ba9vfc27pnf8]
[bookmark: _7bu6592138os]We meant CNA rates, as we stated in the text, not the CNA rate’s variation. We removed the phrase “especially when coupled with variability in CNA sizes” as we agree with the reviewer that the variability of the CNA size does not lead to more overlapping CNAs.
[bookmark: _7rrq0z2dandu]
[bookmark: _1r5yaacj32kt]11, 55: You have not explained yet what a "finite-site" model is.
[bookmark: _k12rzllf5xp6]
[bookmark: _fwoz2nox4w5s]We added the definition in its first occurrence.
[bookmark: _hzeuuvvoehy5]
[bookmark: _lv5hxrvvg45z]12, 39: "While this level of resolutions" => "While this level of resolution"
[bookmark: _enhdd2mao9eo]
[bookmark: _5k5fkmfr0l11]Edited.
[bookmark: _y06au3pkzrg0]
[bookmark: _fd0c0kf0n3uf]12, 51: "Existing Relevant Approaches to Evolutionary Analysis of CNAs" => "Existing Approaches Relevant to the Evolutionary Analysis of CNAs"
[bookmark: _w9kz6ljp1ric]
[bookmark: _hz6z9v5m2yr]Edited.
[bookmark: _rav4xf6l1sv8]
[bookmark: _fr3tr4vg77k]12, 54: "In particular, three general approaches from the fields of phylogenetics and molecular evolution and population genetics can be useful, and some readily available, in evolutionary analyses of CNAs or, more generally, copy number profiles." => Several words seem to be missing.
[bookmark: _c3esu8tvd54c]
[bookmark: _rxsjpaotu6nw]Edited.
[bookmark: _ho5otv6o1oj1]
[bookmark: _i81xrvwgq1u1]12, 59: "To the best of our understanding, partitioning a genome into bins as described above, and conducting bin-based analyses are most common in this area" => which area?
[bookmark: _a97sgnoi3wxu]
[bookmark: _jgnedeex94na]“This area” refers to CNA detection. The sentence was edited.
[bookmark: _2ryih0nev3gk]
[bookmark: _k2kl3vg0ono8]13, 14: "Assuming the bins are independent makes the analyses more tractable and lend themselves to analyses using existing tools." => analyses lend themselves to analyses? I guess you mean "Assuming the bins are independent makes the analyses more tractable and facilitates the use of existing tools."
[bookmark: _w7x5a4ppfqnq]
[bookmark: _j2vcbzk2kp4k]Edited.
[bookmark: _ef7nntcw8kh]
[bookmark: _e61n90417ilp]13, 47: "To address this problem, distance correction can be applied; " => "To address this problem, a distance correction can be applied; "
[bookmark: _5jfz57nkzaj]
[bookmark: _mjiqnqgzls21]Done.
[bookmark: _i1uqp9cex9h0]
[bookmark: _6n3ugzqghhsu]14, 13: "An alternative evolutionary model is the stepwise mutation model (SMM). In this model, a mutation can only increase or decrease the state (number of repeats) by 1." => not necessarily by 1, it can be any number, the key is that the states are ordered.
[bookmark: _f266tm3jdqal]
[bookmark: _nl01t7zezzrt]Thank you. We edited and clarified this.
[bookmark: _lkhhql1p1q23]
[bookmark: _aksbhoxq106c]
[bookmark: _9ye6fjo0ar2m]14, 16: "Treating the different copy numbers at a locus similarly to the states of a microsatellite, the infinite-alleles model and SMM, along with methods for inference under them can be applicable to evolutionary analysis of copy number profiles." => to some evolutionary analyses. Phylogenetic trees are seldom built using microsatellites precisely because the models are too naïve.
[bookmark: _rn24m2m3tsv6]
[bookmark: _8jec9ee2kwuo]Yes, we changed it to “some evolutionary analyses”.
[bookmark: _y2g196whl04k]
[bookmark: _np5rnmxnviuk]14, 41: "...or for inferring evolutionary histories of species given a set of multigene families (e.g., [91]) could potentially be applicable to CNA evolutionary modeling and analysis."=> and what would be the "species" in cell populations? In cancer, I would say only samples from different organs would make sense.
[bookmark: _97vgtpk3k1q7]
[bookmark: _gi0mkz7k5u9c]We clarified this by explaining the word “species” in the context.
[bookmark: _x4k21loe4amu]
[bookmark: _nspe71c8bhfh]15, 13: "elucidating ITH, etc.," => remove "etc.", a reader should not guess what you mean
[bookmark: _n52qhub1skk0]
[bookmark: _b5hmxaag43xy]Done.
[bookmark: _ojwxgcrn72ji]
[bookmark: _yvchobzaww9s]15, 13 "CNAa" => "CNAs"
[bookmark: _kxbdk48tdp10]
[bookmark: _4eqpmpru32a3]Corrected.
[bookmark: _6qy040oehoms]
[bookmark: _eee58v4nftqi]15, 47": "very small clones" => you mean "rare" or "infrequent".
[bookmark: _mm3toy6q4ys6]
[bookmark: _jfbunclcn69t]Edited.
[bookmark: _ixzhiifrkts4]
[bookmark: _ewntr99m7w1n]Table 1: I would use "Depth" instead of "Coverage".
[bookmark: _s97bpuykzv0y]
[bookmark: _fbvqnfusebjj]Edited.
[bookmark: _vtat9d84owiv]
[bookmark: _74ld7f84on11]Table 2: this table is very difficult to read because of uninformative column labels (S,D,1,2,etc.). I suggest you transpose it and use meaningful abbreviations instead of single letters and numbers.
[bookmark: _98ci4chtih5q]
[bookmark: _pqq9vw7xgsyu]This is a huge table. The current design facilitates putting all the information regarding each tool in one row. We doubt we could do this if we don’t use the abbreviations of the single letters and numbers. In addition, the numbers are straightforward as they are the index of the seven steps of the CNA calling. Readers can refer to the table caption for the details of each abbreviation.
[bookmark: _8ub7m0l1cvuf]
[bookmark: _9mikgqxkfqf8]Best wishes,
[bookmark: _1wfbke9573f8]
[bookmark: _613vwdv9qnsg]David Posada
[bookmark: _oyv7guz3eosn]
