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Editorial Note: This manuscript was submitted to Nature Communications as a Registered 
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Review Study Plan (Stage 1)

Reviewer #1 (Remarks to the Author):
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for single-cell ATAC-seq. They show two key pieces of preliminary data that motivates the study: 
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demonstrates a high number of false positive hits when using some of the most common testing 

methods (binomial, LR, Fisher exact, Wilcoxon). The authors have presented a thorough 

examination of the literature that shows scATAC-seq experiments are becoming increasingly 
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The authors propose a series of experiments that focus on using real data to comprehensively 
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concordance between bulk and single-cell ATAC DA regions; 2) assess concordance between 

gene expression and DNA accessibility; 3) assess false discovery rates for DA methods; 4) 

assess biases such as peak length; 5) assess whether scATAC-seq should be binarized for DA 
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These experiments are well designed and I agree with the approach of using real data wherever 

possible, rather than relying on simulations. There are three aspects that I would like to see 

further explored:
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required to perform the DA test. Another experiment could be added to perform downsampling 

of the scATAC-seq data (counts per cell and/or total number of cells) and test how the 

concordance with bulk ATAC and/or gene expression changes.
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change). It would be useful to see, for example, the number of false positive DA results that 
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change, 2-fold change, etc).

- Handling of replicate and batch information. Some of the DA methods have the capacity to 

handle replicate information, which should help in identifying accurate DA regions in the 

presence of batch variation. For example, the LR method can include covariates. This would be 

particularly useful to explore for the false positive analysis (experiment 3).



Other comments:

- What data goes into the test. This is touched on in the discussion of binarization, but more 

detail is needed in the methods used for other sections. Will counts or normalized values be 

used, and if not counts what transformation will be applied to the data?

- For the comparison between gene expression and ATAC: how will bidirectional promoters be 

handled?

- For the comparison between gene expression and ATAC: lowly expressed genes may be 
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to inability to accurately detect the change in gene expression. Focusing analysis on highly 

expressed genes may be better

- For DA tests, a one-vs-all-other comparison can be performed to avoid running an extremely 

large number of pairwise tests
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software and test used.

- More information is needed on how the results from all experiments will be summarized into a 

set of recommendations.

Reviewer #2 (Remarks to the Author):
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chromatin data. This is a relevant topic and there is clearly no consensus in the literature on 

how to deal with this issue. Also, most DA methods have been implemented from 

transcriptomics data, which is potentially problematic due to the distinct distribution 

characteristics of DNA (accessibility) and RNA. While the proposed report is mostly technically 

sound and the authors did a good job in reviewing recent single cell ATAC-seq literature, it is very 

similar study by the authors for single cell RNA-seq. Particularly problematic is the fact authors 
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practical experience of authors on the analysis or method developmentof chromatin data.

1) A major distinction of ATAC in contrast to RNA is the fact it is not clear a priori where genomic 

features (peaks) are found. Indeed, the problem of how to represent scATAC-seq data is still an 

open topic (gene-based representation, peak based, or window based; see archR tool or Chen 

et al, Genome Biology, 2019). Currently, the study only considers peak based matrices. 

Moreover, there is a literature of how to do peak calling in ATAC-seq, which is not addressed 

here (see the blog post below). This also include considering quality aspects of ATAC-seq such 

as fragment insert size. (see https://bigmonty12.github.io/peak-calling-benchmark for an 
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relevant one.
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for bulk ATAC and ChiP-seq. This is ignored by the authors. There, several discussions are of 



potential interest to this work.

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-022-02686-y

https://academic.oup.com/bib/article/17/6/953/2453197?login=false

This also includes a work with a similar approach of this work on bulk data.

https://www.nature.com/articles/s41598-020-66998-4
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https://pubmed.ncbi.nlm.nih.gov/36452861/
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“comparative” Das.

5) A major issue for studies benchmarking accessible regions is the lack of gold standards. The 

authors proposed using of parallel data (bulk atac or multiome data) to address this. I would 

consider this rather a silver standard, as these approaches require the use of statistical 

methods for DA and DE analysis in the parallel data sets. This generates a circular problem; 

validation is based on predictions made by the same method. Random selection of methods is 

a way to mitigate this, but I wonder if this approach does not simply favor DA methods, which 

predictions are more similar to other methods. Moreover, chromatin and transcription are 
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(https://pubmed.ncbi.nlm.nih.gov/33098772/). This would be a further limitation on the use of 

multiome data as silver standard.
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Authors do not include Scenic (https://scenicplus.readthedocs.io/) related analysis (topic 

modelling derived DARs) in their analysis.
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measures). This should be considered. https://www.archrproject.com/bookdown/identifying-

marker-peaks-with-archr-1.html

Reviewer #3 (Remarks to the Author):
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emerged (e.g., DESeq2, etc), no such practices have been established for single-cell data, 

especially from chromatin accessibility assays (ATAC-seq). Here, Yang Teo et al. propose to 
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cell experiments. To do this, they will make use of publicly available data, in which both single-

cell and matched bulk-derived data is available. Overall, I think this is a timely and important 
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and the authors should proceed as planned.

I do have two concerns regarding the design/considerations of analysis:
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annotation that is used to compare two experiments (GENCODE, Refseq, etc.), and peak 
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peak detection as an important part of the single cell DA detection analysis. The number of 
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2020 Nature.

2) Although not discussed much in the literature for chromatin accessibility data, the required 
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While, DESeq2 typically uses a single scale factor (geometric mean of read depth) for an entire 

sample to normalize RNA-seq data, this is likely not appropriate for accessibility data because 
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very weak (distribution of peak densities are exponentially decaying in a sample), and binary 

nature of single cell data (theoretically at most 2 read per region). Because normalization can 
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Response to reviewers

We would like to sincerely thank the reviewers for their careful review of our Registered Report, “Best

practices for differential accessibility analysis in single-cell epigenomics,” and for their

thoughtful feedback. We were grateful for the opportunity to respond to the points they raised, and

have revised our proposal in order to incorporate their comments. We have highlighted all the

changes to the text in the accompanying manuscript, but also included the new text in the following

responses for your convenience.

The most important changes to our proposal are as follows:

- We have added two new experiments suggested by reviewers to the revised proposal. In

Experiment 5, we propose to test the impact of filtering regions according to log-fold change

thresholds. In Experiment 7, we propose to assess the minimum data requirements for

single-cell DA analysis by downsampling analyses of sequencing depth or the number of cells

profiled.

- We have also added several new analyses to our previously proposed experiments in order to

address points raised by the reviewers. These analyses will allow us to assess points

including the effects of different peak calling strategies, of different approaches to

normalization, of incorporating replicate as a covariate in regression models, and of correcting

for technical artefacts such as GC bias, among others.

- In the “Conclusions” section, we now elaborate on how we propose to quantitatively

summarize the results of all the proposed experiments in order to formulate a data-driven set

of recommendations for single-cell DA analysis.

- We have added a “Limitations” section that we are committed to retaining in the published

report in which we acknowledge several of the limitations of our framework.

Throughout this document, reviewer comments are shown in blue, with our own response in black,

and changes to manuscript text or figure captions in red.

Reviewer #1 (Remarks to the Author):

Here, the authors propose a systematic benchmark of differential accessibility testing methods for

single-cell ATAC-seq. They show two key pieces of preliminary data that motivates the study: 1) a

wide range of methods are being used in different scATAC-seq studies, there appears to be little

convergence in the field; 2) an analysis of publicly available scATAC-seq data demonstrates a high

number of false positive hits when using some of the most common testing methods (binomial, LR,

Fisher exact, Wilcoxon). The authors have presented a thorough examination of the literature that

shows scATAC-seq experiments are becoming increasingly common. This provides strong support for

the significance of the proposed study.

The authors propose a series of experiments that focus on using real data to comprehensively

benchmark the performance of different DA testing methods. The major goals are: 1) assess

concordance between bulk and single-cell ATAC DA regions; 2) assess concordance between gene

expression and DNA accessibility; 3) assess false discovery rates for DA methods; 4) assess biases

such as peak length; 5) assess whether scATAC-seq should be binarized for DA analysis; 6)

benchmark computational requirements and scalability of different methods.
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These experiments are well designed and I agree with the approach of using real data wherever

possible, rather than relying on simulations. There are three aspects that I would like to see further

explored:

Thank you for your careful review of our manuscript and your encouraging comments. Below, we

outline how we propose to address each of your suggestions to improve our analysis.

- Sensitivity analysis: one important question in the field is how many reads and/or cells are required

to perform the DA test. Another experiment could be added to perform downsampling of the

scATAC-seq data (counts per cell and/or total number of cells) and test how the concordance with

bulk ATAC and/or gene expression changes.

This is an excellent suggestion. To address this comment, we propose two new analyses. First, we

will take advantage of the relatively high sequencing depth of the datasets used in Experiment 1

(concordance to bulk ATAC-seq) to carry out a downsampling analysis of the counts per cell, as

suggested. This will allow us to address the relationship between sequencing depth and the accuracy

of DA analysis. Second, we will take advantage of the large numbers of cells in the datasets used in

Experiment 2 (concordance within multiome data) to carry out a downsampling analysis of the

numbers of cells per dataset, also as suggested. This will allow us to address the relationship

between the number of cells and the accuracy of DA analysis.

We have incorporated these new analyses as a new experiment in the revised proposal, Experiment

7: Data requirements for accurate DA analysis. The text of this new section is reproduced in full

below.

Experiment 7: Data requirements for single-cell DA analysis

Rationale: The scale of scATAC-seq datasets is increasing exponentially (Fig. 1b). On one hand, the

availability of hundreds of thousands—or even millions—of cells per dataset could increase the statistical

power of DA analysis. On the other hand, past work in single-cell transcriptomics77 reported that the

number of cell types reported per study was closely linked to the total number of individual cells

sequenced in that study. This observation suggests that the increased statistical power afforded by a

greater number of cells could be offset by an increased granularity of DA comparisons, each of which

might leverage proportionally fewer cells. Moreover, many of the largest datasets are extremely sparse:

for instance, the single-cell map of chromatin accessibility across 30 tissues reported by Zhang et al.26 had

a median of just ~2,800 fragments per cell. These trends raise the question of what minimum sequencing

depth or number of cells are required for accurate DA analysis. In other words, what are the minimum

data requirements for single-cell DA analysis? We will address this question through downsampling

analyses of the sequencing depth or number of cells per dataset.

Experiments and datasets: The datasets in Experiment 1 were collected primarily using

plate-based techniques, and therefore provide an excellent platform for downsampling the total number of

fragments per cell. Accordingly, in Experiment 7a, we will downsample each dataset to a mean of 500,

1000, 2000, 5000, or 10,000 fragment counts per cell, using the ‘downsampleMatrix’ function from the

‘scuttle’ R package to perform downsampling on the entire matrix rather than on a per-cell basis; this will

maintain the natural variation in depth from one cell to another that is characteristic of all single-cell

datasets. We will then repeat the AUCC analysis for each dataset and visualize the dependency between

sequencing depth (number of counts per cell) and biological accuracy (AUCC). The datasets will be the

same as those used in Experiment 1.

The multiome datasets in Experiment 2 were collected by droplet-based technology, providing a

much larger number of cells per dataset, and dozens of pairwise comparisons are supported by at least

1,000 cells in each group. These comparisons provide a platform to downsample the number of cells per

dataset. Accordingly, in Experiment 7b, we will downsample each comparison to consider only 20, 50,

100, 200, 500, or 1,000 cells per group. We will again repeat the AUCC analysis for each dataset and

visualize the dependency between the number of cells per dataset and the AUCC. The datasets used in

this analysis will comprise the subset of comparisons from Experiment 2 that entail comparisons of at

least 1,000 cells per group.
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Data analysis plan: The primary outcomes of this experiment will be the AUCC for each DA

method at each level of fragment or cell downsampling. We will then characterize the dependency of the

AUCC on the sequencing depth (Experiment 7a) or number of cells (Experiment 7b).

In summary, the list of proposed analyses is as follows:

1. Impact of downsampling fragments on the concordance between single-cell and bulk DA, as

quantified by the AUCC

2. Impact of downsampling cells on the concordance between single-cell DA and DE, as quantified by

the AUCC

- Measures of effect size and the relationship between P-value and effect size. For many cases where

a significant P-value is returned by a test, the effect size may be very small. In practice these DA

results can easily be filtered out by applying a filter based on effect size (eg, log2 fold change). It

would be useful to see, for example, the number of false positive DA results that remain after applying

different fold-change filters. This analysis could be added to several of the proposed experiments (eg,

stratify results by effect size filtering levels: no filtering, 1-fold change, 2-fold change, etc).

Thank you for this suggestion. We agree that assessing the effect of filtering DA results by effect size

would be an interesting analysis. We also agree that it would be important to extend this analysis

throughout multiple experiments, and not just Experiment 3 (false discoveries): while the number of

false discoveries will obviously be reduced by increasingly stringent log-fold change filters, this will

expectantly come at the expense of a decrease in the number of true-positives. Therefore,

understanding how log-fold change filtering affects the biological accuracy of the results, as captured

by Experiments 1 and 2 (concordance to bulk ATAC-seq and multiome data), is equally critical. We

will therefore address this comment by assessing the impact of log-fold change filtering on

Experiments 1, 2, and 3 (concordance to bulk ATAC-seq, concordance to multiome, and false

discoveries, respectively).

In carrying out these analyses, we can foresee three challenges that we think are worth noting here:

1. One challenge is that different DA methods often implement different approaches to the

calculation of log-fold change differently; most notably, the log-fold change computed by

pseudobulk methods is inherently different from the log-fold change computed by single-cell

methods. To address this issue and allow a fair comparison between methods, we propose to

standardize log-fold change calculation for all DA methods using the method implemented in

Signac.

2. A second challenge is that the datasets we propose to analyze involve biological comparisons

with markedly different biological effect sizes, which will expectantly lead to different

distributions of log-fold changes from one dataset to another. We propose to address this by

filtering log-fold changes whose absolute value is below a given quantile in each dataset (e.g.,

removing the peaks in the bottom 20% of log-fold changes from consideration). This approach

does have the inherent limitation that it will not allow us to suggest a specific log-fold change

threshold; given that log-fold changes will vary across datasets depending on the underlying

biology, we think this is appropriate. This approach will, however, allow us to comment on

whether some degree of filtering by log-fold change does generally have a positive effect.

3. A third challenge is that the outcomes we are proposing to calculate (AUCC and number of

false discoveries, respectively) are both sensitive to the absolute number of peaks being

tested. This introduces a potential confounding factor, in that simply filtering peaks at random

would also be expected to increase the AUCC and decrease the number of false discoveries.

To account for this effect, for each log-fold change threshold, we will test the effect of

removing an equal number of peaks from the dataset at random. We will then compute the

difference in the AUCC or number of false discoveries (respectively) when filtering by log-fold

change versus at random. If filtering by log-fold change has a positive effect, we will expect

that the AUCC will be higher (and/or the number of false discoveries lower) than when

removing an equivalent number of random peaks.
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We have incorporated the above analyses into the revised proposal as a new experiment in the

revised proposal, Experiment 5: Impact of log-fold change filtering. The text of this new section is

reproduced in full below.

Experiment 5: Impact of log-fold change filtering

Rationale: In addition to the statistical significance of DA estimated by any given method, the difference in

the number of reads overlapping a particular genomic region can be quantified by a measure of effect

size, most commonly the log-fold change. Differential analyses of ATAC-seq data may discard

differentially accessible regions with a log-fold change below an arbitrary threshold, on the grounds that

regions with small fold changes are unlikely to be biologically relevant44. Similar practices are ubiquitous in

the analysis of other sequencing-based technologies, such as RNA-seq, where the choice of log-fold

change threshold has been reported to alter the biological interpretation of a given experiment81. These

observations motivate an empirical assessment of the impact of log-fold change filtering on single-cell DA

analysis. Specifically, we will repeat several of the analyses described above after imposing more or less

stringent thresholds on the minimum log-fold change, discarding regions without such a difference.

Experiments and datasets: In Experiments 5a and 5b, we will evaluate the effect of imposing more

or less stringent log-fold change cutoffs on the biological accuracy of DA analysis. To do this, we will make

use of the matching bulk ATAC-seq and multiome datasets employed in Experiments 1 and 2,

respectively. In Experiment 5a, we will repeat our comparison of the AUCC between single-cell and bulk

ATAC-seq data after filtering peaks according to their deciles of log-fold change in the single-cell data,

removing the bottom 10% to 90% of peaks with the lowest log-fold change in each dataset. In Experiment

5b, we will repeat our comparison of the AUCC between the ATAC and RNA modalities of single-cell

multiome data after filtering genes according to their deciles of log-fold change in the single-cell data,

again removing the bottom 10% to 90% of genes with the lowest log-fold change in each dataset.

In parallel, we will also evaluate the effect of imposing more or less stringent log-fold change

cutoffs on the number of false discoveries in single-cell DA analysis. In Experiment 5c, we will repeat our

null comparisons of random replicates from published scATAC-seq datasets. We will then compare the

number of false discoveries returned by each single-cell DA method at each level of log-fold change

filtering with its biological accuracy at the same threshold.

The outcomes discussed above (AUCC and number of false discoveries, respectively) are both

sensitive to the absolute number of peaks being tested. This introduces a potential confounding factor, in

that simply filtering peaks at random would also be expected to increase the AUCC and decrease the

number of false discoveries. To account for this effect, for each log-fold change threshold, we will test the

effect of removing an equal number of peaks from the dataset at random. We will then compute the

difference in the AUCC or number of false discoveries (respectively) when filtering by log-fold change

versus at random.

Data analysis plan: Datasets will be preprocessed or generated as described above for

Experiments 1, 2, 3, and 4. Concordance will be measured as described above, after filtering the results

from the previous analyses to remove the bottom one to nine deciles of peaks or genes with the lowest

absolute log-fold changes. Our proposal to remove peaks and genes based on relative rather than

absolute thresholds is based on the consideration that the datasets we propose to analyze involve

biological comparisons with markedly different biological effect sizes. This will expectantly lead to different

distributions of log-fold changes from one dataset to another. This approach does have the inherent

limitation that it will not allow us to suggest a specific log-fold change threshold; however, given that

log-fold changes will vary across datasets depending on the underlying biology, we believe that this is

appropriate. Moreover, log-fold change estimates differ across software implementations, most notably

between DA methods that operate on individual cells versus on so-called pseudobulks. For this analysis,

we will standardize log-fold change calculation for all DA methods using the code implemented in Signac.

In summary, the list of proposed analyses is as follows:

1. Impact of log-fold change filtering on concordance between single-cell and bulk DA

2. Impact of log-fold change filtering on concordance between DA and DE

3. Impact of log-fold change filtering on false discoveries in null comparisons of published

scATAC-seq data

- Handling of replicate and batch information. Some of the DA methods have the capacity to handle

replicate information, which should help in identifying accurate DA regions in the presence of batch
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variation. For example, the LR method can include covariates. This would be particularly useful to

explore for the false positive analysis (experiment 3).

This is an excellent suggestion. To address it, we will add two additional analyses to Experiment 3, as

requested. First, we will explore the impact of adding replicate (batch) as a covariate to LRclusters and

negative binomial regression, using the ‘latent.vars’ argument implemented in Signac. Second,

because it may be more appropriate to consider replicate as a random effect rather than a fixed effect,

we will also explore the impact of fitting negative binomial generalized linear mixed models (GLMMs),

using the fast approximations in the recently described NEBULA package (He et al., Commun. Biol.

2022, doi: 10.1038/s42003-021-02146-6) that now make these computationally tractable even for

scATAC-seq datasets with >104 cells and >105 peaks. We incorporated these new analyses into the

Data analysis plan as shown below:

We previously showed that, in DE analysis of single-cell RNA-seq data, accounting for variation

between biological replicates is required to achieve control of the false discovery rate. Because some of

the single-cell DA methods analyzed here are capable of accounting for this effect, we will perform

additional comparisons whereby we will incorporate the effect of biological replicate into the underlying

model. Specifically, we will explore the impact of adding replicate as a covariate to LRclusters and negative

binomial regression, using the ‘latent.vars’ argument implemented in Signac. Moreover, because it may be

more appropriate to consider replicate as a random effect rather than a fixed effect, we will also explore

the impact of fitting negative binomial generalized linear mixed models (GLMMs), using the fast

approximations in the NEBULA package74.

Other comments:

- What data goes into the test. This is touched on in the discussion of binarization, but more detail is

needed in the methods used for other sections. Will counts or normalized values be used, and if not

counts what transformation will be applied to the data?

The majority of the DA methods that we propose to analyze, including LRpeaks, negative binomial

regression, Fisher’s exact test, binomial test, permutation test, SnapATAC::findDAR, DESeq2, and

edgeR, operate directly on the count matrix. Three methods, including the t-test, Wilcoxon rank-sum

test, and LRclusters, can operate directly on the count matrix but expectantly require normalization to

produce the most accurate results. In our original proposal, we had proposed to use the

implementation of these tests in Signac, which by default scales counts to 10,000 per cell and

log-transforms the scaled values (log-TP10K normalization).

Your comment, as well as one from reviewer 3, spurred us to consider the effects of alternative

normalization approaches on the accuracy of these three methods. Accordingly, we reviewed the

approaches to normalization implemented by published scATAC-seq analysis packages (Fig. 1b).

Signac additionally provides methods for TF-IDF normalization as well as a TP10K normalization

without log-transformation (“relative counts”). ArchR implements a subsampling procedure to match

cells in the two groups being compared based on read depth, then further scales counts in each cell

to the median number of reads in TSSs across cells by default (MarkerFeatures.R, lines 207-218).

EpiScanpy implements a similar normalization strategy to the relative counts method in Signac by

default, except that instead of scaling counts to a fixed depth (e.g., 10,000 counts per cell), the

median of total counts across all cells is used as the scaling factor, analogously to ArchR.

Log-transformation can then optionally be applied afterwards. The remaining packages (SnapATAC,

scABC, MAESTRO, Scasat, scATAC-pro, Destin, chromSCape) either perform DA analysis directly on

the count matrix or implement one of the approaches to normalization described above.

Based on these observations, we now propose to test the impact of the following additional

normalization strategies on the t-test, Wilcoxon rank-sum test, and LRclusters:

1. Raw counts
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2. Scaling counts to a total of 10,000 per cell without log-transformation, using the “relative

counts” implementation in Signac

3. Scaling counts to the median number of counts per cell without log-transformation

4. Scaling counts to the median number of counts per cell with log-transformation

5. TF-IDF normalization

6. Last, in response to a comment from reviewer 2, we will also consider the effect of accounting

for GC bias in the normalization procedure using a method recently developed for bulk

ATAC-seq analysis (‘smooth GC-full-quantile’; van den Berge et al., Cell Rep. Methods 2022).

We have incorporated these new analyses as a complement to the binarization analyses in

Experiment 6 (previously 5). The text added to this section is reproduced below:

Another important question, particularly when scATAC-seq data are not binarized, is whether

and how the data should be normalized before DA analysis. The majority of the DA methods that we

propose to analyze (including LRpeaks, negative binomial regression, Fisher’s exact test, binomial test,

permutation test, SnapATAC::findDAR, DESeq2, and edgeR) operate directly on either counts or binarized

data as input. However, the remaining three methods (t-test, Wilcoxon rank-sum test, and LRclusters)

expectantly require normalization to produce the most biologically accurate results. We therefore propose

to evaluate the impact of the most widely used normalization strategies for scATAC-seq data on these

three DA methods by again repeating several of the analyses described above.

To identify the most widely used methods for normalizing scATAC-seq data for DA analysis, we

reviewed the approaches implemented by published scATAC-seq analysis packages33–43. Based on this

review, we propose to complement our analyses of the log-counts per 10,000 normalization implemented

by default in Signac with additional DA analyses using the following additional normalization strategies:

1. Raw counts

2. Scaling counts to a total of 10,000 per cell without log-transformation, using the “relative

counts” implementation in Signac

3. Scaling counts to the median number of counts per cell33,36 without log-transformation

4. Scaling counts to the median number of counts per cell with log-transformation

5. TF-IDF normalization

Finally, some normalization methods that have been applied to bulk ATAC-seq data81 explicitly

seek to regress out technical properties of the underlying sequencing data, notably GC bias. To evaluate

the impact of these approaches, we will also consider the effect of accounting for GC bias in the

normalization procedure using a method recently developed for bulk ATAC-seq data81 (‘smooth

GC-full-quantile’).

Experiments and datasets: [...] In Experiments 6d, 6e, and 6f, we will repeat the analyses of

Experiments 6a-c but instead evaluate the effects of normalization. We will analyze the concordance to

bulk ATAC-seq data, the number of false discoveries, and the biases of these three DA methods using the

six normalization strategies described above. Software implementations from the Signac package will be

used for all normalization strategies except smooth GC-full-quantile, for which the implementation in the

qsmooth package will be used. [...]

Data analysis plan: Datasets will be preprocessed or generated as described above for

Experiments 1, 2, 3, and 4. For our analysis of binarization (Experiments 6a-c), several of the DA methods

we propose to evaluate already operate on binarized data, precluding a comparison between qualitative

and quantitative representations. These methods include Fisher’s exact test, the binomial test, the

permutation test, and logistic regression using binary peak accessibility as the independent variable

(LRpeaks), and will be excluded from the experiments proposed in this section. For the remaining seven DA

methods, DA analysis will be performed as described above, but peak count matrices will be binarized

prior to analysis. Conversely, our evaluation of normalization approaches will consider only the t-test,

Wilcoxon rank-sum test, and LRclusters. For our analysis of the QC matching procedure implemented in

ArchR (Experiment 6g), we will repeat Experiment 1, but here perform DA analysis on equal numbers of

cells from each condition matched by their TSS enrichment scores and log10(# of fragments), adapting

code from ArchR for this purpose. Cells will be sampled from the ‘background’ (that is, the condition with

more cells) in order to match the number of cells in the ‘foreground’ (that is, the condition with fewer cells).

- For the comparison between gene expression and ATAC: how will bidirectional promoters be

handled?
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Thank you for raising this point. In our original submission, we had not proposed to take into account

the potential for overlap between adjacent promoters, which has the potential to confound our

analysis when reads overlapping a TSS cannot be unambiguously assigned to a single gene. To

address this point, we will perform an additional sensitivity analysis in Experiment 2, wherein we

remove all genes with overlapping windows around their TSSs. We added this point to the Data

analysis plan of Experiment 2:

Data analysis plan: For the scATAC-seq data, FASTQ files have already been downloaded from

GEO and demultiplexed using SnapATAC to confirm their availability for the proposed analyses, except for

the Luecken et al. dataset, for which only aligned BAM files are available, and our own in-house dataset,

for which aligned BAM files will likewise be used. For the remaining datasets, demultiplexed FASTQ files

will be trimmed with Trim Galore and aligned to the genome using bwa, as implemented within

SnapATAC. Reads will be aggregated around transcription start sites (TSSs), using TSS definitions from

GENCODE (human and mouse) or FlyBase (Drosophila) and a window of 10 kbp. To exclude the

possibility that our results are confounded by bidirectional promoters, we will perform a sensitivity analysis

whereby we exclude all genes with overlapping windows around their TSSs will be excluded from the

AUCC calculation. For the scRNA-seq data, annotated count matrices have already been downloaded

from GEO to confirm their availability for the proposed analyses, and will be used directly to perform DE

analysis. A complete list of accessions or URLs is provided in the Data availability statement.

Separately, while considering this point we realized that the multiome dataset of Floc’hlay et al. that

we had originally proposed to analyze is probably ill-suited for this experiment, as the short intergenic

distances in fly would lead to a large number of overlapping promoter regions compared to human or

mouse. We have therefore removed this dataset from the proposal.

- For the comparison between gene expression and ATAC: lowly expressed genes may be difficult to

detect as DE, but may be easier to detect in DA due to the more similar dynamic range across

different peaks. This could result in some false positive DA peaks appearing, due to inability to

accurately detect the change in gene expression. Focusing analysis on highly expressed genes may

be better

This is an interesting suggestion, and we agree that it would be of interest to exclude the possibility

that our results are confounded by false-negatives among lowly-expressed genes in the scRNA-seq

component of the multiome data. To address this point, we will perform an additional sensitivity

analysis in Experiment 2, wherein we will repeat our concordance analysis after removing the bottom

tercile of lowly-expressed genes. The text added to the Data analysis plan is reproduced below:

Previous work has shown that inferences about DE are generally more accurate for highly

expressed genes73,74. Conversely, identifying instances of true DE among lowly-expressed genes can be

highly challenging49. These observations raise the possibility that inaccurate inferences about DE for

lowly-expressed genes could confound our analysis. Therefore, we will perform a final sensitivity analysis

for both the gene- and GO-level concordance, whereby we will re-evaluate concordance after excluding

the bottom tercile of lowly-expressed genes.

- For DA tests, a one-vs-all-other comparison can be performed to avoid running an extremely large

number of pairwise tests

This is a thoughtful suggestion, but we don’t believe it is necessary: in Experiment 2, we had

proposed to randomly select a maximum of 100 pairwise cell type comparisons per dataset, which will

be computationally tractable given the resources we have access to. We do think that in general, it is

preferable to run pairwise comparisons in this experiment, as this setup will significantly increase the
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number of data points in our comparison of DA methods (e.g., a dataset with 20 cell types would have

20 one-vs-all comparisons but 190 pairwise comparisons).

- For computational resource benchmarking: different software implementations can also impact RAM

and runtime, aside from the statistical test. Since different software is being used for different tests

(Signac, SnapATAC, Libra) there would be some confounding between the software and test used.

The point that different software implementations can also impact RAM and runtime is certainly a valid

one. However, we don’t believe this is a confounding factor per se in our proposed analysis, simply

because no two packages above implement the same tests: SnapATAC is the only software package

that implements the SnapATAC DA method, whereas Libra overlaps with Signac only insofar as Libra

provides a thin wrapper around some of the Signac implementations (for the t-test, Wilcoxon

rank-sum test, negative binomial regression, and LRclusters).

Nonetheless, we are aware of some instances in which multiple widely used software packages in

single-cell epigenomics implement the exact same method, but with different implementations of the

same test are reported to be markedly different in performance. A prominent example would be the

Wilcoxon rank-sum test, where an implementation that claims a ~1,000-fold speed-up over the default

implementation in Signac is available (‘presto,’ doi: 10.1101/653253) and implemented by default in

ArchR. Other examples include the implementations of the t-test in ArchR vs. Signac, as well as the

negative binomial regression implementations in Signac vs. glmGamPoi.

We will therefore address this point by including multiple implementations of the same test whenever

impossible, as outlined above. We revised the text of the Experiment 8 (previously Experiment 6)

section to clarify this as shown:

Experiments and datasets: In the course of carrying out Experiments 1 and 2, we will quantify the

computational resources required by each DA method for each individual dataset. Peak memory usage

will be monitored using the ‘peakRAM’ R package. Wall time will be monitored using the base R function

‘system.time’. Datasets will be the same as those described above for Experiments 1 and 2, and

accessions or URLs are provided below in the Data availability statement. For some of the DA methods

we propose to test, different implementations are provided in widely-used software packages, some of

which have been reported to offer speed-ups of several orders of magnitude78. These methods include the

Wilcoxon rank-sum test (Signac vs. ArchR), the t-test (Signac vs. ArchR), and negative binomial

regression (Signac vs. glmGamPoi). For these three DA methods, we will test both implementations

described above.

- More information is needed on how the results from all experiments will be summarized into a set of

recommendations.

Thank you for the opportunity to elaborate on this important point. In reflecting on this question, we

sought to summarize these results in as data-driven a manner as possible, avoiding subjective

judgements. We recognized that the outcomes of Experiments 1, 2, 3 and 8 (formerly 6) all lend

themselves naturally to a single, quantitative summary statistic: we can simply take the average

AUCC (Experiments 1 and 2) or number of false discoveries (Experiment 3) per DA method. We

further reasoned that we could summarize the biases of each DA method (as evaluated in Experiment

4) into a single summary statistic, as follows: for Experiment 4a, we propose to rank methods based

on their biases (i.e., towards highly-accessible or wide peaks), and then average the rank across all

three peak properties (mean count, % of cells open, and peak width). For Experiment 4b, we propose

to compute the total proportion of false discoveries arising from the top decile of each property (e.g.,

from the top-10% widest peaks), and then average these proportions across peak properties.
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Then, following the style established by seminal benchmarks in the field of single-cell genomics

(Soneson and Robinson, Nat. Methods 2018) that has now become widely adopted, we could divide

DA methods into terciles of performance and establish top-, middle-, and bottom-performing groups of

methods in each experiment. To provide an example of this, we show below a single row of the

proposed visualization. This row shows the pilot data presented in Figure 2 of our submission, i.e.,

false discoveries in random comparisons of scATAC-seq data:

Response Fig. 1.1 | Summarization of experiments into a set of recommendations. The performance

of the DA methods evaluated in Figure 2 on random comparisons of scATAC-seq data is summarized by

grouping DA methods into terciles of performance.

Finally, we will then tally the total number of experiments in which DA methods were ranked in the

top-, middle-, and bottom-performing groups. DA methods that are consistently ranked in the top

tercile across experiments would be the most logical to recommend, but the proposed visualization

would also allow readers to select DA methods according to specific characteristics (i.e., biological

accuracy vs. FDR control vs. biases).

The remaining experiments do not involve comparisons of DA methods per se, but rather seek to

provide more general guidelines for DA analysis that are independent of the specific DA method used:

e.g., the impact of binarization or various normalization strategies, of filtering by log-fold change. For

these, we will summarize our recommendations by estimating the effect size of the given strategy on

the outcome of interest, for example, the impact of binarization on the concordance between

single-cell and bulk DA, in Experiment 6). Effect sizes will be derived from a mixed-effects model that

treats DA methods as random effects and the strategy in question (e.g., binarization) as a fixed effect.

We will produce a figure that visualizes all of the estimated effect sizes for these experiments.

Together, these approaches will allow us to summarize the results of the proposed experiments in a

data-driven yet interpretable manner.
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Reviewer #2 (Remarks to the Author):

The registered report has as aim the analysis of differential accessibility analysis in single cell

chromatin data. This is a relevant topic and there is clearly no consensus in the literature on how to

deal with this issue. Also, most DA methods have been implemented from transcriptomics data, which

is potentially problematic due to the distinct distribution characteristics of DNA (accessibility) and

RNA. While the proposed report is mostly technically sound and the authors did a good job in

reviewing recent single cell ATAC-seq literature, it is very similar study by the authors for single cell

RNA-seq. Particularly problematic is the fact authors mostly ignore ATAC-seq specific issues and a

large literature of bulk ATAC-seq (and related chromatin protocols) on their analysis (see points

below). This is possibly a reflection the lack of practical experience of authors on the analysis or

method developmentof chromatin data.

Thank you for your comments highlighting the importance of this topic and the lack of consensus in

the field. We appreciated the opportunity to incorporate the suggestions for improvement that you

made, and expand the scope of our study to address additional questions in the analysis of

scATAC-seq data.

1) A major distinction of ATAC in contrast to RNA is the fact it is not clear a priori where genomic

features (peaks) are found. Indeed, the problem of how to represent scATAC-seq data is still an open

topic (gene-based representation, peak based, or window based; see archR tool or Chen et al,

Genome Biology, 2019). Currently, the study only considers peak based matrices. Moreover, there is

a literature of how to do peak calling in ATAC-seq, which is not addressed here (see the blog post

below). This also include considering quality aspects of ATAC-seq such as fragment insert size. (see

https://bigmonty12.github.io/peak-calling-benchmark for an interesting review). Altogether, the

question of how these decisions affect DA analysis is a relevant one.

We certainly agree that the issue of peak calling is critical to the analysis of scATAC-seq data, and in

particular the biological interpretation of DA results. At the same time, our intention was not to

propose a benchmark of peak-calling approaches. In our reasoning, so long as every DA method is

provided with the same set of peaks as input, all DA methods should be on an ‘even playing field’.

The specific set of peaks that are provided as input to the methods is therefore only relevant to a

comparison of DA methods insofar as an interaction could exist between the relative performance of a

given DA method and the set of genomic features provided as input. An example of such an

interaction could entail a scenario where (for instance) the Wilcoxon rank-sum test only performs well

with a specific set of peaks as input.

Your comment spurred us to consider the possibility that such an interaction might exist. To address

this possibility, we have added another proposed sensitivity analysis to Experiment 1. This experiment

requires us to use an identical set of peak definitions between the single-cell and matching bulk

ATAC-seq data in order to quantify the concordance of DA between the two. In the original

submission, we proposed to take advantage of the availability of bulk ATAC-seq by calling peaks in

the bulk data, and using these peaks as a reference to assemble peak count matrices in the

single-cell data. In the revised submission, we additionally propose to test another peak-calling

strategy that is more representative of how single-cell datasets are generally analyzed: namely, using

the single-cell data only. Specifically, we will call peaks using MACS2 on pseudobulks from the

single-cell data, mirroring the approach used in Signac, ArchR, and SnapATAC. We will present the

resulting concordance results and then formally test for an interaction term between DA method

performance and the peak set used as input.

We have revised the Data analysis plan for Experiment 1 to incorporate this new analysis as shown

below:
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Measuring concordance between DA analyses of single-cell and bulk ATAC-seq requires a

matching set of peaks to be defined in both datasets. In the analyses described above, we have proposed

to obtain such a peak set by calling peaks in the matched bulk ATAC-seq data, under the hypothesis that

analyzing bulk data would yield a higher-quality set of peak definitions. However, this procedure is at odds

with the design of most scATAC-seq studies, which instead call peaks in ‘pseudobulks’ of single-cell data;

this is the strategy implemented in widely used software packages such as Signac, ArchR, and

SnapATAC. This divergence raises the possibility that the relative performance of single-cell DA methods

may depend on the definitions of the peaks provided as input. To evaluate this possibility, we will perform

a final sensitivity analysis in which we repeat the calculation of concordance using peaks called from

‘pseudobulks’ of single-cell data, adapting code from Signac. In addition to presenting the resulting

concordance results, we will then use a linear model to formally test for an interaction term between DA

method performance and the peak set used as input.

In summary, the list of proposed analyses is as follows:

1. Concordance between single-cell and bulk DA, as quantified by the AUCC

a. Sensitivity analysis: impact of removing bulk DA methods

b. Sensitivity analysis: impact of the parameter k

c. Sensitivity analysis: impact of filtering

d. Sensitivity analysis: impact of peak definitions

Additionally, we respond to two other points raised by this comment. First, the reviewer points out the

need to perform quality control of scATAC-seq data. We agree, but feel this is not relevant to our

proposed experiments as we are using datasets that have already been QC’d (in other words, we will

re-process the reads but match the resulting single-cell profiles to barcodes and cell type labels

provided by the authors of the original studies). Second, we want to point out that it is not correct to

say we are only considering peak-based matrices: our proposed Experiment 2 leverages single-cell

multiome data to directly compare gene-based representations with differential RNA expression in the

same cells. The use of window-based matrices (also called tile matrices), while ubiquitous, does not

naturally lend itself to comparison of DA methods, as it is not clear how tile-level DA would be

interpreted biologically, and having reviewed the literature extensively, we are unaware of an instance

where such an analysis has been attempted.

2) There is also a long-standing literature on the closely related differential peak calling problem for

bulk ATAC and ChiP-seq. This is ignored by the authors. There, several discussions are of potential

interest to this work.

https://genomebiology.biomedcentral.com/articles/10.1186/s13059-022-02686-y

https://academic.oup.com/bib/article/17/6/953/2453197?login=false

This also includes a work with a similar approach of this work on bulk data.

https://www.nature.com/articles/s41598-020-66998-4

Thank you for highlighting these valuable references. We have revised the Introduction of our

manuscript to place our proposal in the context of these works and also discuss what sets the

proposed experiments apart from prior knowledge. In addition, and in response to comments from this

reviewer and others, we have revised our proposal to incorporate some of the issues that these

studies tackled, including the impact of sequencing depth (Experiment 7 in the revised proposal) and

log-fold change filtering (Experiment 5 in the revised proposal). The text added to the Introduction is

reproduced below:

Methods for differential analysis of bulk ChIP-seq and ATAC-seq datasets have previously been

benchmarked44–46. These benchmarks not only compared individual DA methods, but also evaluated the

impact of factors such as sequencing depth, number of replicates, or the characteristics of the underlying

signal (e.g., broad histone modifications vs. sharp transcription factor (TF)-binding events45,46). However,
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these benchmarks generally relied on simulations or a small number of case studies with unclear ground

truth, and did not address the new challenges raised by single-cell epigenomics, including the analysis of

markedly sparser datasets comprising thousands of cells.

3) Further of example a specific artifact not considered here is CG bias. This is also likely to affect

promoters and enhancers regions differently.

https://pubmed.ncbi.nlm.nih.gov/36452861/

We agree that sample-specific GC bias has the potential to confound single-cell DA analysis, as

suggested by this paper, which analyzed GC bias in the context of bulk ATAC-seq data. We do note

that one of the conclusions of this paper is that “exploratory data analysis is essential to guide the

choice of an appropriate normalization method for a given dataset.” While we agree in principle with

this statement, unfortunately we do not think that performing EDA of every dataset is compatible with

the design of the Registered Report format. We also wish to highlight that, having reviewed the

methods for normalization implemented in scATAC-seq analysis package, we are unable to identify

any instance in which DA analysis is performed on a GC bias-corrected peak matrix. Nonetheless, we

agree that beginning to tackle the question of whether GC bias correction improves DA analysis of

scATAC-seq data would be informative for the field. Consequently, we have incorporated the smooth

GC-full-quantile normalization method introduced in the cited reference into our benchmark of

normalization methods. The text added to Experiment 6 (previously 5) is reproduced below:

Another important question, particularly when scATAC-seq data are not binarized, is whether

and how the data should be normalized before DA analysis. The majority of the DA methods that we

propose to analyze (including LRpeaks, negative binomial regression, Fisher’s exact test, binomial test,

permutation test, SnapATAC::findDAR, DESeq2, and edgeR) operate directly on either counts or binarized

data as input. However, the remaining three methods (t-test, Wilcoxon rank-sum test, and LRclusters)

expectantly require normalization to produce the most biologically accurate results. We therefore propose

to evaluate the impact of the most widely used normalization strategies for scATAC-seq data on these

three DA methods by again repeating several of the analyses described above.

To identify the most widely used methods for normalizing scATAC-seq data for DA analysis, we

reviewed the approaches implemented by published scATAC-seq analysis packages33–43. Based on this

review, we propose to complement our analyses of the log-counts per 10,000 normalization implemented

by default in Signac with additional DA analyses using the following additional normalization strategies:

6. Raw counts

7. Scaling counts to a total of 10,000 per cell without log-transformation, using the “relative

counts” implementation in Signac

8. Scaling counts to the median number of counts per cell33,36 without log-transformation

9. Scaling counts to the median number of counts per cell with log-transformation

10. TF-IDF normalization

Finally, some normalization methods that have been applied to bulk ATAC-seq data81 explicitly

seek to regress out technical properties of the underlying sequencing data, notably GC bias. To evaluate

the impact of these approaches, we will also consider the effect of accounting for GC bias in the

normalization procedure using a method recently developed for bulk ATAC-seq data81 (‘smooth

GC-full-quantile’).

Experiments and datasets: [...] In Experiments 6d, 6e, and 6f, we will repeat the analyses of

Experiments 6a-c but instead evaluate the effects of normalization. We will analyze the concordance to

bulk ATAC-seq data, the number of false discoveries, and the biases of these three DA methods using the

six normalization strategies described above. Software implementations from the Signac package will be

used for all normalization strategies except smooth GC-full-quantile, for which the implementation in the

qsmooth package will be used. [...]

Data analysis plan: Datasets will be preprocessed or generated as described above for

Experiments 1, 2, 3, and 4. For our analysis of binarization (Experiments 6a-c), several of the DA methods

we propose to evaluate already operate on binarized data, precluding a comparison between qualitative

and quantitative representations. These methods include Fisher’s exact test, the binomial test, the
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permutation test, and logistic regression using binary peak accessibility as the independent variable

(LRpeaks), and will be excluded from the experiments proposed in this section. For the remaining seven DA

methods, DA analysis will be performed as described above, but peak count matrices will be binarized

prior to analysis. Conversely, our evaluation of normalization approaches will consider only the t-test,

Wilcoxon rank-sum test, and LRclusters. For our analysis of the QC matching procedure implemented in

ArchR (Experiment 6g), we will repeat Experiment 1, but here perform DA analysis on equal numbers of

cells from each condition matched by their TSS enrichment scores and log10(# of fragments), adapting

code from ArchR for this purpose. Cells will be sampled from the ‘background’ (that is, the condition with

more cells) in order to match the number of cells in the ‘foreground’ (that is, the condition with fewer cells).

4) It is unclear what DA problem is addressed altogether. Finding cell specific DARs or differential test

(comparing accessibility on a cell between two biological conditions). These are two distinct problems

as cell specific DAs are likely to have clearer differences than “comparative” Das.

We agree that there are important distinctions between detecting cell-type-specific versus

condition-specific DARs, and that the former are likely to have larger effect sizes in general.

Unfortunately, to the best of our knowledge (and we have extensively reviewed the literature in

developing this proposal), the number of studies with matching single-cell and bulk ATAC-seq data

precludes us from limiting our analysis to either problem alone. In this sense, we are facing similar

challenges as initial benchmarks of DE methods for scRNA-seq data (i.e. Soneson and Robinson,

Nat. Methods 2018). We have revised the manuscript to discuss this as a potential limitation of our

study, in a new “Limitations” section that we are committed to retaining in the final, published report,

reproduced below:

Limitations

Our study has a number of limitations that we are committed to acknowledging in the final, published

version of this report. First, our proposed comparisons to parallel bulk ATAC-seq or multiome data

leverage high-throughput assays carried out on matching samples (or even cells) under identical

experimental conditions, but a limitation of these analyses is the requirement of the use of statistical

methods for DA and DE analysis in these parallel data sets. We propose sensitivity analyses to test the

impact of leaving out any given bulk DA or DE method. However, we cannot formally exclude the

possibility that these comparisons will favor single-cell DA methods that yield output more similar to that of

other methods in general for technical rather than biological reasons. Second, our comparison to multiome

data is based on the premise that genes that are DE across biological conditions will also tend to have DA

promoters, but exceptions to this assumption are known, notably during differentiation64. The majority of

the comparisons that we propose entail the comparison of two fully differentiated cell types, mitigating this

concern to some degree. Third, the relative paucity of datasets with paired bulk ATAC-seq data from

identical biological conditions means that the datasets to be used in Experiment 1 comparisons involve

comparisons both between and within cell types. However, these are comparisons with different

underlying biological motivations, and in particular, the effect sizes of comparisons between cell types are

likely to be larger than those within cell types and across conditions.

5) A major issue for studies benchmarking accessible regions is the lack of gold standards. The

authors proposed using of parallel data (bulk atac or multiome data) to address this. I would consider

this rather a silver standard, as these approaches require the use of statistical methods for DA and

DE analysis in the parallel data sets. This generates a circular problem; validation is based on

predictions made by the same method. Random selection of methods is a way to mitigate this, but I

wonder if this approach does not simply favor DA methods, which predictions are more similar to

other methods. Moreover, chromatin and transcription are known to have distinct dynamics in

particular in cell differentiation (https://pubmed.ncbi.nlm.nih.gov/33098772/). This would be a further

limitation on the use of multiome data as silver standard.

We certainly agree that using parallel bulk or multiome data does not constitute a perfect comparison

(and we note that we did not use the term ‘gold standard’ anywhere in the manuscript). With that said,

we do believe the experiments we propose constitute the best possible ‘silver standard’. Simulations
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can be a useful tool (and, indeed, we propose to incorporate them into our analyses), but we believe

that repeated benchmarks of DE analysis in scRNA-seq data using simulated data have yielded the

clear lesson that simulation studies are far from a gold standard either and—conversely—risk simply

recapitulating the model from which the simulations were generated. We also note that even collecting

our own, new ‘gold standard’ datasets would not address the reviewer’s fundamental concern

regarding the limitations of comparisons to parallel data.

We also appreciate that there might be a perception of circular reasoning, given the need to carry out

parallel analyses of bulk ATAC-seq or scRNA-seq datasets in order to provide a reference for

scATAC-seq analyses. We do feel it is worth underscoring that these are completely independent

datasets, meaning that the reasoning is not circular in a literal sense. Furthermore, we are proposing

to test the impact of leaving out each bulk DA or DE method (sensitivity analyses in Experiments 1

and 2) to mitigate the possibility that these comparisons might be affected by any universal biases of

one particular method.

With this said, the reviewer does raise a valid caveat that this set of gold standards might favour

approaches that are more similar to other methods in general. We acknowledge this and have revised

the manuscript to address it as a potential limitation, in the new “Limitations” section that we are

committed to retaining in the final, published report, as shown in response to the comment above.

Separately, we also acknowledge chromatin and transcription can display distinct dynamics. Most of

the comparisons in Experiment 2 are between fully differentiated cell types, which mitigates this

concern somewhat. We have, however, revised the manuscript to address it as a potential limitation,

as shown in the response above.

Authors do not include Scenic (https://scenicplus.readthedocs.io/) related analysis (topic modelling

derived DARs) in their analysis.

We made the conscious decision to exclude SCENIC from our evaluation as this package is not

designed to identify individual differentially accessible peaks; instead, as the reviewer notes, SCENIC

performs topic modeling of a peak matrix to identify clusters of peaks (or ‘topics’). The resulting matrix

of topic contributions per cell can then be used as input to a variety of downstream analysis tasks,

including motif enrichment analysis. We have revised the manuscript to clarify this point and cite the

SCENIC papers:

For the t-test, Wilcoxon rank-sum test, negative binomial regression, and LRclusters,

implementations from Signac35 will be used. The findDAR method will be drawn from the SnapATAC

package. For LRpeaks, Fisher’s exact test, binomial test, and permutation test, we have developed

optimized implementations for sparse single-cell matrices, which will be used for the analysis. Finally, for

DESeq2 and edgeR, we will use the implementations from our previously developed Libra package46. We

excluded computational tools that do not perform statistical comparisons of individual genomic regions.

For instance, we excluded SCENIC, which performs topic modeling of peak matrices to simultaneously

cluster peaks and cells55,61.

ArchR corrects for cell specific artifacts when finding DARs (read depth and other QC measures). This

should be considered.

https://www.archrproject.com/bookdown/identifying-marker-peaks-with-archr-1.html

The strategy implemented in ArchR is to perform a statistical test for DARs on a subset of all cells

available for analysis. Specifically, for a given set of ‘foreground’ cells (e.g., cells of a user-specified

type), ArchR constructs a set of ‘background’ cells of equal size that are matched according to some

set of QC features. By default, TSS enrichment and log10(# of fragments) are used to select a

matching set of ‘background’ cells. This approach entails a trade-off whereby correcting for potentially
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confounding artefacts comes at the cost of using only a subset of the available data for analysis. We

therefore agree with the reviewer that it is of interest to test this approach within the framework of our

proposed study. Consequently, we have incorporated it in the revised proposal into Experiment 6

(Best practices for scATAC-seq analysis, formerly Experiment 5). The text added to this section is

reproduced below:

One widely used software package, ArchR33, does not use all available cells in DA analysis but

rather performs a statistical test for DARs on a subset of all cells. Specifically, for a given set of

‘foreground’ cells (e.g., cells of a user-specified type), ArchR constructs a set of ‘background’ cells of

equal size that are matched according to some set of QC features. By default, TSS enrichment and log10(#

of fragments) are used to select a matching set of ‘background’ cells. This approach entails a trade-off

whereby correcting for potentially confounding artefacts comes at the cost of using only a subset of the

available data for analysis. We will evaluate the impact of this approach in Experiment 6g.

Data analysis plan: Datasets will be preprocessed or generated as described above for

Experiments 1, 2, 3, and 4. For our analysis of binarization (Experiments 6a-c), several of the DA methods

we propose to evaluate already operate on binarized data, precluding a comparison between qualitative

and quantitative representations. These methods include Fisher’s exact test, the binomial test, the

permutation test, and logistic regression using binary peak accessibility as the independent variable

(LRpeaks), and will be excluded from the experiments proposed in this section. For the remaining seven DA

methods, DA analysis will be performed as described above, but peak count matrices will be binarized

prior to analysis. For our analysis of the QC matching procedure implemented in ArchR (Experiment 6g),

we will repeat Experiment 1, but here perform DA analysis on equal numbers of cells from each condition

matched by their TSS enrichment scores and log10(# of fragments), adapting code from ArchR for this

purpose. Cells will be sampled from the ‘background’ (that is, the condition with more cells) in order to

match the number of cells in the ‘foreground’ (that is, the condition with fewer cells).
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Reviewer #3 (Remarks to the Author):

Detecting differential signals in sequencing-based assays is a foundational analysis in genomics.

While in bulk assays, standard analytical methods of differential analysis have emerged (e.g.,

DESeq2, etc), no such practices have been established for single-cell data, especially from chromatin

accessibility assays (ATAC-seq). Here, Yang Teo et al. propose to comprehensively evaluate all

published methods to detect differential accessibility from single-cell experiments. To do this, they will

make use of publicly available data, in which both single-cell and matched bulk-derived data is

available. Overall, I think this is a timely and important endeavor, and will help the field coalesce

around a best-practice.

Overall, I find the proposed experiments/analysis well designed and find no technical problems and

the authors should proceed as planned.

Thank you for your careful review of our manuscript and your very encouraging remarks.

I do have two concerns regarding the design/considerations of analysis:

1) Unlike RNA-seq (single cell or bulk), chromatin accessibility assays do not have a fixed annotation

that is used to compare two experiments (GENCODE, Refseq, etc.), and peak detection is first

needed to define "informative" genomic regions. They authors should consider peak detection as an

important part of the single cell DA detection analysis. The number of features tested will affect the

multiple test correction approaches as well as normalization (see pt. 2 below). Because chromatin

accessibility in different cell types can vary drastically on top of the considerable technical variation,

this could be a significant problem to overcome. In addition, how are peaks to be defined in the

single-cell data -- will a pseudobulk procedure be used? Alternatively, one could use a fixed reference

scaffold as proposed in Meuleman et al., 2020 Nature.

We certainly agree that the issue of peak calling is critical to the analysis of scATAC-seq data, and in

particular the biological interpretation of DA results. At the same time, our intention was not to

propose a benchmark of peak-calling approaches. In our reasoning, so long as every DA method is

provided with the same set of peaks as input, all DA methods should be on an ‘even playing field’.

The specific set of peaks that are provided as input to the methods is therefore only relevant to a

comparison of DA methods insofar as an interaction could exist between the relative performance of a

given DA method and the set of genomic features provided as input. An example of such an

interaction could entail a scenario where (for instance) the Wilcoxon rank-sum test only performs well

with a specific set of peaks as input.

Your comment spurred us to consider the possibility that such an interaction might exist. To address

this possibility, we have added another proposed sensitivity analysis to Experiment 1. This experiment

requires us to use an identical set of peak definitions between the single-cell and matching bulk

ATAC-seq data in order to quantify the concordance of DA between the two. In the original

submission, we proposed to take advantage of the availability of bulk ATAC-seq by calling peaks in

the bulk data, and using these peaks as a reference to assemble peak count matrices in the

single-cell data. In the revised submission, we additionally propose to test another peak-calling

strategy that is more representative of how single-cell datasets are generally analyzed: namely, using

the single-cell data only. Specifically, we will call peaks using MACS2 on pseudobulks from the

single-cell data, mirroring the approach used in Signac, ArchR, and SnapATAC. We will present the

resulting concordance results and then formally test for an interaction term between DA method

performance and the peak set used as input.
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We have revised the Data analysis plan for Experiment 1 to incorporate this new analysis as shown

below:

Measuring concordance between DA analyses of single-cell and bulk ATAC-seq requires a

matching set of peaks to be defined in both datasets. In the analyses described above, we have proposed

to obtain such a peak set by calling peaks in the matched bulk ATAC-seq data, under the hypothesis that

analyzing bulk data would yield a higher-quality set of peak definitions. However, this procedure is at odds

with the design of most scATAC-seq studies, which instead call peaks in ‘pseudobulks’ of single-cell data;

this is the strategy implemented in widely used software packages such as Signac, ArchR, and

SnapATAC. This divergence raises the possibility that the relative performance of single-cell DA methods

may depend on the definitions of the peaks provided as input. To evaluate this possibility, we will perform

a final sensitivity analysis in which we repeat the calculation of concordance using peaks called from

‘pseudobulks’ of single-cell data, adapting code from Signac. In addition to presenting the resulting

concordance results, we will then use a linear model to formally test for an interaction term between DA

method performance and the peak set used as input.

In summary, the list of proposed analyses is as follows:

2. Concordance between single-cell and bulk DA, as quantified by the AUCC

a. Sensitivity analysis: impact of removing bulk DA methods

b. Sensitivity analysis: impact of the parameter k

c. Sensitivity analysis: impact of filtering

d. Sensitivity analysis: impact of peak definitions

2) Although not discussed much in the literature for chromatin accessibility data, the required

normalization of samples is likely quite different that the methods used for RNA-seq data. While,

DESeq2 typically uses a single scale factor (geometric mean of read depth) for an entire sample to

normalize RNA-seq data, this is likely not appropriate for accessibility data because of regional

differences (promoters more accessible that distal elements), most elements are very weak

(distribution of peak densities are exponentially decaying in a sample), and binary nature of single cell

data (theoretically at most 2 read per region). Because normalization can have large impact on DA

analyses, the authors should consider evaluating how different approaches affect results.

We agree that normalization is an important point. The majority of the DA methods that we propose to

analyze, including LRpeaks, negative binomial regression, Fisher’s exact test, binomial test, permutation

test, SnapATAC::findDAR, DESeq2, and edgeR, operate directly on the count matrix. Three methods,

including the t-test, Wilcoxon rank-sum test, and LRclusters, can operate directly on the count matrix but

expectantly require normalization to produce the most accurate results. In our original proposal, we

had proposed to use the implementation of these tests in Signac, which by default scales counts to

10,000 per cell and log-transforms the scaled values (log-TP10K normalization).

Your comment, as well as one from reviewer 1, spurred us to consider the effects of alternative

normalization approaches on the accuracy of these three methods. Accordingly, we reviewed the

approaches to normalization proposed by published scATAC-seq analysis packages (Fig. 1b). Signac

additionally provides methods for TF-IDF normalization as well as a TP10K normalization without

log-transformation (“relative counts”). ArchR implements a subsampling procedure to match cells in

the two groups being compared based on read depth, then further scales counts in each cell to the

median number of reads in TSSs across cells by default (MarkerFeatures.R, lines 207-218).

EpiScanpy implements a similar normalization strategy to the relative counts method in Signac by

default, except that instead of scaling counts to a fixed depth (e.g., 10,000 counts per cell), the

median of total counts across all cells is used as the scaling factor, analogously to ArchR.

Log-transformation can then optionally be applied afterwards. The remaining packages (SnapATAC,

scABC, MAESTRO, Scasat, scATAC-pro, Destin, chromSCape) either perform DA analysis directly on

the count matrix or implement one of the approaches to normalization described above.
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Based on these observations, we now propose to test the impact of the following additional

normalization strategies on the t-test, Wilcoxon rank-sum test, and LRclusters:

1. Raw counts

2. Scaling counts to a total of 10,000 per cell without log-transformation, using the “relative

counts” implementation in Signac

3. Scaling counts to the median number of counts per cell without log-transformation

4. Scaling counts to the median number of counts per cell with log-transformation

5. TF-IDF normalization

6. Last, in response to a comment from reviewer 2, we will also consider the effect of accounting

for GC bias in the normalization procedure using a method recently developed for bulk

ATAC-seq analysis (‘smooth GC-full-quantile’; van den Berge et al., Cell Rep. Methods 2022).

We have incorporated these new analyses as a complement to the binarization analyses in

Experiment 6 (previously 5). The text added to this section is reproduced below:

Another important question, particularly when scATAC-seq data are not binarized, is whether

and how the data should be normalized before DA analysis. The majority of the DA methods that we

propose to analyze (including LRpeaks, negative binomial regression, Fisher’s exact test, binomial test,

permutation test, SnapATAC::findDAR, DESeq2, and edgeR) operate directly on either counts or binarized

data as input. However, the remaining three methods (t-test, Wilcoxon rank-sum test, and LRclusters)

expectantly require normalization to produce the most biologically accurate results. We therefore propose

to evaluate the impact of the most widely used normalization strategies for scATAC-seq data on these

three DA methods by again repeating several of the analyses described above.

To identify the most widely used methods for normalizing scATAC-seq data for DA analysis, we

reviewed the approaches implemented by published scATAC-seq analysis packages33–43. Based on this

review, we propose to complement our analyses of the log-counts per 10,000 normalization implemented

by default in Signac with additional DA analyses using the following additional normalization strategies:

11. Raw counts

12. Scaling counts to a total of 10,000 per cell without log-transformation, using the “relative

counts” implementation in Signac

13. Scaling counts to the median number of counts per cell33,36 without log-transformation

14. Scaling counts to the median number of counts per cell with log-transformation

15. TF-IDF normalization

Finally, some normalization methods that have been applied to bulk ATAC-seq data81 explicitly

seek to regress out technical properties of the underlying sequencing data, notably GC bias. To evaluate

the impact of these approaches, we will also consider the effect of accounting for GC bias in the

normalization procedure using a method recently developed for bulk ATAC-seq data81 (‘smooth

GC-full-quantile’).

Experiments and datasets: [...] In Experiments 6d, 6e, and 6f, we will repeat the analyses of

Experiments 6a-c but instead evaluate the effects of normalization. We will analyze the concordance to

bulk ATAC-seq data, the number of false discoveries, and the biases of these three DA methods using the

six normalization strategies described above. Software implementations from the Signac package will be

used for all normalization strategies except smooth GC-full-quantile, for which the implementation in the

qsmooth package will be used. [...]

Data analysis plan: Datasets will be preprocessed or generated as described above for

Experiments 1, 2, 3, and 4. For our analysis of binarization (Experiments 6a-c), several of the DA methods

we propose to evaluate already operate on binarized data, precluding a comparison between qualitative

and quantitative representations. These methods include Fisher’s exact test, the binomial test, the

permutation test, and logistic regression using binary peak accessibility as the independent variable

(LRpeaks), and will be excluded from the experiments proposed in this section. For the remaining seven DA

methods, DA analysis will be performed as described above, but peak count matrices will be binarized

prior to analysis. Conversely, our evaluation of normalization approaches will consider only the t-test,

Wilcoxon rank-sum test, and LRclusters. For our analysis of the QC matching procedure implemented in

ArchR (Experiment 6g), we will repeat Experiment 1, but here perform DA analysis on equal numbers of

cells from each condition matched by their TSS enrichment scores and log10(# of fragments), adapting

code from ArchR for this purpose. Cells will be sampled from the ‘background’ (that is, the condition with

more cells) in order to match the number of cells in the ‘foreground’ (that is, the condition with fewer cells).
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Finally, regarding the reviewer’s comments on size factors in DESeq2, we agree that this is an

interesting direction for future research. However, we are not aware of work exploring this assumption

or proposing a mixture of per-sample scaling factors, particularly in the context of ATAC-seq data.

Therefore, we believe that new method development would be required to examine these

assumptions, and this would fall out of scope of our proposed comparison of existing methods.
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Reviewer #1 (Remarks to the Author):

The authors have fully addressed all of my comments on the proposal. I appreciate the thorough 

and thoughtful revision, and look forward to reading the results of the study.

Reviewer #2 (Remarks to the Author):

I have read the registered report and the authors' reply. Authors have only partially addressed 

my requests. Also, I noticed additional issues with the study after considering the revised 

version and replies.

Major points:

1. None of the analyses based on real ATAC-seq data proposed here have a "ground truth" (or a 

“gold standard”). Authors need to refrain from using the term "ground truth" unless referring to 

simulated data.

2. I notice a problem with the "ground truth" labels proposed in experiment 1, which are based 

on parallel bulk ATAC-seq data. This assumes that bulk ATAC-seq has better quality than single-

cell ATAC-seq data. Interestingly, my experience is that the quality of single-cell ATAC-seq data 

is better than bulk ATAC-seq. For instance, pseudo-bulk scATAC-seq data tends to have higher 

FRIP scores whenever a reasonable number of cells (<200) is present in the cluster. This is 

because it's possible to remove low-quality, unviable cells, or contaminants after QC and 

clustering analysis of scATAC-seq data. I invite the authors to check this in their data (FRIP 

scores of pseudo-bulk vs. bulk). Another exercise is to examine bulk (pseudo or not) ATAC-seq 
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approach is likely to be valid only when the number of cells in a cluster is low (>50).

3. I also miss in the report an analysis on the impact of di erential accessibility (DA) peaks in

enhancers vs. promoter regions. Usually, such peaks have distinct characteristics, such as 

di erent sizes or CG bias. Of particular biological relevance are enhancers, as they are highly
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performance for enhancers and promoters separately.

4. Authors need to clarify the scope of the DA analysis evaluated in each experiment (cell type 
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standard used for benchmarking, type of genomic intervals used, etc.). A good example is Fig. 2 

of Cheng et al. 2018.

Reviewer #3 (Remarks to the Author):

The authors suggested changes will substantially improve the proposed research and have 

addressed my concerns.



Response to reviewers

We thank the reviewers again for their thoughtful feedback on our Registered Report, “Best practices

for differential accessibility analysis in single-cell epigenomics.” Here, we respond to the

additional points raised in the second round of review. We have highlighted all the changes to the text

in the accompanying manuscript, but also included the new text in the following responses for

convenience. Throughout this document, reviewer comments are shown in blue, with our own

response in black, and changes to manuscript text or figure captions in red.

Reviewer #1 (Remarks to the Author):

The authors have fully addressed all of my comments on the proposal. I appreciate the thorough and

thoughtful revision, and look forward to reading the results of the study.

Thank you for your encouraging comments and thoughtful feedback.

Reviewer #2 (Remarks to the Author):

I have read the registered report and the authors' reply. Authors have only partially addressed my

requests. Also, I noticed additional issues with the study after considering the revised version and

replies.

Major points:

1. None of the analyses based on real ATAC-seq data proposed here have a "ground truth" (or a “gold

standard”). Authors need to refrain from using the term "ground truth" unless referring to simulated

data.

We revised the text to remove the use of the term “ground truth” and clarify that, except in our

simulation studies, we are referring to the availability of matching bulk ATAC-seq or scRNA-seq. This

change applies throughout the manuscript; for example, in the abstract:

[...] Here, we propose to conduct a systematic evaluation of every statistical method that has been

applied to identify DA regions in single-cell ATAC-seq (scATAC-seq) data. We will leverage a

compendium of scATAC-seq experiments with matching bulk ATAC-seq or scRNA-seq in order to

assess the accuracy, bias, robustness, and scalability of each statistical method. [...]

2. I notice a problem with the "ground truth" labels proposed in experiment 1, which are based on

parallel bulk ATAC-seq data. This assumes that bulk ATAC-seq has better quality than single-cell

ATAC-seq data. Interestingly, my experience is that the quality of single-cell ATAC-seq data is better

than bulk ATAC-seq. For instance, pseudo-bulk scATAC-seq data tends to have higher FRIP scores

whenever a reasonable number of cells (<200) is present in the cluster. This is because it's possible

to remove low-quality, unviable cells, or contaminants after QC and clustering analysis of scATAC-seq

data. I invite the authors to check this in their data (FRIP scores of pseudo-bulk vs. bulk). Another

exercise is to examine bulk (pseudo or not) ATAC-seq profiles in a genome browser and contrast

predicted peaks. They should also provide evidence that bulk-specific peaks are more likely to

represent biological signals than artifacts. This approach is likely to be valid only when the number of

cells in a cluster is low (>50).

With respect to the reviewer’s first request, we were not entirely sure whether it was in line with the

spirit of a Registered Report, in which the central idea is to carry out a preregistered analysis.

Nonetheless, because the characteristics of the peaks are ancillary to the focus of our analysis, which
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is on comparing DA methods—a point on which we elaborate further below—we have undertaken the

effort of calling peaks on bulk and pseudo-bulk data from the matching bulk and single-cell datasets,

and performed an exploratory data analysis to investigate the characteristics of these peaks. The

results show that the FRiP is significantly higher for bulk peaks as compared to pseudo-bulk peaks (p

= 9.2 × 10–6, paired t-test). It is not clear to us whether this is a generalizable result, given the

relatively small number of paired bulk and single-cell ATAC-seq datasets investigated here, but in

general we feel this result substantiates our proposal to use peaks called in bulk ATAC-seq as the

reference in our primary analysis (although we have also taken the reviewer’s suggestion to consider

pseudobulk peaks as a separate reference, a point that we also discuss below). We will include this

plot in the final manuscript.

Response Fig. 2.1. Fraction of reads in peaks in bulk ATAC-seq (with peaks called from bulk

ATAC-seq data) versus single-cell ATAC-seq (with peaks called from pseudobulks of single-cell

ATAC-seq data).

Separately, with respect to the reviewer’s request that we demonstrate “bulk-specific peaks are more

likely to represent biological signals than artifacts,” it is not entirely clear to us how this would be

relevant to our proposed analysis. We think it is helpful to reiterate the goal of the proposed work. Our

goal is not to perform a comparison of peak-calling methods. Instead, we wish to compare methods

for identifying differentially accessible peaks. We feel that, so long as every DA method is provided

with the same set of peaks as input, all DA methods should be on an ‘even playing field’. Moreover, in

our previous revision, we had proposed an additional experiment to evaluate the impact of the peak

definitions on the DA results, whereby we proposed to test the accuracy of DA methods with peaks

called from pseudobulks of the single-cell data, as the reviewer had requested. This would directly

address the reviewer’s concern that peak-calling on pseudobulks may yield more accurate results

than peak-calling on matching bulk ATAC-seq.

Nonetheless, after reflecting on this comment, we realized that in addition to this analysis, we could

also directly test the possibility that artifactual peaks could influence the relative performance of

single-cell DA methods, through a new analysis which we have incorporated into the revised proposal.

Briefly, we propose to perform peak calling with MACS2 using a more lenient q-value threshold of 0.1.

We would then add the peaks detected only with this q-value threshold to the set of peaks detected

under the normal q-value threshold, and repeat the analysis. We reasoned that this would be

preferable to using random genome regions because the newly-added peaks would have some

fragments associated with them, but would be disproportionately likely to be artifacts relative to the

original peak set. Repeating DA analysis on the expanded peak set would therefore allow us to

directly measure the impact of including artifactual peaks on the relative performance of single-cell DA

methods. We added this as a sensitivity analysis to Experiment 1 in the revised proposal:

2



A related issue in the analysis of both single-cell and bulk ATAC-seq data that represent artifacts

of data processing rather than true biological signal. To test whether these artifactual peaks could

influence the relative rankings of single-cell DA methods, we will perform an additional sensitivity analysis

in which we deliberately introduce a certain amount of artifactual peaks into the dataset. We will achieve

this by performing a second round of peak calling with MACS2 in the matched bulk ATAC-seq data at a

deliberately increased q-value threshold of 0.1. To avoid analyzing broader peaks throughout the genome,

we will remove peaks that overlap with the original peak set. We will then combine these remaining peaks

with the original peak set and repeat DA analysis at the expanded peak set, in which a substantial

proportion of the additional peaks are expected to be artifactual. We will repeat the analysis of

concordance between single-cell and bulk DA as described above, and use a linear model to formally test

for an interaction term between DA method performance and the peak set used as input.

In summary: through exploratory data analysis, we have shown that peaks called from bulk and

single-cell ATAC-seq are of at least comparable quality, if not even higher quality in the bulk data. We

have argued that although peak-calling is certainly an important consideration in the analysis of

scATAC-seq data, it is relevant to the goals of our study only insofar as it might affect the relative

performance of DA methods, i.e. through an interaction between peak characteristics and the

accuracy of a given DA method. We had previously proposed to study this possibility by testing the

performance of DA methods on peaks called from both bulk and single-cell data. We now additionally

propose to directly test the effect of artifactual peaks by adding peaks called at a lower q-value

threshold to the original peak set. Together, we believe these analyses should enable a thorough

investigation of how different peak calling strategies affect methods for single-cell DA analysis, the

latter being the focus of our proposal.

3. I also miss in the report an analysis on the impact of differential accessibility (DA) peaks in

enhancers vs. promoter regions. Usually, such peaks have distinct characteristics, such as different

sizes or CG bias. Of particular biological relevance are enhancers, as they are highly cell-specific and

potentially harder to detect due to low read sizes. Authors should evaluate DA performance for

enhancers and promoters separately.

Thank you for this suggestion. We agree it would be of interest to evaluate DA performance for

enhancers and promoters separately. We added this experiment as a sensitivity analysis to

Experiment 1, as shown below:

A final issue that is relevant to single-cell DA analysis is whether single-cell DA methods exhibit

differential performance on peaks located in enhancer versus promoter regions. Enhancer elements are

generally supported by fewer read counts than promoters in both bulk and single-cell ATAC-seq data2,32,

which raises the possibility that DA inference will likely be less accurate in general for enhancer elements.

However, the question of whether certain DA methods are better-suited for analysis of enhancer elements

in single-cell data has not, to our knowledge, previously been addressed. To evaluate this possibility, we

will repeat our analysis of DA concordance between single-cell and matched bulk ATAC-seq data, but

calculating concordance separately for peaks located in enhancer versus promoter elements, as derived

from ENCODE Registry of Candidate cis-Regulatory Elements64.

4. Authors need to clarify the scope of the DA analysis evaluated in each experiment (cell type

comparison or condition comparison). The report (or final manuscript) would benefit from a schematic

figure describing all the evaluated scenarios with major study factors (type of data, standard used for

benchmarking, type of genomic intervals used, etc.). A good example is Fig. 2 of Cheng et al. 2018.

Thank you for this suggestion. We have added a new figure to the revised manuscript in which we

specify (i) the datasets used in the different evaluation scenarios, (ii) the standard being used for

benchmarking (i.e. matched bulk data versus scRNA-seq data), (iii) the genomic intervals being used

(i.e. peaks called from bulk ATAC-seq, peaks called from pseudobulk scATAC-seq, or genomic

intervals around the TSS), and (iv) the biological nature of the comparison (i.e. cell type or condition

3



DA). This is provided as Fig. 2 in the revised proposal (and is reproduced below) and of course, we

are committed to including this figure in the final manuscript.

Fig. 2 | Design of Experiments 1 and 2.

a, Design of Experiment 1. DA analysis will be performed between cell types or conditions for single-cell

datasets with matching bulk ATAC-seq as a reference. Peaks will be called either in the bulk ATAC-seq

data or in pseudobulk single-cell data.

b, Design of Experiment 2. DA analysis will be performed between cell types using matched scRNA-seq

data from the same cell as a reference, comparing DA of genomic intervals around the TSS to gene-level

differential expression.

Reviewer #3 (Remarks to the Author):

The authors suggested changes will substantially improve the proposed research and have

addressed my concerns.

Thank you for your encouraging comments and thoughtful feedback.

4



Reviewer #2 (Remarks to the Author):

" #- 2#3*27&% 6*3) 3)& #43)/12 $)#.(& #.% " #- ,//+*.( '/16#1% 3/ 3)& 7.#, -#.42$1*03 5&12*/.8



Review Study Plan (Stage 2)

Reviewer #1 (Remarks to the Author):

(: ?526= =246>?2=21 =2<;=?K ,2; 2? .8J <=2>2:? . /2:059.=76:4 >?@1D ;3 16F2=2:?6.8 .002>>6/686?D

methods for single-cell ATAC-seq analysis. They focus on 8 experiments using real and 

simulated datasets, aiming to assess the accuracy, false positive rate, bias, scalability, and 

9=KD5=35 >6 41C1 =>A<1;9I1C9>= >= %" 945=C9J31C9>=Q 089;5 C85B5 5G?5A9<5=CB 1A5

comprehensive, some of the presentation of results and methodological approach needs 

further consideration.

,5=;@45;@? ?52 9.:@>0=6<? 6? 6> @:082.= B5.? 12G:6?6;: 6> /26:4 @>21 ?; 12G:2 . 16F2=2:?6.88D

1335BB92;5 A579>=Q (>F BD38 A579>=B 1A5 45J=54 B8>D;4 25 3;51A;H BC1C54 51A;H 9= C85

9.:@>0=6<?J -5.? <NA.8@2 0@?;F 6> @>21K B5.? 9@8?6<82 ?2>?6:4 0;==20?6;: 92?5;1 6> @>21K .:1

what minimum fold change and minimum accessibility is used is required information that 

should be added.

*>BC >6 C85 9BBD5B A5;1C5 C> 5G?5A9<5=C N V6>;4 381=75 J;C5A9=7WQ (5A5 C85 1DC8>AB 81E5 DB54 1

method of ranking cells based on fold change and the lower X% of cells. This is not an approach 

that would be used in practice, and would provide poor results in cases where all the peaks 

5.A2 8;B 3;81 05.:42 ;= 5645 3;81 05.:42J $6F2=2:? 0@?;F A.8@2> >5;@81 /2 05;>2: 6:>?2.1 P3;=

example, 1-fold. 2-fold, 3-fold). This was stated in the original review for the registered report.

';B 3;81 05.:42> .=2 0;9<@?21 :221> ?; /2 9;=2 ?5;=;@458D 12>0=6/21J $6F2=2:? >;3?B.=2>

@>21 16F2=2:? 69<8292:?.?6;:>J ,52 .@?5;=> >5;@81 <=;A612 ?52 3;=9@8. @>21 6: ?52 92?5;1>

section, and ensure that this is indeed what is being used in the software running the tests. 

$6F2=2:02> 6:K 3;= 2C.9<82K ?52 9.4:6?@12 ;3 ?52 <>2@1;0;@:? ;= B52: ?52 <>2@1;0;@:? 6>

added can have a large impact on the fold change values returned. Log2 fold change should 

also be reported as this is more interpretable (rather than natural log).

In general, more methodological details are required. For example, how is FDR computed, how 

is TF-IDF computed. The authors should state the formula and functions (with parameters 

DB54WR 1=4 B>6CF1A5 E5AB9>=BQ +>C12;H C85A5 81E5 255= B97=9J31=C 2D7B 9= ?1BC E5AB9>=B >6

Seurat regarding the calculation of fold changes with scATAC data, so it is essential that 

versions are stated and the authors are using up-to-date software implementations.

Figure 5 is hard to interpret in several ways. First, the X-axis states “# of cells” but a percentage 

is given along the axis. Based on the description in the methods, I believe this should be “% 

<2.7> =29;A21S ;= >;92?56:4 >6968.=J +20;:1K ?52 8242:1 >?.?2> R%F20? >6E2 P#;52:T> 1Q ;3

9=3A51B9=7;H BCA9=75=C ;>7U6>;4 381=75 J;C5A9=7 >= C85 "/$$ 25CF55= B9=7;5U35;; 1=4 2D;: "."$U

seq DA.” It’s unclear what is actually being shown. The text also discusses the comparison of 

6>;4 381=75 J;C5A9=7 EB A1=4>< J;C5A9=7R 2DC C85 J7DA5 3><?1A5B 6>;4 381=75 J;C5A9=7 C> =>

J;C5A9=7Q .85 1DC8>AB B8>D;4 A5C89=: 8>F C> ?A5B5=C C85 A5BD;CB 6A>< 5G?5A9<5=C N 9= 1 3;51A 1=4

compelling way. The most useful information to readers is: how does the false positive rate 

05.:42 3;= 16F2=2:? 3;81N05.:42 G8?2=>K 5;B 1;2> ?52 0;:0;=1.:02 /2?B22: /@87 A> >6:482N0288



.:1 *)" A> ","# 05.:42 B6?5 16F2=2:? 3;81N05.:42 G8?2=>K 5;B 1;2> .88 ;3 ?56> 0;9<.=2 ?;

random removal of the same number of peaks.

In the normalization section (experiment 6) it’s stated that “We found that the number of false 

discoveries was consistently reduced after applying TP10K or TP(median) normalization (Fig. 6i-

k and Supplementary Fig. 17b-d). However, this improvement in the control of false discoveries 

came at the expense of biological accuracy (Fig. 6h).” – this does not seem to be the case for TF-

)%& 1=4 C85 CUC5BCQ #5CC5A ?1=5; ;125;9=7 9B 1;B> =55454 6>A J7DA5 OQ -5E5A1; ?1=5;B 1??51A F9C8

the same axes and title, and the reader has to carefully look at the legend to work out what it’s 

showing. Expressing all the results as Cohen’s D here decreases the interpretability of the 

A5BD;CBQ )C 9B 25CC5A C> A5?>ACR 6>A 5G1<?;5R C85 61;B5 ?>B9C9E5 A1C5 9CB5;6 VJ7DA5 ?1=5; O9R 5C3WQ

Other points:

N R.:.8D?60.8 B;=7H;B> 69<8292:?21 6: 16F2=2:? 8./;=.?;=62> /2.= 86??82 =2>29/8.:02 ?; ;:2

.:;?52=S O ?56> 6> 6:.00@=.?2J ,52 B;=7H;B>K B5682 5.A6:4 16F2=2:02>K 1; 3@:1.92:?.88D 3;88;B

B9<9;1A BCA1C5795B >6 @D1=C96H9=7 ?51:BR =>A<1;9I9=7 C85 41C1R 45J=9=7 7A>D?B >6 35;;BR 1=4

performing a statistical test.

U )= J7DA5 P VB31;129;9CHW C85 =D<25A >6 C5BCB 259=7 ?5A6>A<54 B8>D;4 25 BC1C54

N (: ?52 >0.8./686?D >20?6;:K ?52 16F2=2:?6.8 ?2>?6:4 3@:0?6;:> .=2 6:0;==20?8D .??=6/@?21 ?; ?52

Signac package (they are in fact part of Seurat). Same is true for several other functions.

Reviewer #2 (Remarks to the Author):

This registered report is well written and data analysis is well presented. Results indicate the 

advantage of standard bulkRNA-seq approaches (DEseq and EdgeR) in the overall problem. 

While results support this, it cannot be excluded that these conclusions arise from the fact DE 

analysis used to generate gold standards in most of the evolution scenarios.

This was discussed in previous rounds of review and is indicated in the limitation section. 

Interesting contributions to the literature include the analysis of best practices in scATAC-seq 

1.?.K B5605 6:160.?2> <;?2:?6.8 /2:2G?> ;3 /6:.=6E.?6;:K 2F20?> ;3 :;=9.86E.?6;: .:1 <2.7

calling. A standing critical point is the fact that majority of results do not use best practices 

V<>BC;H 14>?C54 9= C85 B3"."$UB5@ ;9C5A1CDA5 1=4 3>=JA<54 2H B><5 >6 C85 A5BD;CBW 9= C859A

benchmarking. Authors needs to address this and discuss these points and describe potential 

limitations more explicitly.

Major points:

1. AUCC reported in Fig. 2 are overall quite low (maximum of 0.32) and indicate that most 

methods perform quite bad in the DA problem. Another explanation for this would be that this 

evaluation is sub-optimal, i.e. DA peaks in single cell data do not match the ones in bulk due to 

lower quality of either bulk or scATAC-seq experiments. This should be discussed in the 

manuscript.

2. Usually single cell ATAC-seq peaks are derived from the bulking the single cell data by 



considering either all or clustered cells. As my request, authors include an analysis on using the 

JABC 5E1;D1C9>= V&97Q LWQ )=C5A5BC9=7;HR A5?>AC54 A5BD;CB 81E5 B97=9J31=C;H 89785A "/$$B

(maximum of 0.42 and 25% improvement for all methods). This supports a higher quality of 

scATAC-seq data, as previously discussed in my revisions. Also, in contrary to the manuscript 

statement, the ranking of methods is distinct for panel Supp. 1b and Fig. 2b.

3. Still on the same topic using promoters lead to a much higher AUCC (0.76) and very distinct 

method rankings. The reason besides this is not discussed in the manuscript.

4. Given points 1, 2 and 3, authors should be more critical regarding their overall conclusion for 

this analysis. In one hand, methods could be ranked be considering all distinct scenarios. On 

the other hand, authors need to highlight results based on scenarios implementing best 

practices in of scATAC-seq.

5. Points 1-4 potentially also impact the multimodal data analysis (Fig. 2d & e).

6. Results from the evaluation of Fig. 3 are stronger than Fig. 2, as some approaches can control 

for false positives (no false positive peaks). A question raised is how best practices (peak calling 

from scATAC-seq) impact this evaluation needs also to be addressed here. Indeed, it is shown in 

Fig. 6 that best practices (binarization) do impact of the performance (and ranking) of methods. 

Peak calling strategies in Fig. 3 are unfortunately not evaluated in this context. Again, it is 

unclear how their adoption would change rankings reported here. As in point 4. authors should 

have an overall ranking but also a ranking based on the adoption of the best practices.

IJ ,52 .:.8D>6> ;3 ?52 69<.0? ;3 ?52 &# 6> >;@:1K /@? ;A2=.88 16F60@8? ?; 3;88;BJ "> . P96:;=Q

suggestion authors could consider shortening it.

8. The best practice analysis is an interesting aspect of this study. Authors should mention here 

the peak calling strategy (see point 2). The binarization aspect is also relevant, as this 

potentially contradict the previous literature. On the other hand, authors should consider the 

613C C81C ?A5E9>DB F>A: BD??>AC9=7 C85 DB5 >6 3>D=C 41C1 6>3DB >= C85 35;; CH?5 945=C9J31C9>=

problem and not DA analysis.

9. A major critical point of the study is the fact it does not consider the combination of DA 

methods with best practices (scATAC-seq peak calling; binarization, type of normalization). 

Indeed, in their literature research the authors only evaluated the use of DA methods, but not 

how the data was previously treated (binarization, normalization). As expected, these steps will 

impact each other, as shown in the manuscript. On the other hand, some of the best practices 

are already used by default by some of the evaluated methods. For example, snapatac is based 

on both scATAC-seq peak calling and binarization. Both these practices have a large impact in 

snapatac DA method results. Indeed, an evaluation considering the best practices (or best 

approach per DA method) will give a more realistic evaluation and relevant results for 

practitioners of scATAC-seq analysis.

10. Alternatively, authors need to clearly indicate limitation of their study, whenever 

conclusions are based on non-best practices.

Minor



Authors should make clear which strategy is being used for each evaluation (how data are 

normalized or not, how peaks are called). A matrix in the supplement would be extremely 

helpful.

Page 20, “under the hypothesis that bulk ATAC would yield higher quality set of peaks”. This 

could be revised, as the evaluation do not support this.

Reviewer #3 (Remarks to the Author):

In this manuscript, the authors address an exciting, yet problematic analysis applied to single-

0288 05=;9.?6: .002>>6/686?D <=;G86:4 1.?.L 12?20?6:4 .:1 612:?63D6:4 16F2=2:?6.8 .0?6A2 28292:?>J

While these types of analyses in bulk-derived data have well-understood best practices, their 

behavior in single cell data has not been thoroughly characterized. As the authors importantly 

state, it is still unresolved to what extent data from individual cells is actually quantitative. Here, 

?52 .@?5;=> <2=3;=9 2C5.@>?6A2 0;9<.=6>;:> ;3 16F2=2:?6.8 .:.8D>6> 92?5;1> .<<8621 ?; >6:482N

35;; "."$UB5@ 41C1 9= 1= 1CC5<?C C> 45J=5 1 25BCU?A13C935Q

,E5A1;;R ) J=4 C81C C89B <1=DB3A9?C F>D;4 25 DB56D; 6>A C85 J5;4R 8>F5E5AR 9= 9CB 3DAA5=C BC1C5R 9CB

B1;95=C ?>9=C V95QR 45J=9=7 1 25BC ?A13C935W 75CB ;>BC 9= C85 45C19;BTC538=931;9C95BQ )= 1449C9>=R 1

major shortcoming (and missed teaching opportunity) is that the authors do not discuss why 

certain methods work better, and importantly, when their use is appropriate given experimental 

design choices/realities.

Major points:

1) Section "Experiment 2" comparing DA in sc-ATAC and sc-RNA (mulitome analysis) doesn't 

seem to add anything outright useful to the manuscript. One problem is that I am not sure how 

>=5 45J=5B 1 7>>4 3>=3>A41=35 25CF55= C85 CF> <>41;9C95BQ .85 3>==53C9E9CH 25CF55=

regulatory elements (accessible peaks) and genes is largely unknown and no current method 

seems to do be particularly successful (for example, distance and the popular ABC model seem 

to perform roughly similarly). I understand the hypothesis that if a gene expression is changed 

than it is likely driven by changes in the cis-regulatory elements within some "regulatory 

4><19=XR 8>F5E5AR C85 45J=9C9>= >6 C85B5 4><19=B 1A5 1A29CA1AH V1B 9B C85 1??A>138 C1:5= 9= C89B

manuscript). As the main goal of this paper is evaluating which methods are best for detecting 

16F2=2:?6.88D .002>>6/82 <2.7>K ?52 .:.8D>2> 6: ?56> >20?6;: >229 ?; /2 . 16>?=.0?6;:J

2) The authors apply/evalute all of the methods but do not comment on their statistical 

@:12=<6::6:4> P<=;> .:1 0;:> 3;= 16F2=2:? .<<860.?6;:>M@>2 0.>2>QJ &;= 2C.9<82K ?52 :;:N

psuedobulking approaches are destined to perform poorly because they make assumptions of 

12>DC 213:7A>D=4 49BCA92DC9>= >6 C85 A1F 3>D=C B97=1; C81C 1 ;1A75;H =>C A5K53C54 9= C85 41C1 V6>A

example the data is overdispersed with respect to the binomial distribution ). A discussion of 
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methods for their particular application.

3) Related to my comment above, it seems that the non-psuedobulk methods are commonly 

used because single-cell studies rarely perform biological or technical replicates (despite their 

weaker performance). Given the cost associated (and 10X genomics monopoly on the market) 

with single-cell studies, I doubt this will change anytime soon. As such, I think that some more 

attention/focus should be placed on how to perform DA analyses when no replicates are 

available or are limited (or demonstrate the importance of replicates).

MW '5=5A1;;HR ) J=4 C85 J7DA5B >E5A;H C538=931; 1=4 9C 9B 81A4 C> ?1AB5 C85 9<<5491C5

conclusion(s). Personally speaking, I don't think it is necessary to show all method contrasts in 

5138 J7DA5Q )= 1449C9>= V>A 1;C5A=1C9E5;HW ) <978C 7A>D? C85 <5C8>4B 2H B><5 >6 C859A

commonalities (psuedobulk, etc.)

Minor points:

1) The text could be substantially condensed for readability.

LW &97DA5 NS 9C 1??51AB 6A>< <H A5149=7 >6 C85 C5GC C81C C85 GU1G9B B8>D;4 25 XY ?5A35=C J;C5A54

peaks" and not "# of cells"
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qixlshspskmgep$ettvsegl$riihw$jyvxliv$gsrwmhivexmsr2

Xlero$}sy$ekemr$jsv$}syv$gsqqirxw$sr$xli$Wxeki$6$wyfqmwwmsr$sj$syv$qerywgvmtx2

Xlvsyklsyx$xli$qerywgvmtx$mx$mw$yrgpiev${lex$hijmrmxmsr$mw$fimrk$ywih$xs$hijmri$e$hmjjivirxmepp}$eggiwwmfpi$

vikmsr2$Ls{$wygl$vikmsrw$evi$hijmrih$wlsyph$fi$gpievp}$wxexih$ievp}$mr$xli$qerywgvmtx2$[lex$t1zepyi$

gyxsjj$mw$ywih0${lex$qypxmtpi$xiwxmrk$gsvvigxmsr$qixlsh$mw$ywih0$erh${lex$qmrmqyq$jsph$glerki$erh$

qmrmqyq$eggiwwmfmpmx}$mw$ywih$mw$viuymvih$mrjsvqexmsr$xlex$wlsyph$fi$ehhih2

Xlmw$mrjsvqexmsr$mw$tvszmhih$mr$xli$Qixlshw2$Xs$ezsmh$vitvshygmrk$pevki$wigxmsrw$sj$xli$Qixlshw$mr$xlmw$

viwtsrwi0${i$fvmijp}$wyqqevm~i$syv$erw{ivw$xs$xli$uyiwxmsrw$vemwih$f}$xli$vizmi{iv$fips{0$fyx$lezi$

gsrjmvqih$xlex$epp$sj$xlmw$mrjsvqexmsr$ger$mrhiih$fi$jsyrh$mr$xli$qerywgvmtx$erh$vizmwih$xli$qerywgvmtx$xs$

ehhviww$mrwxergiw${livi$xlmw$mrjsvqexmsr$gsyph$lezi$fiir$tviwirxih$qsvi$gpievp}2$[i$epws${mwl$xs$

vimxivexi$xlex$epp$sj$xliwi$erep}wiw${ivi$tvivikmwxivih$mr$syv$Wxeki$5$wyfqmwwmsr0$erh${i$lezi$ehlivih$

tvigmwip}$xs$xli$tper$xlex${ew$tvizmsywp}$wiir$erh$ettvszih$f}$xli$xlvii$vizmi{ivw2$
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1 Mr$I|tivmqirxw$5$erh$60$xli$ywi$sj$xli$evie$yrhiv$xli$gsrgsvhergi$gyvzi$,EYGG-$ew$xli$

izepyexmsr$qixvmg$viuymviw$srp}$e$veroih$pmwx$sj$tieow2$Xlivijsvi0$tieow${ivi$veroih$f}$t1zepyiw$

ewwmkrih$f}$iegl$HE$qixlsh0$erh$rs$t1zepyi$gyxsjjw0$qypxmtpi$xiwxmrk$gsvvigxmsr0$sv$jsph$glerki$

gyxsjj${ivi$ettpmih2$

1 Jsv$I|tivmqirx$50$rs$qmrmqyq$eggiwwmfmpmx}$gyxsjj${ew$ettpmih$jsv$xli$i|tivmqirxw$mr$xli$

qemr$xi|x0$erh$e$gyxsjj$sj$eggiwwmfmpmx}$,rsr1~ivs$gsyrxw-$mr$¶9)$sj$gippw${ew$ettpmih$mr$

Supplementary Fig. 1c2$

- Jsv$I|tivmqirx$60$rs$qmrmqyq$eggiwwmfmpmx}$gyxsjj${ew$ettpmih$jsv$xli$i|tivmqirxw$mr$xli$

qemr$xi|x0$erh$e$gyxsjj$sj$eggiwwmfmpmx}$,rsr1~ivs$gsyrxw-$mr$¶5)$sj$gippw${ew$ettpmih$mr$

Supplementary Fig. 2d2$

1 Mr$I|tivmqirx$70$e$xlviwlsph$sj$e$9)$jepwi$hmwgsziv}$vexi${ew$ywih$xs$hijmri$HE$tieow2$Rs$

qmrmqyq$jsph$glerki$sv$qmrmqyq$eggiwwmfmpmx}$gyxsjjw${ivi$ettpmih2$

1 Mr$I|tivmqirx$80$tieow${ivi$veroih$f}$t1zepyiw$ewwmkrih$f}$iegl$HE$qixlsh$erh$pmwxw$sj$

xst1veroih$tieow$sj$iuyep$wm~i${ivi$gsqtevih$, 50444$mr$xli$qemr$xi|x0$944$sv$90444$mr$

Supplementary Fig. 5-2$Rs$t1zepyi$gyxsjjw0$qypxmtpi$xiwxmrk$gsvvigxmsr0$qmrmqyq$jsph$glerki$sv$

qmrmqyq$eggiwwmfmpmx}$gyxsjjw${ivi$ettpmih2$

1 Mr$I|tivmqirx$90$xli$EYGG${ew$gepgypexih$ew$mr$I|tivmqirxw$5$erh$60$fyx$ejxiv$ettp}mrk$e$wivmiw$

sj$mrgviewmrkp}$wxvmrkirx$jsph$glerki$xlviwlsphw$,wii$epws$syv$hmwgywwmsr$fips{$mr$viwtsrwi$xs$xli$

jspps{mrk$tsmrx-2$

1 Mr$I|tivmqirx$:0$xli$EYGG${ew$gepgypexih$ew$mr$I|tivmqirx$5$erh$xli$ryqfiv$sj$jepwi$

hmwgszivmiw${ew$gepgypexih$ew$mr$I|tivmqirx$72$

1 Mr$I|tivmqirx$;0$xli$EYGG${ew$gepgypexih$ew$mr$I|tivmqirxw$5$erh$62$

Qswx$sj$xli$mwwyiw$vipexi$xs$i|tivmqirx$9$,jsph$glerki$jmpxivmrk-2$Livi$xli$eyxlsvw$lezi$ywih$e$qixlsh$sj$

veromrk$gippw$fewih$sr$jsph$glerki$erh$xli$ps{iv$\)$sj$gippw2$Xlmw$mw$rsx$er$ettvsegl$xlex${syph$fi$ywih$

mr$tvegxmgi0$erh${syph$tvszmhi$tssv$viwypxw$mr$gewiw${livi$epp$xli$tieow$lezi$ps{$jsph$glerki$sv$lmkl$jsph$

glerki2$Hmjjivirx$gyxsjj$zepyiw$wlsyph$fi$glswir$mrwxieh$,jsv$i|eqtpi0$51jsph2$61jsph0$71jsph-2$Xlmw${ew$

wxexih$mr$xli$svmkmrep$vizmi{$jsv$xli$vikmwxivih$vitsvx2

[i${ivi$ziv}$wyvtvmwih$xs$vieh$xlmw$gsqqirx2$Mr$viwtsrwi$xs$xli$vizmi{iv×w$gsqqirxw$sr$syv$Wxeki$5$

wyfqmwwmsr0${i$leh$gpievp}$evxmgypexih$i|egxp}$ls{${i$tperrih$xs$ehhviww$xli$gsqqirxw$vemwih$f}$xli$

vizmi{iv$mr$xlimv$mrmxmep$vizmi{$sj$syv$tvstswih$erep}wiw2$Syv$viwtsrwiw${ivi$vieh$f}$xli$vizmi{iv0${ls$

vitpmih>$ÔXli$eyxlsvw$lezi$jypp}$ehhviwwih$epp$sj$q}$gsqqirxw$sr$xli$tvstswep2$M$ettvigmexi$xli$xlsvsykl$

erh$xlsyklxjyp$vizmwmsr0$erh$psso$jsv{evh$xs$viehmrk$xli$viwypxw$sj$xli$wxyh}2Õ$Mr$xlmw$Wxeki$6$wyfqmwwmsr0$

{i$lezi$gsrjsvqih$i|egxp}$xs$xli$tper$xlex${ew$evxmgypexih$mr$xlmw$tvstswep2$[i$lezi$gevijypp}$gsqtevih$

xli$Wxeki$6$wyfqmwwmsr$erh$xli$eggitxih$Wxeki$5$qerywgvmtx$xs$mhirxmj}$er}$hmwgviterg}0$erh$ger$mhirxmj}$

rs$hizmexmsr$jvsq$xli$erep}wiw$xlex${i$leh$tvstswih2$

Mx$mw$yrjsvxyrexi$xlex$xli$vizmi{iv$lew$rs{$hizipstih$xli$stmrmsr$xlex$xli$erep}wiw$tvstswih$mr$syv$

Vikmwxivih$Vitsvx$wlsyph$fi$epxivih2$Mx$wiiqw$xs$yw$xlex$vizmwmrk$xli$tviwtigmjmih$erep}wmw$qixlshspsk}$

ex$xlmw$tsmrx$mw$fsxl$ekemrwx$xli$wtmvmx$sj$xli$Vikmwxivih$Vitsvx$jsvqex$erh0$qsvi$tsmrxihp}0$i|tpmgmxp}$

ekemrwx$nsyvrep$tspmg}2$Wtigmjmgepp}0$xlmw$tspmg}$wxmtypexiw$xlex$xli$Wxeki$5$wyfqmwwmsr$qywx$gsrxemr$Ô_222a$e$

hiwgvmtxmsr$sj$i|tivmqirxep$tvsgihyviw$mr$wyjjmgmirx$hixemp$xs$epps{$ersxliv$viwievgliv$xs$vitiex$xli$

qixlshspsk}$i|egxp}0${mxlsyx$viuymvmrk$jyvxliv$mrjsvqexmsrÕ0$erh$xlex$Ô_222a$xliwi$tvsgihyviw$qywx$fi$

ehlivih$xs$i|egxp}$mr$xli$wyfwiuyirx$i|tivmqirxw2Õ$Jyvxlivqsvi0$nsyvrep$tspmg}$mw$xlex$Ô_222a$xli$syxgsqi$sj$

epp$vikmwxivih$erep}wiw$qywx$fi$vitsvxih$mr$xli$qerywgvmtx2Õ$Xlmw$tvigpyhiw$xli$viqszep$sj$syv$

tviwtigmjmih$erep}wiw$ex$xlmw$nyrgxyvi2$$
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Rsrixlipiww0${i$yrhivwxerh$xlex$mx$mw$tivqmxxih$xs$ehh$ri{0$ $i|tivmqirxw$sv$erep}wiw$ex$xlmw$

wxeki0$ws$psrk$ew$xli}$evi$gpievp}$mrhmgexih$ew$wygl$mr$xli$xi|x$erh$hsgyqirxih$mr$e$wigxmsr$pefipih$

ÔI|tpsvexsv}$erep}wmw2Õ$Xlivijsvi0$mr$er$ijjsvx$xs$ehhviww$xli$vizmi{iv×w$gsqqirx$ew$fiwx$ew$tswwmfpi0${i$

lezi$rs{$tivjsvqih$xli$ehhmxmsrep$viuyiwxih$erep}wiw2$[i$jmpxivih$tieow$sr$xli$fewmw$sj$61jsph$sv$71jsph$

glerki$xlviwlsphw$ew$viuyiwxih$f}$xli$vizmi{iv$,51jsph$glerki$mw$iuymzepirx$xs$rs$jmpxivmrk-$erh$vitiexih$

iegl$sj$xli$i|tivmqirxw$wls{r$mr$Fig. 5$erh$Supplementary Figs. 9-112$Xli$viwypxw$sj$xliwi$

i|tivmqirxw${ivi$gsrwmwxirx${mxl$xli$tviwtigmjmih$erep}wiw$tviwirxih$mr$xli$qemr$xi|x>$xlex$mw0${i$jsyrh$

xlex$psk1jsph$glerki$jmpxivmrk$fewih$sr$e$jm|ih$xlviwlsph$hmh$rsx$gsrwmwxirxp}$mqtvszi0$erh$jviuyirxp}$

higviewih0$xli$eggyveg}$sj$HE$erep}wmw2$

[i$mrgsvtsvexih$xliwi$viwypxw$mr$xli$ri{p}1ehhih$ÔI|tpsvexsv}$erep}wiwÕ$wigxmsr$ex$xli$irh$sj$xli$

Viwypxw0$erh$mr$Supplementary Figs. 30-320$iegl$sj${lmgl$mw$vitvshygih$fips{>$

Wigsrh0${i$sfwivzih$xlex$jmpxivmrk$tieow$f}$psk1jsph$glerki$fix{iir$gsrhmxmsrw$hmh$rsx$gsrwmwxirxp}$mqtvszi0$

erh$jviuyirxp}$higviewih0$xli$eggyveg}$sj$HE$erep}wmw$,Fig. 5-2$Syv$tvivikmwxivih$erep}wmw$mrzspzih$viqszmrk$iuyep$

tvstsvxmsrw$sj$tieow${mxlmr$iegl$hexewix$sr$xli$fewmw$sj$e$tivgirxmpi$xlviwlsph2$Xli$uyiwxmsr$evswi$ew$xs${lixliv$xli$

mqtswmxmsr$sj$e$jm|ih$jsph1glerki$xlviwlsph${syph$ejjigx$syv$gsrgpywmsrw2$Xlivijsvi0${i$vitiexih$xliwi$erep}wiw$

{lir$jmpxivmrk$tieow${mxl$piww$xler$e$x{s1$sv$xlvii1jsph$glerki$fix{iir$gsrhmxmsrw2$Mr$xliwi$i|tivmqirxw0${i$ekemr$

sfwivzih$xlex$psk1jsph$glerki$jmpxivmrk$hmh$rsx$mqtvszi$xli$gsrgsvhergi$sj$HE$erep}wiw$sj$qexglih$wmrkpi1gipp$erh$

fypo$EXEG1wiu$,Supplementary Fig. 30-0$sv$fix{iir$wgEXEG1wiu$erh$wgVRE1wiu$jvsq$xli$weqi$gippw$

,Supplementary Fig. 31-0$erh$sjxir$wyfwxerxmepp}$mrgviewih$xli$ryqfiv$sj$jepwi$hmwgszivmiw$,Supplementary Fig. 

32-0$epp$sj${lmgl$evi$gsrwmwxirx${mxl$xli$viwypxw$sj$syv$mrmxmep0$tviwtigmjmih$erep}wiw2$
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Supplementary Fig. 30 | Exploratory analysis: impact of log-fold change filtering on single-cell DA 

analysis with fixed thresholds, matched bulk ATAC-seq.

a, Evie$yrhiv$xli$gsrgsvhergi$gyvzi$,EYGG-$jsv$wmrkpi1gipp$HE$qixlshw$mr$I|tivmqirx$50$ywmrk$qexglmrk$fypo$

EXEG1wiu$ew$e$vijivirgi0$ejxiv$jmpxivmrk$tieow${mxl$piww$xler$e$x{s1$sv$xlvii1jsph$glerki$fix{iir$gsrhmxmsrw$sv$

er$iuymzepirx$ryqfiv$sj$verhsqp}$wipigxih$tieow2

b, Ew$mr$a,$fyx$wls{mrk$xli$hmjjivirgi$mr$xli$EYGG$,ÉEYGG-$fix{iir$jmpxivmrk$f}$jsph$glerki$erh$jmpxivmrk$

verhsqp}$wipigxih$tieow2

c,$Ijjigx$wm~i$,Gslir×w$ -$sj$mrgviewmrkp}$wxvmrkirx$jsph$glerki$jmpxivmrk$sr$xli$EYGG0$vipexmzi$xs$xli$viqszep$sj$

er$iuymzepirx$ryqfiv$sj$tieow$wipigxih$ex$verhsq2$Mrwix$xi|x$wls{w$xli$qihmer$Gslir×w$
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Supplementary Fig. 31 | Exploratory analysis: impact of log-fold change filtering on single-cell DA 

analysis with fixed thresholds, multiome.

a, Evie$yrhiv$xli$gsrgsvhergi$gyvzi$,EYGG-$jsv$wmrkpi1gipp$HE$qixlshw$mr$I|tivmqirx$60$ywmrk$qexglmrk$

wrVRE1wiu$ew$e$vijivirgi0$ejxiv$jmpxivmrk$vikmsrw${mxl$piww$xler$e$x{s1$sv$xlvii1jsph$glerki$fix{iir$gsrhmxmsrw$

sv$er$iuymzepirx$ryqfiv$sj$verhsqp}$wipigxih$vikmsrw2

b, Ew$mr$a,$fyx$wls{mrk$xli$hmjjivirgi$mr$xli$EYGG$,ÉEYGG-$fix{iir$jmpxivmrk$f}$jsph$glerki$erh$jmpxivmrk$

verhsqp}$wipigxih$vikmsrw2

c,$Ijjigx$wm~i$,Gslir×w$ -$sj$mrgviewmrkp}$wxvmrkirx$jsph$glerki$jmpxivmrk$sr$xli$EYGG0$vipexmzi$xs$xli$viqszep$sj$

er$iuymzepirx$ryqfiv$sj$vikmsrw$wipigxih$ex$verhsq2$Mrwix$xi|x$wls{w$xli$qihmer$Gslir×w$
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Supplementary Fig. 32 | Exploratory analysis: impact of log-fold change filtering on single-cell DA 

analysis with fixed thresholds, false discoveries.

a, Ryqfiv$sj$HE$tieow$hixigxih$fix{iir$verhsqp}$ewwmkrih$vitpmgexiw$ex$9)$JHV${mxlmr$iegl$gipp$x}ti$mr$

verhsq$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe0$ejxiv$jmpxivmrk$tieow${mxl$piww$xler$e$x{s1$sv$xlvii1jsph$

glerki$fix{iir$gsrhmxmsrw$sv$er$iuymzepirx$ryqfiv$sj$verhsqp}$wipigxih$tieow2$

b, Ew$mr$a,$fyx$wls{mrk$xli$hmjjivirgi$mr$xli$ryqfiv$sj$HE$tieow$fix{iir$jmpxivmrk$f}$jsph$glerki$erh$jmpxivmrk$

verhsqp}$wipigxih$tieow2$

c,$Ijjigx$wm~i$,Gslir×w$ -$sj$mrgviewmrkp}$wxvmrkirx$jsph$glerki$jmpxivmrk$sr$xli$ryqfiv$sj$jepwi$hmwgszivmiw$mr$

rypp$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe0$vipexmzi$xs$xli$viqszep$sj$er$iuymzepirx$ryqfiv$sj$vikmsrw$

wipigxih$ex$verhsq2$Mrwix$xi|x$wls{w$xli$qihmer$Gslir×w$

:



Ls{$jsph$glerkiw$evi$gsqtyxih$riihw$xs$fi$qsvi$xlsvsyklp}$hiwgvmfih2$Hmjjivirx$wsjx{eviw$ywih$

hmjjivirx$mqtpiqirxexmsrw2$Xli$eyxlsvw$wlsyph$tvszmhi$xli$jsvqype$ywih$mr$xli$qixlshw$wigxmsr0$erh$

irwyvi$xlex$xlmw$mw$mrhiih${lex$mw$fimrk$ywih$mr$xli$wsjx{evi$vyrrmrk$xli$xiwxw2$Hmjjivirgiw$mr0$jsv$

i|eqtpi0$xli$qekrmxyhi$sj$xli$twiyhsgsyrx$sv${lir$xli$twiyhsgsyrx$mw$ehhih$ger$lezi$e$pevki$mqtegx$

sr$xli$jsph$glerki$zepyiw$vixyvrih2$Psk6$jsph$glerki$wlsyph$epws$fi$vitsvxih$ew$xlmw$mw$qsvi$

mrxivtvixefpi$,vexliv$xler$rexyvep$psk-2

[i$givxemrp}$ekvii$xlex$jsph1glerki$gepgypexmsrw$hmjjiv$fix{iir$wsjx{evi$mqtpiqirxexmsrw0$erh$xlex$xlmw$mw$

er$mqtsvxerx$gsrwmhivexmsr$mrwsjev$ew$mx$lew$xli$tsxirxmep$xs$mrxvshygi$e$gsrjsyrhmrk$zevmefpi$fix{iir$

qixlshw2$Jsv$i|egxp}$xlmw$viewsr0${i$wxexih$mr$syv$Wxeki$5$wyfqmwwmsr>

_222a$Qsvisziv0$psk1jsph$glerki$iwxmqexiw$hmjjiv$egvsww$wsjx{evi$mqtpiqirxexmsrw0$qswx$rsxefp}$fix{iir$HE$

qixlshw$xlex$stivexi$sr$mrhmzmhyep$gippw$zivwyw$sr$ws1geppih$twiyhsfypow2$Jsv$xlmw$erep}wmw0${i${mpp$

wxerhevhm~i$psk1jsph$glerki$gepgypexmsr$jsv$epp$HE$qixlshw$ywmrk$xli$gshi$mqtpiqirxih$mr$Wmkreg2$

[i$lezi$gsrjsvqih$xs$xlmw$tper$f}$ywmrk$Wmkreg$xs$gepgypexi$psk1jsph$glerkiw$,sv0$qsvi$tvigmwip}0$ywmrk$

jyrgxmsrw$jvsq$Wiyvex?$wii$epws$syv$viwtsrwi$xs$xli$vizmi{iv×w$vipexih$tsmrx$fips{-$mr$iziv}$erep}wmw$

tviwirxih$mr$xli$qerywgvmtx2$Xlmw$mw$epws$vi1wxexih$mr$xli$Qixlshw$wigxmsr$sj$xli$Wxeki$6$wyfqmwwmsr2$[i$

rs{$ehhmxmsrepp}0$erh$ew$viuyiwxih$mr$e$witevexi$tsmrx0$wxexi$xli$tvigmwi$zivwmsrw$sj$Wmkreg3Wiyvex$ywih$

mr$xli$qerywgvmtx$,wii$epws$syv$viwtsrwi$xs$xli$gsqqirx$mqqihmexip}$fips{-2$Xli$vipizerx$wigxmsr$sj$xli$

Qixlshw$rs{$viehw$ew$jspps{w>$

Mqtegx$sj$psk1jsph$glerki$jmpxivmrk

Xs$wxyh}$xli$mqtegx$sj$psk1jsph$glerki$jmpxivmrk0${i$ekemr$qehi$ywi$sj$xli$qexglmrk$fypo$EXEG1wiu$erh$

wmrkpi1gipp$qypxm1sqmg$hexewixw$iqtps}ih$mr$I|tivmqirxw$5$erh$60$viwtigxmzip}2$[i$fmrrih$tieow$,kiriw-$

eggsvhmrk$xs$xlimv$higmpiw$sj$efwspyxi$psk61jsph$glerki$mr$xli$wgEXEG1wiu$hexe0$erh$xlir$viqszih$xli$fsxxsq$

54)$xs$=4)$sj$tieow$,kiriw-${mxl$xli$ps{iwx$psk1jsph$glerki$mr$iegl$hexewix2$Xlmw$tvsgihyvi${ew$vitiexih$

ejxiv$viqszmrk$er$iuyep$ryqfiv$sj$tieow$jvsq$xli$hexewix$ex$verhsq2$[i$xlir$gsqtyxih$xli$hmjjivirgi$mr$xli$

EYGG${lir$jmpxivmrk$f}$psk1jsph$glerki$zivwyw$ex$verhsq0$erh$wyqqevm~ih$xli$hmjjivirgi$egvsww$HE$qixlshw$

ywmrk$Gslir×w$h2$Figeywi$psk1jsph$glerki$iwxmqexiw$hmjjiv$egvsww$wsjx{evi$mqtpiqirxexmsrw0${i$wxerhevhm~ih$

psk1jsph$glerki$gepgypexmsr$jsv$epp$HE$qixlshw$ywmrk$xli$gshi$mqtpiqirxih$mr$xli$Wiyvex$jyrgxmsr$

JsphGlerki79>

Witevexip}0${i$izepyexih$xli$ijjigx$sj$psk1jsph$glerki$jmpxivmrk$sr$xli$ryqfiv$sj$jepwi$hmwgszivmiw$mr$

wmrkpi1gipp$HE$erep}wmw2$Jsv$xlmw$tyvtswi0${i$vitiexih$xli$verhsq$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe$

mr$I|tivmqirx$70$erh$gsqtevih$xli$ryqfiv$sj$jepwi$hmwgszivmiw$vixyvrih$f}$iegl$HE$qixlsh$ejxiv$psk1jsph$

glerki$jmpxivmrk$zivwyw$verhsq$tieo$jmpxivmrk2$$

Figeywi${i$leh$mrhmgexih$mr$syv$Wxeki$5$wyfqmwwmsr$xlex${i${syph$vitsvx$psk1jsph$glerkiw0${i$fipmizi$

xlex$nsyvrep$tspmg}$wyvvsyrhmrk$Vikmwxivih$Vitsvxw${syph$tvigpyhi$yw$jvsq$epxivmrk$xli$fewi$sj$xli$

pskevmxlq$ger$fi$epxivih$ex$xlmw$tsmrx?$ls{iziv0${i$evi$givxemrp}$lett}$xs$qeoi$xlmw$qmrsv$glerki$

xlvsyklsyx$xli$qerywgvmtx$ex$xli$hmwgvixmsr$sj$xli$ihmxsv2$

Mr$kirivep0$qsvi$qixlshspskmgep$hixempw$evi$viuymvih2$Jsv$i|eqtpi0$ls{$mw$JHV$gsqtyxih0$ls{$mw$XJ1MHJ$

gsqtyxih2$Xli$eyxlsvw$wlsyph$wxexi$xli$jsvqype$erh$jyrgxmsrw$,{mxl$teveqixivw$ywih-0$erh$wsjx{evi$

;



zivwmsrw2$Rsxefp}$xlivi$lezi$fiir$wmkrmjmgerx$fykw$mr$tewx$zivwmsrw$sj$Wiyvex$vikevhmrk$xli$gepgypexmsr$sj$

jsph$glerkiw${mxl$wgEXEG$hexe0$ws$mx$mw$iwwirxmep$xlex$zivwmsrw$evi$wxexih$erh$xli$eyxlsvw$evi$ywmrk$

yt1xs1hexi$wsjx{evi$mqtpiqirxexmsrw2

[i$lezi$i|xirwmzip}$vizmwih$xli$Qixlshw$wigxmsrw$xs$viwtsrh$xs$epp$sj$xliwi$tsmrxw2$Wtigmjmgepp}0$xli$

vizmwih$Qixlshw$rs{$tvszmhiw$xli$zivwmsr$ryqfivw$sj$epp$tegoekiw$ew${ipp$ew$wtigmjmg$jyrgxmsrw$xlex${ivi$

geppih2$Xs$ezsmh$vitvshygmrk$xli$qensvmx}$sj$xli$Qixlshw$wigxmsr$livi0${i$vijiv$xli$vizmi{iv$xs$xli$vizmwih$

qerywgvmtx$jsv$xli$gsqtpixi$pmwx$sj$vizmwmsrw2$Xs$viwtsrh$xs$xli$wtigmjmg$tsmrxw$vemwih$mr$xlmw$gsqqirx0$

JHV${ew$gsqtyxih$ywmrk$xli$fewi$V$jyrgxmsr$Öt2ehnywx×$,{mxl$qixlsh$A$ÖFL×-0${liview$XJ1MHJ$

rsvqepm~exmsr${ew$tivjsvqih$ywmrk$xli$ÖVyrXJMHJ×$jyrgxmsr$mr$Wmkreg$,zivwmsr$525925-2$[i$epws$xeoi$xli$

sttsvxyrmx}$livi$xs$lmklpmklx$xlex${i$lezi$qehi$epp$sj$xli$erep}wmw$gshi$ywih$mr$xlmw$wxyh}$tyfpmgp}$

ezempefpi$zme$KmxLyf2$

Jmkyvi$9$mw$levh$xs$mrxivtvix$mr$wizivep${e}w2$Jmvwx0$xli$\1e|mw$wxexiw$Ô'$sj$gippwÕ$fyx$e$tivgirxeki$mw$kmzir$

epsrk$xli$e|mw2$Fewih$sr$xli$hiwgvmtxmsr$mr$xli$qixlshw0$M$fipmizi$xlmw$wlsyph$fi$Ô)$tieow$viqszihÕ$sv$

wsqixlmrk$wmqmpev2$Wigsrh0$xli$pikirh$wxexiw$ÔIjjigx$wm~i$,Gslir×w$h-$sj$mrgviewmrkp}$wxvmrkirx$psk1jsph$

glerki$jmpxivmrk$sr$xli$EYGG$fix{iir$wmrkpi1gipp$erh$fypo$EXEG1wiu$HE2Õ$Mx×w$yrgpiev${lex$mw$egxyepp}$

fimrk$wls{r2$Xli$xi|x$epws$hmwgywwiw$xli$gsqtevmwsr$sj$jsph$glerki$jmpxivmrk$zw$verhsq$jmpxivmrk0$fyx$xli$

jmkyvi$gsqteviw$jsph$glerki$jmpxivmrk$xs$rs$jmpxivmrk2$Xli$eyxlsvw$wlsyph$vixlmro$ls{$xs$tviwirx$xli$viwypxw$

jvsq$i|tivmqirx$9$mr$e$gpiev$erh$gsqtippmrk${e}2$Xli$qswx$ywijyp$mrjsvqexmsr$xs$viehivw$mw>$ls{$hsiw$xli$

jepwi$tswmxmzi$vexi$glerki$jsv$hmjjivirx$jsph1glerki$jmpxivw0$ls{$hsiw$xli$gsrgsvhergi$fix{iir$fypo$zw$

wmrkpi1gipp$erh$VRE$zw$EXEG$glerki${mxl$hmjjivirx$jsph1glerki$jmpxivw0$ls{$hsiw$epp$sj$xlmw$gsqtevi$xs$

verhsq$viqszep$sj$xli$weqi$ryqfiv$sj$tieow2

Xli$vizmi{iv$mw$gsvvigx$xs$tsmrx$syx$xlex$xli$|1e|mw$xmxpi${ew$mrgsvvigx$mr$xli$svmkmrep$jmkyvi2$[i$vizmwih$xli$

|1e|mw$xmxpiw$xs$Ô)$sj$tieow$,kiriw-$viqszih2Õ$Qsvisziv0${i$ekvii$xlex$epp$sj$xli$uyiwxmsrw$xli$vizmi{iv$

vemwihÓÔls{$hsiw$xli$jepwi$tswmxmzi$vexi$glerki$jsv$hmjjivirx$jsph1glerki$jmpxivw0$ls{$hsiw$xli$

gsrgsvhergi$fix{iir$fypo$zw$wmrkpi1gipp$erh$VRE$zw$EXEG$glerki${mxl$hmjjivirx$jsph1glerki$jmpxivw0$ls{$

hsiw$epp$sj$xlmw$gsqtevi$xs$verhsq$viqszep$sj$xli$weqi$ryqfiv$sj$tieowÕÓevi$mrxiviwxmrk$erh$mqtsvxerx$

uyiwxmsrw2$Mrhiih0$xliwi$evi$i|egxp}$xli$uyiwxmsrw$xlex$xli$i|tivmqirx$mr$uyiwxmsr${ew$hiwmkrih$xs$

ehhviww2$Syv$tviwirxexmsr$sj$xli$hexe$mr$Fig. 5$qe}$lezi$sfwgyvih$xlmw2$Ew$wls{r$mr$xli$eggsqter}mrk$

wyttpiqirxev}$jmkyviw$,Supplementary Figs. 9a, 10a, 11a-0$erh$hiwgvmfih$mr$xli$Qixlshw$erh$xli$Wxeki$

5$wyfqmwwmsr0${i$lezi$gsqtevih$xli$EYGG$,sv$ryqfiv$sj$jepwi$hmwgszivmiw-${lir$jmpxivmrk$tieow$fewih$

sr$xlimv$psk1jsph$glerki0$zivwyw$viqszep$sj$er$iuyep$ryqfiv$sj$verhsqp}$wipigxih$tieow2$Yrjsvxyrexip}0$

xli$}1e|mw${ew$mrgsvvigxp}$pefippih$ÔGslir×w$h$,zw2$rs$jmpxiv-Õ${liview$xlmw$wlsyph$lezi$vieh$ÔGslir×w$h$

,zw2$verhsq$tieo$viqszep-2Õ$[i$gsvvigxih$xli$}1e|mw$xmxpi0$xli$jmkyvi$pikirh$erh$ehhmxmsrepp}$vizmwih$xli$

xmxpiw$sj$iegl$jmkyvi$terip2$Xli$ri{$jmkyvi$mw$vitvshygih$fips{>$

<



Fig. 5 | Impact of log-fold change filtering on single-cell DA analysis.

a, Ijjigx$wm~i$,Gslir×w$ -$sj$mrgviewmrkp}$wxvmrkirx$psk1jsph$glerki$jmpxivmrk$sr$xli$EYGG$fix{iir$wmrkpi1gipp$

erh$fypo$EXEG1wiu$HE0$vipexmzi$xs$xli$viqszep$sj$er$iuymzepirx$ryqfiv$sj$tieow$wipigxih$ex$verhsq2$Mrwix$

xi|x$wls{w$xli$qihmer$Gslir×w$

b, Ew$mr$a,$fyx$jsv$xli$EYGG$fix{iir$xli$EXEG$erh$VRE$qshepmxmiw$sj$wmrkpi1gipp$qypxm1sqmgw$hexe2

c, Ew$mr$a,$fyx$jsv$xli$ryqfiv$sj$jepwi$hmwgszivmiw$mr$rypp$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe2$$

Mr$xli$rsvqepm~exmsr$wigxmsr$,i|tivmqirx$:-$mx×w$wxexih$xlex$Ô[i$jsyrh$xlex$xli$ryqfiv$sj$jepwi$hmwgszivmiw$

{ew$gsrwmwxirxp}$vihygih$ejxiv$ettp}mrk$XT54O$sv$XT,qihmer-$rsvqepm~exmsr$,Jmk2$:m1o$erh$Wyttpiqirxev}$

Jmk2$5;f1h-2$Ls{iziv0$xlmw$mqtvsziqirx$mr$xli$gsrxvsp$sj$jepwi$hmwgszivmiw$geqi$ex$xli$i|tirwi$sj$

fmspskmgep$eggyveg}$,Jmk2$:l-2Õ$Ò$xlmw$hsiw$rsx$wiiq$xs$fi$xli$gewi$jsv$XJ1MHJ$erh$xli$x1xiwx2$Fixxiv$terip$

pefipmrk$mw$epws$riihih$jsv$jmkyvi$:2$Wizivep$teripw$ettiev${mxl$xli$weqi$e|iw$erh$xmxpi0$erh$xli$viehiv$

lew$xs$gevijypp}$psso$ex$xli$pikirh$xs${svo$syx${lex$mx×w$wls{mrk2$I|tviwwmrk$epp$xli$viwypxw$ew$Gslir×w$H$

livi$higviewiw$xli$mrxivtvixefmpmx}$sj$xli$viwypxw2$Mx$mw$fixxiv$xs$vitsvx0$jsv$i|eqtpi0$xli$jepwi$tswmxmzi$vexi$

mxwipj$,jmkyvi$terip$:m0$ixg-2

[i$viwtsrh$xs$iegl$tsmrx$vemwih$f}$xli$vizmi{iv$mr$svhiv>

52 Syv$hexe$wls{w$xlex$XT54O$sv$XT,qihmer-$rsvqepm~exmsr$fsxl$vihygi$xli$ryqfiv$sj$jepwi$

hmwgszivmiw0$fyx$xlmw$lew$imxliv$rs$ijjigx$sv$e$rikexmzi$ijjigx$sr$xli$fmspskmgep$eggyveg}0$

hitirhmrk$sr$xli$wxexmwxmgep$xiwx$xlex$mw$ywih$hs{rwxvieq$sj$rsvqepm~exmsr2$[mxl$viwtigx$xs$xli$

wtigmjmg$gsqfmrexmsr$sj$XJ1MHJ${mxl$xli$x1xiwx0$xlmw$tvshygiw$xli$sttswmxi$texxivr>$xli$ryqfiv$sj$

jepwi$hmwgszivmiw$mw$mrgviewih0$fyx$ws$mw$xli$fmspskmgep$eggyveg}2$[i$ekvii$xlex${i$ger$jpiwl$syx$

syv$tviwirxexmsr$sj$xlmw$hexe2$Xli$vizmwih$tevekvetl$rs{$viehw$ew$jspps{w>$

[i$xlir$ewoih${lixliv$wtigmjmg$ettvsegliw$xs$rsvqepm~exmsr$gsyph$qmxmkexi$xli$ettievergi$sj$jepwi$

hmwgszivmiw2$[i$jsyrh$xlex$xli$ryqfiv$sj$jepwi$hmwgszivmiw${ew$gsrwmwxirxp}$vihygih$ejxiv$ettp}mrk$XT54O$sv$

XT,qihmer-$rsvqepm~exmsr$,Fig. 6i-k$erh$Supplementary Fig. 17b-d-2$Ls{iziv0$xliwi$x{s$ettvsegliw$hmh$rsx$

mqtvszi0$erh$mr$wsqi$gewiw$higviewih0$xli$gsrgsvhergi$fix{iir$wmrkpi1gipp$erh$fypo$EXEG1wiu$hexe$,Fig. 

6h-2$Sr$xli$sxliv$lerh0$xli$gsqfmrexmsr$sj$XJ1MHJ$rsvqepm~exmsr${mxl$xli$x1xiwx0${lmgl$mrgviewih$xli$

gsrgsvhergi$fix{iir$wmrkpi1gipp$erh$fypo$EXEG1wiu$hexe0$epws$mrgviewih$xli$ryqfiv$sj$jepwi$hmwgszivmiw2

62 Xlero$}sy$jsv$tsmrxmrk$xlmw$syx2$[i$lezi$vizmwih$xli$xmxpiw$sj$iegl$terip$mr$Fig. 6b-d$erh$i-j$xs$

viqszi$xli$vihyrherx$e|iw3xmxpiw$erh$gpievp}$mrhmgexi${lmgl$wix$sj$erep}wiw$evi$wls{r$mr$iegl$

terip2

=



72 [i$ekvii$xlex$mx$mw$mqtsvxerx$xs$wls{$xli$qixvmgw$xlex$evi$xli$mrtyx$xs$xli$gepgypexmsr$sj$Gslir×w$h$

,i2k20$xli$ryqfiv$sj$jepwi$hmwgszivmiw-2$Xliwi$qixvmgw$evi$wls{r$mr$xli$ryqivsyw$wyttpiqirxev}$

jmkyviw$xlex$eggsqter}$Fig. 6$,m2i20$Supplementary Figs. 14-26-2$Yrjsvxyrexip}0$xli$wliiv$

zspyqi$sj$hexe$mr$xliwi$jmkyviw$hsiw$rsx$tivqmx$yw$xs$mrgpyhi$xliq$mr$xli$qemr$xi|x0$kmzir$xlex$mx$

sggytmiw$<$wyttpiqirxev}$jmkyviw0${mxl$qswx$sj$xliwi$fimrk$e$jypp$teki$mr$wm~i2$[i$lezi$xvmih$xs$

wls{$xli$jypp$hmwxvmfyxmsrw$sj$xliwi$qixvmgw$mr$xli$qemr$xi|x${livi$tswwmfpi$,i2k2$Fig. 6a-g, o-p-$

fyx$xlmw$mw$tevxmgypevp}$hmjjmgypx$mr$xli$erep}wiw$wtigmjmgepp}$vipexih$xs$rsvqepm~exmsr0$erh$xlivijsvi$

{i$lezi$mrwxieh$ipigxih$xs$wyqqevm~i$xli$ijjigxw$sj$wm|$rsvqepm~exmsr$qixlshw$egvsww$xlvii$

wxexmwxmgep$xiwxw$mr$xli$qemr$xi|x$mr$Fig. 6h-n2

Fig. 6 | Best practices for scATAC-seq analysis.

a, Evie$yrhiv$xli$gsrgsvhergi$gyvzi$,EYGG-$jsv$wmrkpi1gipp$HE$qixlshw$ywmrk$qexglmrk$fypo$EXEG1wiu$ew$e$

vijivirgi0$fijsvi$erh$ejxiv$fmrevm~mrk$wgEXEG1wiu$hexe2$Mrwix$xi|x$wls{w$xli$qihmer$EYGG2

b, Ryqfiv$sj$HE$tieow$hixigxih$fix{iir$verhsqp}$ewwmkrih$vitpmgexiw$ex$9)$JHV${mxlmr$iegl$gipp$x}ti$mr$

verhsq$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe0$fijsvi$erh$ejxiv$fmrevm~exmsr2$Mrwix$xi|x$wls{w$xli$

qihmer$ryqfiv$sj$HE$tieow2

c, Ew$mr$b, fyx$wls{mrk$xli$ryqfiv$sj$HE$tieow$hixigxih$ex$9)$JHV$mr$HE$erep}wmw$sj$hs{rweqtpih$fypo$

EXEG1wiu$pmfvevmiw${mxlsyx$fmspskmgep$hmjjivirgiw$fix{iir$i|tivmqirxep$gsrhmxmsrw2$
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d, Ew$mr$b, fyx$wls{mrk$xli$ryqfiv$sj$HE$tieow$hixigxih$ex$9)$JHV$mr$qship1fewih$wmqypexmsrw$sj$

wgEXEG1wiu$hexe${mxlsyx$fmspskmgep$hmjjivirgiw$fix{iir$i|tivmqirxep$gsrhmxmsrw2

e, Qier$vieh$hitxl$sj$xli$xst150444$HE$tieow$mhirxmjmih$f}$iegl$wmrkpi1gipp$HE$qixlsh$mr$tyfpmwlih$

wgEXEG1wiu$hexewixw0$fijsvi$erh$ejxiv$fmrevm~exmsr2$Mrwix$xi|x$wls{w$xli$qihmer$egvsww$gsqtevmwsrw2$

f, Ew$mr$e,$fyx$wls{mrk$xli$tvstsvxmsr$sj$gippw$mr${lmgl$xliwi$tieow$evi$stir2

g, Ew$mr$e,$fyx$wls{mrk$xli${mhxl$sj$iegl$tieo2

h, Ijjigx$wm~i$,Gslir×w$ -$sj$hmjjivirx$ettvsegliw$xs$rsvqepm~exmsr$sj$wgEXEG1wiu$hexe$sr$xli$EYGG$fix{iir$

wmrkpi1gipp$erh$fypo$EXEG1wiu$HE0$vipexmzi$xs$psk1XT54O$rsvqepm~exmsr2$

i, Ew$mr$h,$fyx$wls{mrk$xli$ryqfiv$sj$HE$tieow$hixigxih$fix{iir$verhsqp}$ewwmkrih$vitpmgexiw$ex$9)$JHV$

{mxlmr$iegl$gipp$x}ti$mr$verhsq$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe2

j, Ew$mr$h, fyx$wls{mrk$xli$ryqfiv$sj$HE$tieow$hixigxih$ex$9)$JHV$mr$HE$erep}wmw$sj$hs{rweqtpih$fypo$

EXEG1wiu$pmfvevmiw${mxlsyx$fmspskmgep$hmjjivirgiw$fix{iir$i|tivmqirxep$gsrhmxmsrw2$

k, Ew$mr$h, fyx$wls{mrk$xli$ryqfiv$sj$HE$tieow$hixigxih$ex$9)$JHV$mr$qship1fewih$wmqypexmsrw$sj$

wgEXEG1wiu$hexe${mxlsyx$fmspskmgep$hmjjivirgiw$fix{iir$i|tivmqirxep$gsrhmxmsrw2

l, Ew$mr$h,$fyx$wls{mrk$xli$qier$vieh$hitxl$sj$xli$xst150444$HE$tieow$mhirxmjmih$f}$iegl$wmrkpi1gipp$HE$

qixlsh$mr$tyfpmwlih$wgEXEG1wiu$hexewixw2

m,$Ew$mr$l,$fyx$wls{mrk$xli$tvstsvxmsr$sj$gippw$mr${lmgl$xliwi$tieow$evi$stir2

n,$Ew$mr$l,$fyx$wls{mrk$xli${mhxl$sj$iegl$tieo2

_222a

Sxliv$tsmrxw>

1$Ôerep}xmgep${svojps{w$mqtpiqirxih$mr$hmjjivirx$pefsvexsvmiw$fiev$pmxxpi$viwiqfpergi$xs$sri$ersxlivÕ$Ò$xlmw$

mw$mreggyvexi2$Xli${svojps{w0${lmpi$lezmrk$hmjjivirgiw0$hs$jyrheqirxepp}$jspps{$wmqmpev$wxvexikmiw$sj$

uyerxmj}mrk$tieow0$rsvqepm~mrk$xli$hexe0$hijmrmrk$kvsytw$sj$gippw0$erh$tivjsvqmrk$e$wxexmwxmgep$xiwx2

Xlmw$wirxirgi$mw$jsyrh${mxlmr$xli$Mrxvshygxmsr0${lmgl${i$yrhivwxerh$tiv$nsyvrep$tspmg}$gerrsx$fi$vizmwih$

ex$xlmw$tsmrx$mr$xli$Vikmwxivih$Vitsvx$vizmi{$tvsgiww$,ÔTpiewi$rsxi$xlex$jspps{mrk$EMT0$xli$Mrxvshygxmsr$

wigxmsr$gerrsx$fi$epxivih$etevx$jvsq$gsvvigxmsr$sj$jegxyep$ivvsvw0$x}tskvetlmg$ivvsvw$erh$epxivmrk$sj$xirwi$

jvsq$jyxyvi$xs$tewxÕ-2$[mxl$xlex$wemh0${i$ekvii${mxl$xli$vizmi{iv$xlex$xlivi$evi$jyrheqirxep$wmqmpevmxmiw$mr$

ehhmxmsr$xs$mqtsvxerx$hmjjivirgiw$fix{iir${svojps{w0$erh$ws${i${syph$fi$lett}$xs$qeoi$xlmw$glerki$ex$

xli$hmwgvixmsr$sj$xli$ihmxsv2$

1$Mr$jmkyvi$<$,wgepefmpmx}-$xli$ryqfiv$sj$xiwxw$fimrk$tivjsvqih$wlsyph$fi$wxexih

[i$lezi$mqtpiqirxih$xlmw$wykkiwxmsr0$erh$xli$vizmwih$jmkyvi$pikirh$rs{$viehw$ew$jspps{w>

Fig. 8 | Scalability of single-cell DA methods

a, [epp$gpsgo$xmqi$viuymvih$f}$iegl$HE$qixlsh$xs$i|igyxi$iegl$gsqtevmwsr$mr$I|tivmqirx$5$, A$5:-2$Mrwix$

xi|x$wls{w$xli$qihmer$vyrxmqi$mr$qmryxiw2$

b, Tieo$qiqsv}$yweki$sj$iegl$HE$qixlsh${lmpi$i|igyxmrk$iegl$gsqtevmwsr$mr$I|tivmqirx$5$, A$5:-2$Mrwix$

xi|x$wls{w$xli$qihmer$tieo$qiqsv}$yweki$mr$KF2

c, Ew$mr$a,$fyx$jsv$iegl$gsqtevmwsr$mr$I|tivmqirx$6$, A$74:-2

d, Ew$mr$b,$fyx$jsv$iegl$gsqtevmwsr$mr$I|tivmqirx$6$, A$74:-2

e,$[epp$gpsgo$xmqi$viuymvih$f}$epxivrexmzi$mqtpiqirxexmsrw$sj$xlvii$HE$qixlshw$,x1xiwx0$[mpgs|sr$vero1wyq$

xiwx0$erh$rikexmzi$fmrsqmep$vikviwwmsr-2$Mrwix$xi|x$wls{w$xli$qihmer$vyrxmqi$mr$qmryxiw2$...0$t$@$54Ò590$temvih$

x1xiwx2$

f,$Ew$mr$e,$fyx$wls{mrk$tieo$qiqsv}$yweki$f}$iegl$epxivrexmzi$mqtpiqirxexmsr2$Mrwix$xi|x$wls{w$xli$qihmer$

tieo$qiqsv}$yweki$mr$KF2

1$Mr$xli$wgepefmpmx}$wigxmsr0$xli$hmjjivirxmep$xiwxmrk$jyrgxmsrw$evi$mrgsvvigxp}$exxvmfyxih$xs$xli$Wmkreg$tegoeki$

,xli}$evi$mr$jegx$tevx$sj$Wiyvex-2$Weqi$mw$xvyi$jsv$wizivep$sxliv$jyrgxmsrw2
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[i$lezi$qehi$ihmxw$xlvsyklsyx$xli$Qixlshw$wigxmsr$xs$gpevmj}$xli$svmkmr$sj$jyrgxmsrw$mqtpiqirxih$mr$

Wmkreg$,i2k20$VyrXJMHJ0$GeppTieow-$zivwyw$jyrgxmsrw$mqtpiqirxih$mr$Wiyvex$,i2k20$JmrhQevoivw0$

JsphGlerki-2
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Vizmi{iv$'6$,Viqevow$xs$xli$Eyxlsv->

Xlmw$vikmwxivih$vitsvx$mw${ipp${vmxxir$erh$hexe$erep}wmw$mw${ipp$tviwirxih2$Viwypxw$mrhmgexi$xli$ehzerxeki$

sj$wxerhevh$fypoVRE1wiu$ettvsegliw$,HIwiu$erh$IhkiV-$mr$xli$szivepp$tvsfpiq2$[lmpi$viwypxw$wyttsvx$

xlmw0$mx$gerrsx$fi$i|gpyhih$xlex$xliwi$gsrgpywmsrw$evmwi$jvsq$xli$jegx$HI$erep}wmw$ywih$xs$kirivexi$ksph$

wxerhevhw$mr$qswx$sj$xli$izspyxmsr$wgirevmsw2

Xlmw${ew$hmwgywwih$mr$tvizmsyw$vsyrhw$sj$vizmi{$erh$mw$mrhmgexih$mr$xli$pmqmxexmsr$wigxmsr2$Mrxiviwxmrk$

gsrxvmfyxmsrw$xs$xli$pmxivexyvi$mrgpyhi$xli$erep}wmw$sj$fiwx$tvegxmgiw$mr$wgEXEG1wiu$hexe0${lmgl$mrhmgexiw$

tsxirxmep$firijmxw$sj$fmrevm~exmsr0$ijjigxw$sj$rsvqepm~exmsr$erh$tieo$geppmrk2$E$wxerhmrk$gvmxmgep$tsmrx$mw$xli$

jegx$xlex$qensvmx}$sj$viwypxw$hs$rsx$ywi$fiwx$tvegxmgiw$,qswxp}$ehstxih$mr$xli$wgEXEG1wiu$pmxivexyvi$erh$

gsrjmvqih$f}$wsqi$sj$xli$viwypxw-$mr$xlimv$firglqevomrk2$Eyxlsvw$riihw$xs$ehhviww$xlmw$erh$hmwgyww$xliwi$

tsmrxw$erh$hiwgvmfi$tsxirxmep$pmqmxexmsrw$qsvi$i|tpmgmxp}2

Xlero$}sy$ekemr$jsv$}syv$gsrwxvygxmzi$gsqqirxw$erh$ijjsvxw$xs$mqtvszi$syv$qerywgvmtx2$

Qensv$tsmrxw>

52$EYGG$vitsvxih$mr$Jmk2$6$evi$szivepp$uymxi$ps{$,qe|mqyq$sj$4276-$erh$mrhmgexi$xlex$qswx$qixlshw$

tivjsvq$uymxi$feh$mr$xli$HE$tvsfpiq2$Ersxliv$i|tperexmsr$jsv$xlmw${syph$fi$xlex$xlmw$izepyexmsr$mw$

wyf1stxmqep0$m2i2$HE$tieow$mr$wmrkpi$gipp$hexe$hs$rsx$qexgl$xli$sriw$mr$fypo$hyi$xs$ps{iv$uyepmx}$sj$imxliv$

fypo$sv$wgEXEG1wiu$i|tivmqirxw2$Xlmw$wlsyph$fi$hmwgywwih$mr$xli$qerywgvmtx2

Xlero$}sy$jsv$xlmw$gsqqirx2$[i$ekvii$xlex$er$EYGG$sj$4276$wytivjmgmepp}$wiiqw$pmoi$e$ps{$zepyi2$Xli$

x{s$tswwmfmpmxmiw$jsv$xlmw$sfwivzexmsr$wykkiwxih$f}$xli$vizmi{ivÓreqip}0$xlex$xli$sfwivzih$EYGGw$qe}$

vijpigx$tssv$tivjsvqergi$sj$epp$HE$qixlshw0$erh3sv$xiglrmgep$hmjjivirgiw$fix{iir$fypo$erh$wmrkpi1gipp$

EXEG1wiuÓevi$fsxl$tpeywmfpi2$E$xlmvh$tswwmfmpmx}$mw$xlex$xlmw$vijpigxw$e$tvstivx}$sj$xli$qixvmg$mxwipj0$m2i20$xlex$

x{s$mrhitirhirx$viepm~exmsrw$sj$xli$weqi$i|tivmqirx${syph$}miph$er$EYGG$wyfwxerxmepp}$fips{$524$wspip}$

hyi$xs$xli$omrh$sj$i|tivmqirxep$zevmefmpmx}$xlex$mw$glevegxivmwxmg$sj$er}$lmkl1xlvsykltyx$wiuyirgmrk$

xiglrspsk}2$Syv$hexe$hsiw$rsx$epps{$yw$xs$hmwxmrkymwl$fix{iir$xliwi$i|tperexmsrw0$erh$mx$wiiqw$ziv}$

tpeywmfpi$xlex$epp$xlvii$qe}$tpe}$e$vspi2$[i$ehhmxmsrepp}$ekvii$xlex$mx${syph$wxvirkxlir$xli$qerywgvmtx$xs$

lmklpmklx$xliwi$gsrwmhivexmsrw0$erh$lezi$hsri$ws$mr$e$tevekvetl$ehhih$xs$xli$Hmwgywwmsr>

Mr$gsqtevmwsrw$sj$wgEXEG1wiu$erh$qexglih$fypo$EXEG1wiu$hexe0${i$kirivepp}$sfwivzih$xlex$xli$EYGG$

{ew$piww$xler$4290${mxl$rs$HE$qixlsh$eglmizmrk$er$EYGG$kviexiv$xler$4296$mr$er}$tvmqev}$sv$wigsrhev}$

erep}wmw$,Supplementary Fig. 1c-2$Xlmw$sfwivzexmsr$gsyph$vijpigx$xli$tviwirgi$sj$xiglrmgep$hmjjivirgiw$

fix{iir$fypo$erh$wmrkpi1gipp$EXEG1wiu0$e$yrmzivwepp}$tssv$tivjsvqergi$sj$HE$qixlshw$mr$imxliv$wmrkpi1gipp$sv$

fypo$EXEG1wiu$hexe0$sv$xli$tvstivxmiw$sj$xli$EYGG$qixvmg$mxwipj2$[mxl$viwtigx$xs$xli$jmrep$tswwmfmpmx}0$mx$mw$

rsxi{svxl}$xlex$Wsriwsr $tvizmsywp}$sfwivzih$xlex0$mr$xli$gsrxi|x$sj$wgVRE1wiu0$ettp}mrk$x{s$hmjjivirx$

HI$qixlshw$xs$xli$weqi$hexewix$sjxir$}miphih$er$EYGG$wyfwxerxmepp}$ps{iv$xler$4292$Syv$hexe$hs$rsx$epps{$yw$

xs$hmwxmrkymwl$fix{iir$xliwi$tsxirxmep$qiglermwqw0$erh$tpeywmfp}$vijpigx$e$gsqfmrexmsr$sj$epp$xlvii$

tswwmfmpmxmiw2

62$Ywyepp}$wmrkpi$gipp$EXEG1wiu$tieow$evi$hivmzih$jvsq$xli$fypomrk$xli$wmrkpi$gipp$hexe$f}$gsrwmhivmrk$

imxliv$epp$sv$gpywxivih$gippw2$Ew$q}$viuyiwx0$eyxlsvw$mrgpyhi$er$erep}wmw$sr$ywmrk$xli$jmvwx$izepyexmsr$,Jmk2$

6-2$Mrxiviwxmrkp}0$vitsvxih$viwypxw$lezi$wmkrmjmgerxp}$lmkliv$EYGGw$,qe|mqyq$sj$4286$erh$69)$

mqtvsziqirx$jsv$epp$qixlshw-2$Xlmw$wyttsvxw$e$lmkliv$uyepmx}$sj$wgEXEG1wiu$hexe0$ew$tvizmsywp}$hmwgywwih$

mr$q}$vizmwmsrw2$Epws0$mr$gsrxvev}$xs$xli$qerywgvmtx$wxexiqirx0$xli$veromrk$sj$qixlshw$mw$hmwxmrgx$jsv$terip$

Wytt2$5f$erh$Jmk2$6f2
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[i$lezi$vizmwih$xli$wirxirgi$mr$uyiwxmsr$xs$iqtlewm~i$xlex$epxlsykl$xli$veromrkw$sj$HE$qixlshw$evi$

fvsehp}$wmqmpev$fix{iir Fig. 2b$erh$Supplementary Fig. 1d0$xli}$evi$rsx$mhirxmgep>$

_222a$Mr$epp$sj$xli$efszi$erep}wiw0${i$leh$geppih$tieow$mr$xli$qexglih$fypo$EXEG1wiu$hexe0$fyx${mhip}$ywih$

wsjx{evi$tegoekiw$wygl$ew$Wmkreg790$EvglV770$erh$WretEXEG78$mrwxieh$gepp$tieow$mr$Ötwiyhsfypo×$weqtpiw$

gviexih$f}$tsspmrk$xli$wmrkpi1gipp$hexe2$[i$jsyrh$xlex$xlmw$tvsgihyvi$mqtvszih$gsrgsvhergi$fix{iir$

wmrkpi1gipp$erh$fypo$EXEG$szivepp0$fyx$xlex$xli$vipexmzi$tivjsvqergi$sj$wmrkpi1gipp$HE$qixlshw$viqemrih$wmqmpev$

epxlsykl$rsx$mhirxmgep$,Supplementary Fig. 1d-2$_222a$

72$Wxmpp$sr$xli$weqi$xstmg$ywmrk$tvsqsxivw$pieh$xs$e$qygl$lmkliv$EYGG$,42;:-$erh$ziv}$hmwxmrgx$qixlsh$

veromrkw2$Xli$viewsr$fiwmhiw$xlmw$mw$rsx$hmwgywwih$mr$xli$qerywgvmtx2

[i$ekvii$xlex$xlmw$mw$er$mrxiviwxmrk$hmjjivirgi2$Syv$hexe$hs$rsx$epps{$yw$xs$iwxefpmwl$e$hijmrmxmzi$geywep$

vipexmsrwlmt0$fyx${i$sfwivzi$xlex$tieow$mr$tvsqsxiv$vikmsrw$hmjjiv$mr$wizivep$mqtsvxerx$xiglrmgep$viwtigxw$

jvsq$xlswi$mr$irlergiv$vikmsrw>$xli}$xirh$xs$fi$stir$mr$e$kviexiv$ryqfiv$sj$gippw$erh$wyttsvxih$f}$e$

kviexiv$ryqfiv$sj$viehw2$Xliwi$sfwivzexmsrw$evi$gsrkvyirx${mxl$sfwivzexmsrw$qehi$mr$fsxl$fypo$erh$

wmrkpi1gipp$EXEG1wiu$hexe0$ew$rsxih$mr$xli$Qixlshw0$erh$fsxl${syph$fi$i|tigxih$ xs$mqtvszi$xli$

eggyveg}$sj$HE$erep}wmw$f}$mrgviewmrk$xli$wmkrep1xs1rsmwi$vexms2$

Figeywi$xlmw$erep}wmw${ew$rsx$tvivikmwxivih0${i$lezi$mrgsvtsvexih$xliwi$viwypxw$mr$xli$ri{$ÔI|tpsvexsv}$

erep}wiwÕ$wigxmsr$ex$xli$irh$sj$xli$Viwypxw0${lmgl$mw$vitvshygih$fips{$epsrk${mxl$xli$ri{p}$ehhih$

Supplementary Fig. 29>$

I|tpsvexsv}$erep}wiw

Hyvmrk$xli$tiiv$vizmi{$sj$xlmw$qerywgvmtx0$xli$vizmi{ivw$wykkiwxih$ehhmxmsrep$erep}wiw$xlex$leh$rsx$fiir$

tvivikmwxivih2$Mr$xlmw$wigxmsr0${i$tviwirx$xli$viwypxw$sj$xliwi$ 0$yrvikmwxivih$erep}wiw2$

Jmvwx0${i$jsyrh$xlex$xli$gsrgsvhergi$fix{iir$wmrkpi1gipp$erh$fypo$EXEG1wiu$hexe${ew$wyfwxerxmepp}$lmkliv$jsv$

tieow$psgexih$mr$tvsqsxiv$vikmsrw$xler$jsv$xlswi$psgexih$mr$irlergivw$,Supplementary Fig. 1f-2$[liview$syv$

hexe$hsiw$rsx$epps{$yw$xs$iwxefpmwl$e$hijmrmxmzi$geywep$i|tperexmsr$jsv$xlmw$tlirsqirsr0${i$jsyrh$xlex$tieow$

mr$tvsqsxiv$vikmsrw$xirhih$xs$fi$stir$mr$e$kviexiv$ryqfiv$sj$gippw0$erh$wyttsvxih$f}$e$kviexiv$ryqfiv$sj$

viehw0$ew$gsqtevih$xs$tvsqsxiv$vikmsrw$,Supplementary Fig. 29-2$Xliwi$sfwivzexmsrw$evi$gsrkvyirx${mxl$

sfwivzexmsrw$qehi$mr$fsxl$fypo$erh$wmrkpi1gipp$EXEG1wiu$hexe6076$erh$pmoip}$i|tpemr0$ex$piewx$mr$tevx0$xli$kviexiv$

fmspskmgep$eggyveg}$sj$HE$erep}wmw$jsv$tieow$mr$tvsqsxiv$vikmsrw2$

Supplementary Fig. 29 | Exploratory analysis: technical characteristics of promoter vs. enhancer 

regions. 
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82$Kmzir$tsmrxw$50$6$erh$70$eyxlsvw$wlsyph$fi$qsvi$gvmxmgep$vikevhmrk$xlimv$szivepp$gsrgpywmsr$jsv$xlmw$

erep}wmw2$Mr$sri$lerh0$qixlshw$gsyph$fi$veroih$fi$gsrwmhivmrk$epp$hmwxmrgx$wgirevmsw2$Sr$xli$sxliv$lerh0$

eyxlsvw$riih$xs$lmklpmklx$viwypxw$fewih$sr$wgirevmsw$mqtpiqirxmrk$fiwx$tvegxmgiw$mr$sj$wgEXEG1wiu2

Xlero$}sy$jsv$xlmw$wykkiwxmsr2$Xs$ehhviww$xlmw0$ew${ipp$ew$vipexih$gsqqirxw$,tsmrxw$90$:0$erh$;-0${i$lezi$

tvshygih$xlvii$ehhmxmsrep$wyqqev}$jmkyviw$xlex$evi$mrgpyhih$mr$xli$vizmwih$qerywgvmtx2$

Mr$xli$jmvwx0${i$lezi$veroih$HE$qixlshw$eggsvhmrk$xs$xlimv$tivjsvqergi$mr$iziv}$wgirevms$mr$I|tivmqirxw$

5$erh$60$mrgpyhmrk$epp$sj$xli$wirwmxmzmx}$erep}wiw$wls{r$mr$Supplementary Figs. 1-30$erh$tvshygih$e$

qsvi$hixempih$wyqqev}$jmkyvi$xlex$mw$rs{$mrgpyhih$ew$Supplementary Fig. 330$erh$vitvshygih$fips{2$

Xlmw$jmkyvi$qsvi$gpievp}$i|tswiw$xli$hikvii$sj$zevmefmpmx}$fix{iir$HE$qixlshw$egvsww$wtigmjmg$ewtigxw$sj$

xli$hiwmkr$sj$xliwi$i|tivmqirxw$lmklpmklxih$f}$xli$vizmi{iv0$i2k20$xli$ettvsegl$ywih$xs$gepp$tieow2$Mx$epws$

lmklpmklxw$xlex$wsqi$HE$qixlshw$gsrwmwxirxp}$eglmizi$ziv}$kssh$sv$ziv}$tssv$tivjsvqergi>$jsv$mrwxergi0$

HIWiu61PVX$verow$eqsrk$xli$xst$xivgmpi$sj$HE$qixlshw$mr$epp$fyx$x{s$wgirevmsw0${liview$rikexmzi$

fmrsqmep$vikviwwmsr0$xli$fmrsqmep$xiwx0$erh$Jmwliv×w$i|egx$xiwx$riziv$vero$eqsrk$xli$xst$xivgmpi$mr$er}$

wgirevms2$$

59



Supplementary Fig. 33 | Summary of DA method performance across Experiments 1 and 2, including 

primary and all sensitivity analyses.

Qixlshw${ivi$kvsytih$mrxs$xivgmpiw$sj$lmkl0$ps{0$sv$mrxivqihmexi$tivjsvqergi$sr$xli$fewmw$sj$xlimv$uyerxmxexmzi$

tivjsvqergi$sr$iegl$xewo0$ew$mr$Fig. 90$erh$veroih$f}$xlimv$eziveki$tivjsvqergi$egvsww$epp$tvmqev}$erh$

wigsrhev}$erep}wiw$wls{r$mr$Fig. 2 erh$Supplementary Figs. 1-32

Wigsrh0$xli$vizmi{iv$wtigmjmgepp}$lmklpmklxih$xli$riih$xs$izepyexi$HE$qixlshw$Ôfewih$sr$wgirevmsw$

mqtpiqirxmrk$fiwx$tvegxmgiw$mr$sj$wgEXEG1wiu2Õ$[i$yrhivwxssh$xlmw$gsqqirx$xs$vijiv$xs$syv$sfwivzexmsr$

xlex$wsqi$HE$qixlshw$tivjsvqih$fixxiv${lir$wtigmjmg$fmrevm~exmsr$erh3sv$rsvqepm~exmsr$wxvexikmiw${ivi$

5:



iqtps}ih?$jsv$mrwxergi0$WretEXEG>>jmrhHEV$hiqsrwxvexih$qygl$fixxiv$tivjsvqergi${lir$fmrevm~mrk$

gsyrxw$xler${lir$ekkvikexmrk$uyerxmxexmzi$eggiwwmfmpmx}$qiewyviqirxw$egvsww$gippw2$[i$ekvii$xlex0$

fvsehp}$wtieomrk0${i$qmklx$lezi$hiwmkrih$syv$tviwtigmjmih$erep}wiw$hmjjivirxp}$leh${i$ors{r$xli$

syxgsqiw$sj$xli$fiwx1tvegxmgiw$i|tivmqirxw$mr$ehzergi2$Xlex${i$hmh$rsx$vijpigxw$xli$rexyvi$sj$

tvivikmwxvexmsr$erh$xli$Vikmwxivih$Vitsvx$jsvqex$qsvi$wtigmjmgepp}2$Rsrixlipiww0$xs$ehhviww$xlmw$tsmrx0${i$

tvshygih$x{s$ehhmxmsrep$wyqqev}$jmkyvi$teripw$xlex$wtigmjmgepp}$wls{$xli$tivjsvqergi$sj$HE$qixlshw$mr$

xli$Öfiwx$tvegxmgiw×$i|tivmqirxw$,I|tivmqirx$:-2$Mr$xli$jmvwx$sj$xliwi$,Supplementary Fig. 34a-0${i$

gsqtevih$HE$qixlshw$egvsww$iegl$sj$xli$mrhmzmhyep$fmrevm~exmsr$erh$rsvqepm~exmsr$wgirevmsw$wls{r$mr$

Fig. 6 erh$Supplementary Figs. 12-262$Mr$xli$wigsrh$sj$xliwi$,Supplementary Fig. 34b-0${i$wipigxih$

srp}$xli$wmrkpi$xst1tivjsvqmrk$wgirevms$jsv$iegl$HE$qixlsh2$

Supplementary Fig. 34 | Summary of DA method performance across Experiment 6, including all 

binarization and normalization strategies.

a, Qixlshw${ivi$kvsytih$mrxs$xivgmpiw$sj$lmkl0$ps{0$sv$mrxivqihmexi$tivjsvqergi$sr$xli$fewmw$sj$xlimv$

uyerxmxexmzi$tivjsvqergi$sr$iegl$xewo0$ew$mr$Fig. 90$witevexip}$egvsww$iegl$sj$xli$mrhmzmhyep$fmrevm~exmsr$erh$

rsvqepm~exmsr$wgirevmsw$izepyexih$mr$xli$wxyh}2$

b, Ew$mr$a,$fyx$wls{mrk$srp}$xli$wmrkpi$xst1tivjsvqmrk$wgirevms$jsv$iegl$HE$qixlsh2$

[i$tviwirx$xliwi$ri{0$rsr1tviwtigmjmih$erep}wiw$mr$xli$ÔI|tpsvexsv}$erep}wiwÕ$wigxmsr$sj$xli$Viwypxw>

Xlmvh0$xli$hiwmkr$sj$I|tivmqirxw$50$60$erh$7${ew$tvivikmwxivih$fijsvi$xli$viwypxw$sj$I|tivmqirx$:$

figeqi$ezempefpi2$Mr$zmi{$sj$xli$sfwivzexmsr$xlex$xli$tivjsvqergi$sj$wsqi$HE$qixlshw$firijmxih$jvsq$
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fmrevm~exmsr$erh3sv$epxivrexmzi$ettvsegliw$xs$rsvqepm~exmsr0$xli$uyiwxmsr$evswi$ew$xs$ls{$xliwi$tvitvsgiwwmrk$

wxvexikmiw${syph$ejjigx$xli$wyqqev}$sj$HE$qixlshw$wls{r$mr$Fig. 92$E$wmqmpev$uyiwxmsr$evswi${mxl$viwtigx$xs$

xli$sfwivzexmsr$xlex$xli$gsrgsvhergi$fix{iir$wmrkpi1gipp$erh$qexglih$fypo$EXEG1wiu${ew$kirivepp}$lmkliv$

{lir$geppmrk$tieow$mr$tivjsvqergi$mr$Ötwiyhsfypow×$gviexih$jvsq$wmrkpi1gipp$hexe2$$Xs$i|tpsvi$xliwi$tsmrxw0${i$

tvshygih$ehhmxmsrep$wyqqev}$jmkyviw$xlex$gsqtevih$HE$qixlshw$egvsww$epp$tvmqev}$erh$wigsrhev}$erep}wiw$

mr$I|tivmqirxw$5$erh$6$,Supplementary Fig. 33-$erh$egvsww$epp$fmrevm~exmsr$erh$rsvqepm~exmsr$wgirevmsw$mr$

I|tivmqirx$:$,Supplementary Fig. 34-2$Xliwi$erep}wiw$gsvvsfsvexih$xli$sfwivzexmsr$xlex$wsqi$HE$qixlshw$

gsrwmwxirxp}$eglmizih$ziv}$kssh$sv$ziv}$tssv$tivjsvqergi>$jsv$mrwxergi0$mr$I|tivmqirxw$5$erh$60$HIWiu61PVX$

veroih$eqsrk$xli$xst$xivgmpi$sj$HE$qixlshw$mr$epp$fyx$x{s$erep}wiw0${liview$rikexmzi$fmrsqmep$vikviwwmsr0$

xli$fmrsqmep$xiwx0$erh$Jmwliv×w$i|egx$xiwx$riziv$veroih$eqsrk$xli$xst$xivgmpi$mr$er}$erep}wmw2$Gsrwmhivmrk$epp$

fmrevm~exmsr$erh$rsvqepm~exmsr$ettvsegliw$}miphih$veromrkw$sj$HE$qixlshw$xlex${ivi$fvsehp}$gsrwmwxirx${mxl$

xlswi$wls{r$mr$Fig. 90$fyx${mxl$wsqi$mqtsvxerx$hmjjivirgiw>$rsxefp}0$WretEXEG>>jmrhHEV$iqivkih$ew$e$

xst1tivjsvqmrk$HE$qixlsh${mxl$viwtigx$xs$gsrgsvhergi${mxl$qexglih$fypo$EXEG1wiu$hexe0$epfimx$rsx$gsrxvsp$sj$

xli$jepwi$hmwgsziv}$vexi0${lir$ettpmih$xs$fmrevm~ih$hexe2

92$Tsmrxw$518$tsxirxmepp}$epws$mqtegx$xli$qypxmqshep$hexe$erep}wmw$,Jmk2$6h$*$i-2

:2$Viwypxw$jvsq$xli$izepyexmsr$sj$Jmk2$7$evi$wxvsrkiv$xler$Jmk2$60$ew$wsqi$ettvsegliw$ger$gsrxvsp$jsv$jepwi$

tswmxmziw$,rs$jepwi$tswmxmzi$tieow-2$E$uyiwxmsr$vemwih$mw$ls{$fiwx$tvegxmgiw$,tieo$geppmrk$jvsq$

wgEXEG1wiu-$mqtegx$xlmw$izepyexmsr$riihw$epws$xs$fi$ehhviwwih$livi2$Mrhiih0$mx$mw$wls{r$mr$Jmk2$:$xlex$

fiwx$tvegxmgiw$,fmrevm~exmsr-$hs$mqtegx$sj$xli$tivjsvqergi$,erh$veromrk-$sj$qixlshw2$Tieo$geppmrk$

wxvexikmiw$mr$Jmk2$7$evi$yrjsvxyrexip}$rsx$izepyexih$mr$xlmw$gsrxi|x2$Ekemr0$mx$mw$yrgpiev$ls{$xlimv$ehstxmsr$

{syph$glerki$veromrkw$vitsvxih$livi2$Ew$mr$tsmrx$82$eyxlsvw$wlsyph$lezi$er$szivepp$veromrk$fyx$epws$e$

veromrk$fewih$sr$xli$ehstxmsr$sj$xli$fiwx$tvegxmgiw2

[i$lezi$ehhviwwih$fsxl$sj$xliwi$tsmrxw$mr$xli$viwtsrwi$mqqihmexip}$efszi2$

;2$Xli$erep}wmw$sj$xli$mqtegx$sj$xli$JG$mw$wsyrh0$fyx$szivepp$hmjjmgypx$xs$jspps{2$Ew$e$,qmrsv-$wykkiwxmsr$

eyxlsvw$gsyph$gsrwmhiv$wlsvxirmrk$mx2

[i$lezi$gsrhirwih$xlmw$wigxmsr0$tvmqevmp}$f}$viqszmrk$mrxvshygxsv}$qexivmep0$ew$wls{r$fips{>

I|tivmqirx$9>$Mqtegx$sj$psk1jsph$glerki$jmpxivmrk

Mr$ehhmxmsr$xs$xli$wxexmwxmgep$wmkrmjmgergi$sj$HE$iwxmqexih$f}$er}$kmzir$qixlsh0$xli$hmjjivirgi$mr$xli$ryqfiv$sj$

viehw$szivpettmrk$e$tevxmgypev$kirsqmg$vikmsr$ger$fi$uyerxmjmih$f}$qiewyviw$sj$ijjigx$wm~i0$qswx$gsqqsrp}$

xli$psk1jsph$glerki2$Hmjjivirxmep$erep}wiw$sj$EXEG1wiu$hexe$qe}$hmwgevh$hmjjivirxmepp}$eggiwwmfpi$vikmsrw${mxl$e$

psk1jsph$glerki$fips{$er$evfmxvev}$xlviwlsph0$sr$xli$kvsyrhw$xlex$vikmsrw${mxl$wqepp$jsph$glerkiw$evi$yrpmoip}$

xs$fi$fmspskmgepp}$vipizerx882$Wmqmpev$tvegxmgiw$evi$yfmuymxsyw$mr$xli$erep}wmw$sj$sxliv$wiuyirgmrk1fewih$

xiglrspskmiw0$wygl$ew$VRE1wiu0${livi$xli$glsmgi$sj$psk1jsph$glerki$xlviwlsph$qe}$epxiv$xli$fmspskmgep$

mrxivtvixexmsr$sj$e$kmzir$i|tivmqirx:72$Xliwi$sfwivzexmsrw$qsxmzexih$er$iqtmvmgep$ewwiwwqirx$sj$xli$mqtegx$sj$

psk1jsph$glerki$jmpxivmrk$sr$wmrkpi1gipp$HE$erep}wmw2$Wtigmjmgepp}0${i$vitiexih$wizivep$sj$xli$erep}wiw$hiwgvmfih$

mr$I|tivmqirxw$50$60$erh$7$ejxiv$mqtswmrk$qsvi$sv$piww$wxvmrkirx$xlviwlsphw$sr$xli$qmrmqyq$psk1jsph$glerki2

[i$vigskrm~ih$xlex$xli$uyerxmxexmzi$qiewyviw$sj$tivjsvqergi$izepyexih$mr$xliwi$i|tivmqirxw$,EYGG$

sv$ryqfiv$sj$jepwi$hmwgszivmiw-$evi$wirwmxmzi$xs$xli$xsxep$ryqfiv$sj$tieow$fimrk$xiwxih2$Xlmw$mrxvshygiw$e$

tsxirxmep$gsrjsyrhmrk$jegxsv0$mr$xlex$wmqtp}$jmpxivmrk$tieow$ex$verhsq${syph$epws$fi$i|tigxih$xs$mrgviewi$xli$

EYGG$erh$higviewi$xli$ryqfiv$sj$jepwi$hmwgszivmiw2$Xs$eggsyrx$jsv$xlmw$ijjigx0$jsv$iegl$psk1jsph$glerki$

xlviwlsph0${i$xiwxih$xli$ijjigx$sj$viqszmrk$er$iuyep$ryqfiv$sj$tieow$jvsq$xli$hexewix$ex$verhsq2$[i$xlir$

ywih$xlmw$hexe$xs$hixivqmri${lixliv$jmpxivmrk$f}$psk1jsph$glerki$mrgviewih$xli$EYGG$sv$higviewih$xli$ryqfiv$

sj$jepwi$hmwgszivmiw$xs$e$hikvii$kviexiv$xler$verhsq2$

[i$jmvwx$i|eqmrih$xli$gsrgsvhergi$sj$HE$fix{iir$wgEXEG1wiu$erh$qexglmrk$fypo$EXEG1wiu2$Ew$

i|tigxih0$mrgviewmrkp}$wxvmrkirx$psk1jsph$glerki$jmpxivw$mrgviewih$gsrgsvhergi$jsv$epp$HE$qixlshw2$Ls{iziv0$

xli$weqi$ijjigx${ew$epws$wiir${lir$viqszmrk$iuymzepirx$ryqfivw$sj$verhsq$tieow$,Supplementary Fig. 9-2$

[lir$gsrxvsppmrk$jsv$xli$ijjigx$sj$verhsq$tieo$jmpxivmrk0${i$sfwivzih$xlex$xli$gsrgsvhergi$mrmxmepp}$higviewih$
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{lir$jmpxivmrk$yt$xs$;4)$sj$tieow$fewih$sr$psk1jsph$glerki0$erh$xlir$mrgviewih${lir$jmpxivmrk$<4)$sv$qsvi$sj$

tieow2$Xs$wyqqevm~i$xliwi$xvirhw0${i$zmwyepm~ih$xli$ijjigx$wm~i$sj$psk1jsph$glerki$jmpxivmrk$egvsww$epp$HE$

qixlshw0$gsqtevih$xs$verhsq$tieo$jmpxivmrk$,Fig. 5a-2$Figeywi$xli$qekrmxyhi$sj$fmspskmgepp}$vipizerx$psk1jsph$

glerkiw${mpp$i|tigxerxp}$zev}$egvsww$hexewixw$hitirhmrk$sr$xli$fmspskmgep$w}wxiq$yrhiv$wxyh}0$xlmw$jmrhmrk$

wykkiwxw$mx$mw$hmjjmgypx $xs$iwxefpmwl$e$psk1jsph$glerki$xlviwlsph$xlex$ger$mrgviewi$xli$fmspskmgep$eggyveg}$

sj$HE$erep}wmw${mxlsyx$vmwomrk$e$higviewi$mr$eggyveg}2$

[i$ri|x$i|eqmrih$xli$gsrgsvhergi$sj$HE$fix{iir$xli$EXEG$erh$VRE$qshepmxmiw$sj$wmrkpi1gipp$

qypxm1sqmgw$hexe2$Xlmw$erep}wmw$vigetmxypexih$xli$vmwow$sj$psk1jsph$glerki$jmpxivmrk2$Mr$xlmw$i|tivmqirx0${i$jsyrh$

xlex$psk1jsph$glerki$jmpxivmrk$gsrwmwxirxp}$higviewih$gsrgsvhergi0$vipexmzi$xs$verhsq$jmpxivmrk0${lir$viqszmrk$

yt$xs$=4)$sj$kiriw$,Fig. 5b$erh$Supplementary Fig. 10-2$

Pewx0${i$xiwxih$xli$mqtegx$sj$psk1jsph$glerki$jmpxivmrk$sr$xli$ettievergi$sj$jepwi$hmwgszivmiw2$Vipexmzi$

xs$verhsq$jmpxivmrk0${i$gsrwmwxirxp}$sfwivzih$qsvi$jepwi$hmwgszivmiw$egvsww$epp$HE$qixlshw${lir$jmpxivmrk$f}$

psk1jsph$glerki$,Fig. 5c$erh$Supplementary Fig. 11-2$

<2$Xli$fiwx$tvegxmgi$erep}wmw$mw$er$mrxiviwxmrk$ewtigx$sj$xlmw$wxyh}2$Eyxlsvw$wlsyph$qirxmsr$livi$xli$tieo$

geppmrk$wxvexik}$,wii$tsmrx$6-2$Xli$fmrevm~exmsr$ewtigx$mw$epws$vipizerx0$ew$xlmw$tsxirxmepp}$gsrxvehmgx$xli$

tvizmsyw$pmxivexyvi2$Sr$xli$sxliv$lerh0$eyxlsvw$wlsyph$gsrwmhiv$xli$jegx$xlex$tvizmsyw${svo$wyttsvxmrk$xli$

ywi$sj$gsyrx$hexe$jsgyw$sr$xli$gipp$x}ti$mhirxmjmgexmsr$tvsfpiq$erh$rsx$HE$erep}wmw2

[i$vizmwih$xli$vipizerx$tevekvetl$sj$xli$Hmwgywwmsr$xs$vimxivexi$syv$jmrhmrkw${mxl$viwtigx$xs$tieo$geppmrk0$

ew$wls{r$fips{>

Fi}srh$gsqtevmwsrw$sj$mrhmzmhyep$qixlshw$jsv$wmrkpi1gipp$HE$erep}wmw0${i$wsyklx$xs$ywi$HE$ew$e$pmxqyw$xiwx$

xs$mhirxmj}$fiwx$tvegxmgiw$jsv$xli$erep}wmw$sj$wmrkpi1gipp$itmkirsqmgw$hexe$qsvi$kirivepp}2$Mr$wsqi$gewiw0$xliwi$

erep}wiw$wyttsvxih$gpiev$vigsqqirhexmsrw2$Jsv$mrwxergi0${i$jsyrh$xlex$jmpxivmrk$tieow$f}$xlimv$psk1jsph$

glerki$fix{iir$gsrhmxmsrw$hmh$rsx$gsrwmwxirxp}$mqtvszi$HE$erep}wmw0$vipexmzi$xs$viqszmrk$er$iuyep$ryqfiv$sj$

tieow$glswir$ex$verhsq2$Qsvisziv0$mr$gsqtevmwsrw$sj$ettvsegliw$xs$xli$rsvqepm~exmsr$sj$wgEXEG1wiu$hexe0$

{i$hmh$rsx$mhirxmj}$er}$qixlsh$xlex$gsrwmwxirxp}$mqtvszih$tivjsvqergi$vipexmzi$xs$psk1XT54O$rsvqepm~exmsr2$

[i$ehhmxmsrepp}$sfwivzih$e$lmkliv$hikvii$sj$gsrgsvhergi$fix{iir$HE$erep}wiw$sj$qexglih$fypo$erh$

wmrkpi1gipp$EXEG1wiu$hexewixw${lir$erep}~mrk$tieow$geppih$mr$Ötwiyhsfypo×$weqtpiw$gviexih$f}$tsspmrk$xli$

wmrkpi1gipp$hexe0${lmgl$wyttsvxw$xli${mhiwtvieh$ettpmgexmsr$sj$xlmw$ettvsegl$xli$erep}wmw$sj$wgEXEG1wiu$hexe2$

Mr$sxliv$gewiw0$syv$viwypxw${ivi$qsvi$eqfmkysyw2$_222a$

[i$epws$evi$mr$jypp$ekviiqirx${mxl$xli$vizmi{iv×w$tsmrx$xlex$tvizmsyw${svo$jsgywih$sr$gipp$x}ti$

mhirxmjmgexmsr0$vexliv$xler$HE$erep}wmw0$erh$lezi$vizmwih$xli$Hmwgywwmsr$xs$i|tpmgmxp}$lmklpmklx$xlmw$

hmwgsvhergi$erh$xli$tswwmfmpmx}$xlex$fmrevm~exmsr$qe}$fi$liptjyp$jsv$wsqi$jegixw$sj$wgEXEG1wiu$hexe$

erep}wmw$fyx$rsx$sxlivw>

_222a$Rsxefp}0${i$jsyrh$xlex$fmrevm~exmsr$vihygih$xli$fmewiw$sj$wmrkpi1gipp$HE$qixlshw$xs{evhw$tieow$

eggiwwmfpi$mr$e$kviexiv$ryqfiv$sj$gippw$erh$xs$fvsehiv$tieow0$erh$kirivepp}$mrgviewih$xli$gsrgsvhergi$

fix{iir$HE$erep}wiw$sj$wmrkpi1gipp$erh$qexglih$fypo$EXEG1wiu$hexe2$Gsrzivwip}0${i$jsyrh$xlex$xli$

fmrevm~exmsr$hmh$rsx$ep{e}w$higviewi$,erh$wsqixmqiw$gsrwmhivefp}$mrgviewih-$xli$ryqfiv$sj$jepwi$hmwgszivmiw2$

Xli$mqtvszih$fmspskmgep$eggyveg}$sj$HE$erep}wmw${lir$ywmrk$fmrevm~ih$hexe$ew$mrtyx$mw$ex$shhw${mxl$xli$

evkyqirx$xlex$fmrevm~exmsr$yrrigiwwevmp}$hmwgevhw$uyerxmxexmzi$mrjsvqexmsr$iqfihhih${mxlmr$wgEXEG1wiu$

hexe750762$Sri$tswwmfpi$mrxivtvixexmsr$sj$syv$hexe$xlex$gsyph$vigsrgmpi$xlmw$ettevirx$tevehs|$mw$xlex$fmrevm~exmsr$

kirivepp}$vihygiw$xli$fmewiw$sj$HE$qixlshw$xs{evhw$qsvi$eggiwwmfpi$erh$fvsehiv$tieow0$izir$jsv$HE$

qixlshw$xlex$evi$piww$ejjigxih$f}$xliwi$fmewiw$mr$xli$jmvwx$tpegi0$erh$xlex$qmxmkexmrk$xliwi$fmewiw$ger$syx{imkl$

xli$tsxirxmep$rikexmzi$ijjigxw$sj$fmrevm~exmsr0$ex$piewx$mr$xli$wixxmrk$sj$HE$erep}wmw2$Qsvisziv0$tvizmsyw${svo$

tvmqevmp}$wxyhmih$xli$mqtegx$sj$fmrevm~exmsr$sr$gipp$x}ti$mhirxmjmgexmsr${mxlmr$wgEXEG1wiu$hexe0$erh$xli$hexe$

tviwirxih$mr$xlmw$wxyh}$hsiw$rsx$jsvqepp}$i|gpyhi$xli$tswwmfmpmx}$xlex$fmrevm~exmsr$qe}$fi$liptjyp$jsv$wsqi$

jegixw$sj$wgEXEG1wiu$hexe$erep}wmw$fyx$rsx$sxlivw2$Jyxyvi${svo${mpp$fi$rigiwwev}$xs$qsvi$jmvqp}$iwxefpmwl$xli$

qiglermwqw$f}${lmgl$fmrevm~exmsr$qe}$mqtvszi$wsqi$ewtigxw$sj$wgEXEG1wiu$hexe$erep}wmw2$
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=2$E$qensv$gvmxmgep$tsmrx$sj$xli$wxyh}$mw$xli$jegx$mx$hsiw$rsx$gsrwmhiv$xli$gsqfmrexmsr$sj$HE$qixlshw${mxl$

fiwx$tvegxmgiw$,wgEXEG1wiu$tieo$geppmrk?$fmrevm~exmsr0$x}ti$sj$rsvqepm~exmsr-2$Mrhiih0$mr$xlimv$pmxivexyvi$

viwievgl$xli$eyxlsvw$srp}$izepyexih$xli$ywi$sj$HE$qixlshw0$fyx$rsx$ls{$xli$hexe${ew$tvizmsywp}$xviexih$

,fmrevm~exmsr0$rsvqepm~exmsr-2$Ew$i|tigxih0$xliwi$wxitw${mpp$mqtegx$iegl$sxliv0$ew$wls{r$mr$xli$qerywgvmtx2$

Sr$xli$sxliv$lerh0$wsqi$sj$xli$fiwx$tvegxmgiw$evi$epvieh}$ywih$f}$hijeypx$f}$wsqi$sj$xli$izepyexih$

qixlshw2$Jsv$i|eqtpi0$wretexeg$mw$fewih$sr$fsxl$wgEXEG1wiu$tieo$geppmrk$erh$fmrevm~exmsr2$Fsxl$xliwi$

tvegxmgiw$lezi$e$pevki$mqtegx$mr$wretexeg$HE$qixlsh$viwypxw2$Mrhiih0$er$izepyexmsr$gsrwmhivmrk$xli$fiwx$

tvegxmgiw$,sv$fiwx$ettvsegl$tiv$HE$qixlsh-${mpp$kmzi$e$qsvi$viepmwxmg$izepyexmsr$erh$vipizerx$viwypxw$jsv$

tvegxmxmsrivw$sj$wgEXEG1wiu$erep}wmw2

Jmvwx0$mx$mw$rsx$gsvvigx$xlex$syv$pmxivexyvi$vizmi{$hmh$rsx$izepyexi$ls{$wgEXEG1wiu$hexe${ew$tvitvsgiwwih2$

Fig. 1d$wls{w$xlex$sziv$lepj$sj$tyfpmwlih$wxyhmiw$mrgpyhih$mr$syv$pmxivexyvi$vizmi{$,97)-$fmrevm~ih$

wgEXEG1wiu$hexe$fijsvi$erep}wmw2$

Wigsrh0${i$ekvii$xlex$syv$hexe$yrhivwgsvi$xli$mqtegx$sj$hexe$tvitvsgiwwmrk$wxvexikmiw$sr$xli$fmspskmgep$

eggyveg}$erh$JHV$gsrxvsp$sj$HE$erep}wmw2$Ew$hmwgywwih$mr$syv$viwtsrwi$xs$tsmrx$80$efszi0$xli$jegx$xlex$

syv$tvmqev}$erep}wiw$evi$rsx$fewih$sr$xli$viwypxw$sj$i|tivmqirxw$xlex$leh$rsx$}ix$fiir$tivjsvqih$mw$er$

yrezsmhefpi$gsrwiuyirgi$sj$tvivikmwxvexmsr2$Rsrixlipiww0$erh$ex$xli$viuyiwx$sj$xli$vizmi{iv0${i$lezi$

mrgpyhih$ri{$wyqqev}$jmkyviw$xlex$wtigmjmgepp}$lmklpmklx$xli$mrxivegxmsr$fix{iir$hexe$tvitvsgiwwmrk$erh$

HE$qixlsh$tivjsvqergi$mr$syv$hexe2$Qsvisziv0${i$wtigmjmgepp}$lmklpmklx$xli$mqtegx$sj$fmrevm~exmsr$sr$

WretEXEG×w$jmrhHEV$qixlsh$ex$qypxmtpi$tsmrxw$mr$xli$Viwypxw$wigxmsr$sj$xli$qerywgvmtx2$

542$Epxivrexmzip}0$eyxlsvw$riih$xs$gpievp}$mrhmgexi$pmqmxexmsr$sj$xlimv$wxyh}0${liriziv$gsrgpywmsrw$evi$fewih$

sr$rsr1fiwx$tvegxmgiw2

[mxl$syv$viwtsrwiw$xs$tsmrxw$80$90$:$erh$;$efszi0$erh$xli$qshmjmgexmsrw$xs$xli$Viwypxw$erh$Hmwgywwmsr$

erh$xli$ehhmxmsr$sj$Supplementary Figs. 33-340${i$fipmizi$xlex${i$lezi$ehhviwwih$xlmw$tsmrx2$

Qmrsv

Eyxlsvw$wlsyph$qeoi$gpiev${lmgl$wxvexik}$mw$fimrk$ywih$jsv$iegl$izepyexmsr$,ls{$hexe$evi$rsvqepm~ih$sv$

rsx0$ls{$tieow$evi$geppih-2$E$qexvm|$mr$xli$wyttpiqirx${syph$fi$i|xviqip}$liptjyp2

Xlero$}sy$jsv$xlmw$wykkiwxmsr2$Xlmw$mrjsvqexmsr${ew$tvszmhih$mr$xli$Qixlshw$wigxmsr0$fyx${i$ekvii$xlex$mx$

{syph$epws$fi$liptjyp$xs$viehivw$xs$lezi$xli$stxmsr$xs$eggiww$xli$weqi$mrjsvqexmsr$mr$xefypev$jsvqex2$[i$

lezi$ehhih$er$ehhmxmsrep$wyttpiqirxev}$xefpi0$Supplementary Table 30$mr$xli$vizmwih$qerywgvmtx$xlex$

gpievp}$mrhmgexiw$xli$tieo1geppmrk$wxvexik}0$rsvqepm~exmsr$ettvsegl0$erh$fmrevm~exmsr$jsv$iegl$qemr$xi|x$

erh$wyttpiqirxev}$jmkyvi$terip$mr$xli$qerywgvmtx2$Xlmw$xefpi$mw$gmxih$mr$xli$Qixlshw$ew$jspps{w>

Xli$wtigmjmg$gsqfmrexmsr$sj$mrtyx$jiexyviw$,i2k20$tieow$geppih$jvsq$fypo$EXEG1wiu$hexe$zivwyw$jvsq$

Ötwiyhsfypow×$sj$wmrkpi1gipp$hexe-0$rsvqepm~exmsr$ettvsegliw0$erh$fmrevm~exmsr$xlex$evi$wls{r$mr$iziv}$jmkyvi$sv$

wyttpiqirxev}$jmkyvi$terip$mr$xli$qerywgvmtx$mw$tvszmhih$mr$Supplementary Table 32$

Teki$640$Ôyrhiv$xli$l}tsxliwmw$xlex$fypo$EXEG${syph$}miph$lmkliv$uyepmx}$wix$sj$tieowÕ2$Xlmw$gsyph$fi$

vizmwih0$ew$xli$izepyexmsr$hs$rsx$wyttsvx$xlmw2

[i$vizmwih$xli$wirxirgi$mr$uyiwxmsr$xs$mrhmgexi$xlex$xlmw${ew$syv$l}tsxliwmw$ex$xli$xmqi$xlex${i$

jsvqypexih$syv$tvivikmwxivih$erep}wiw$,m2i20$ex$xli$xmqi$sj$xli$Wxeki$5$wyfqmwwmsr->$
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_222a$Mr$syv$tvmqev}$erep}wmw0${i$sfxemrih$wygl$e$tieo$wix$f}$geppmrk$tieow$mr$xli$qexglih$fypo$EXEG1wiu$hexe0$

yrhiv$xli$tviwtigmjmih$l}tsxliwmw$xlex$erep}~mrk$fypo$hexe${syph$}miph$e$lmkliv1uyepmx}$wix$sj$tieo$hijmrmxmsrw2$

_222a$
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Vizmi{iv$'7$,Viqevow$xs$xli$Eyxlsv->

Mr$xlmw$qerywgvmtx0$xli$eyxlsvw$ehhviww$er$i|gmxmrk0$}ix$tvsfpiqexmg$erep}wmw$ettpmih$xs$wmrkpi1gipp$

glvsqexmr$eggiwwmfmpmx}$tvsjmpmrk$hexe>$hixigxmrk$erh$mhirxmj}mrk$hmjjivirxmep$egxmzi$ipiqirxw2$[lmpi$xliwi$

x}tiw$sj$erep}wiw$mr$fypo1hivmzih$hexe$lezi${ipp1yrhivwxssh$fiwx$tvegxmgiw0$xlimv$filezmsv$mr$wmrkpi$gipp$

hexe$lew$rsx$fiir$xlsvsyklp}$glevegxivm~ih2$Ew$xli$eyxlsvw$mqtsvxerxp}$wxexi0$mx$mw$wxmpp$yrviwspzih$xs${lex$

i|xirx$hexe$jvsq$mrhmzmhyep$gippw$mw$egxyepp}$uyerxmxexmzi2$Livi0$xli$eyxlsvw$tivjsvq$i|leywxmzi$

gsqtevmwsrw$sj$hmjjivirxmep$erep}wmw$qixlshw$ettpmih$xs$wmrkpi1gipp$EXEG1wiu$hexe$mr$er$exxiqtx$xs$hijmri$

e$fiwx1tvegxmgi2

Szivepp0$M$jmrh$xlex$xlmw$qerywgvmtx${syph$fi$ywijyp$jsv$xli$jmiph0$ls{iziv0$mr$mxw$gyvvirx$wxexi0$mxw$wepmirx$

tsmrx$,mi20$hijmrmrk$e$fiwx$tvegxmgi-$kixw$pswx$mr$xli$hixempw3xiglrmgepmxmiw2$Mr$ehhmxmsr0$e$qensv$wlsvxgsqmrk$

,erh$qmwwih$xieglmrk$sttsvxyrmx}-$mw$xlex$xli$eyxlsvw$hs$rsx$hmwgyww${l}$givxemr$qixlshw${svo$fixxiv0$erh$

mqtsvxerxp}0${lir$xlimv$ywi$mw$ettvstvmexi$kmzir$i|tivmqirxep$hiwmkr$glsmgiw3viepmxmiw2

Xlero$}sy$ekemr$jsv$}syv$gevijyp$vizmi{$sj$syv$qerywgvmtx$erh$}syv$gsrwxvygxmzi$jiihfego2$

Qensv$tsmrxw>

5-$Wigxmsr$&I|tivmqirx$6&$gsqtevmrk$HE$mr$wg1EXEG$erh$wg1VRE$,qypmxsqi$erep}wmw-$hsiwr+x$wiiq$xs$

ehh$er}xlmrk$syxvmklx$ywijyp$xs$xli$qerywgvmtx2$Sri$tvsfpiq$mw$xlex$M$eq$rsx$wyvi$ls{$sri$hijmriw$e$kssh$

gsrgsvhergi$fix{iir$xli$x{s$qshepmxmiw2$Xli$gsrrigxmzmx}$fix{iir$vikypexsv}$ipiqirxw$,eggiwwmfpi$

tieow-$erh$kiriw$mw$pevkip}$yrors{r$erh$rs$gyvvirx$qixlsh$wiiqw$xs$hs$fi$tevxmgypevp}$wyggiwwjyp$,jsv$

i|eqtpi0$hmwxergi$erh$xli$tstypev$EFG$qship$wiiq$xs$tivjsvq$vsyklp}$wmqmpevp}-2$M$yrhivwxerh$xli$

l}tsxliwmw$xlex$mj$e$kiri$i|tviwwmsr$mw$glerkih$xler$mx$mw$pmoip}$hvmzir$f}$glerkiw$mr$xli$gmw1vikypexsv}$

ipiqirxw${mxlmr$wsqi$&vikypexsv}$hsqemr&0$ls{iziv0$xli$hijmrmxmsr$sj$xliwi$hsqemrw$evi$evfmxvev}$,ew$mw$

xli$ettvsegl$xeoir$mr$xlmw$qerywgvmtx-2$Ew$xli$qemr$ksep$sj$xlmw$tetiv$mw$izepyexmrk${lmgl$qixlshw$evi$

fiwx$jsv$hixigxmrk$hmjjivirxmepp}$eggiwwmfpi$tieow0$xli$erep}wiw$mr$xlmw$wigxmsr$wiiq$xs$fi$e$hmwxvegxmsr2

[i$ekvii$xlex$gsqtevmrk$HE$mr$wgEXEG1wiu$hexe${mxl$HI$mr$wgVRE1wiu$hexe$jvsq$xli$weqi$gippw$hsiw$

rsx$gsrwxmxyxi$e$Öksph$wxerhevh×$firglqevo0$erh$wtigmjmgepp}$xlex$xlivi$evi$e$ryqfiv$sj$qiglermwqw$f}$

{lmgl$glerkiw$mr$tvsqsxiv$eggiwwmfmpmx}$qe}$rsx$fi$qmvvsvih$f}$glerkiw$mr$kiri$i|tviwwmsr$,erh$

zmgi1zivwe-2$[i$hmh$egors{pihki$xlmw$mr$xli$ÔPmqmxexmsrwÕ$wigxmsr$sj$syv$Hmwgywwmsr0${vmxmrk>

_Ìa$syv$gsqtevmwsr$xs$qypxmsqi$hexe${ew$fewih$sr$xli$tviqmwi$xlex$kiriw$xlex$evi$HI$egvsww$fmspskmgep$

gsrhmxmsrw${mpp$epws$xirh$xs$lezi$HE$tvsqsxivw0$fyx$i|gitxmsrw$xs$xlmw$ewwyqtxmsr$evi$ors{r0$rsxefp}$hyvmrk$

hmjjivirxmexmsr:<2$Xli$qensvmx}$sj$xli$gsqtevmwsrw$xlex${i$tvstswi$irxemp$xli$gsqtevmwsr$sj$x{s$jypp}$

hmjjivirxmexih$gipp$x}tiw0$qmxmkexmrk$xlmw$gsrgivr$xs$wsqi$hikvii2$

Rsx{mxlwxerhmrk$xliwi$pmqmxexmsrw0${lmgl$evi$egors{pihkih$mr$xli$xi|x0${i$hmwekvii$xlex$xlmw$erep}wmw$hsiw$

rsx$ehh$er}xlmrk$ywijyp$xs$xli$qerywgvmtx2$Mr$jegx0$xli$gsrgpywmsrw$jvsq$xlmw$erep}wmw$fvsehp}$gsvvsfsvexi$

xlswi$jvsq$syv$gsqtevmwsr$sj$qexglih$wmrkpi1gipp$erh$fypo$EXEG1wiu$hexe0${lmgl$tvszmhiw$er$ehhmxmsrep$

qiewyvi$sj$gsrjmhirgi$mr$xliwi$erep}wiw2

Qsvi$tsmrxihp}0$viqszep$sj$tvivikmwxivih$erep}wiw${syph$fsxl$hmvigxp}$gsrxvehmgx$nsyvrep$tspmg}$jsv$xli$

Vikmwxivih$Vitsvxw$jsvqex$erh$epws$yrhivqmri$xli$tvmqev}$ksep$sj$tvivikmwxvexmsr0${lmgl$mw$xs$tvizirx$xli$

wipigxmzi$tyfpmgexmsr$sj$viwypxw2$
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Xlivijsvi0$xs$ehhviww$xlmw$gsqqirx0${i$vizmwih$xli$Hmwgywwmsr$xs$qsvi$gpievp}$ehhviww$ehhmxmsrep$

pmqmxexmsrw$sj$xlmw$erep}wmw2$Xli$tevekvetl$mr$uyiwxmsr$rs{$viehw$ew$jspps{w>

Syv$wxyh}$epws$lew$e$ryqfiv$sj$pmqmxexmsrw2$Jmvwx0$syv$gsqtevmwsrw$xs$teveppip$fypo$EXEG1wiu$sv$

qypxmsqi$hexe$pizivekih$lmkl1xlvsykltyx$ewwe}w$gevvmih$syx$sr$qexglmrk$weqtpiw$,sv$izir$gippw-$yrhiv$

mhirxmgep$i|tivmqirxep$gsrhmxmsrw0$fyx$e$pmqmxexmsr$sj$xliwi$erep}wiw$mw$xli$viuymviqirx$sj$xli$ywi$sj$wxexmwxmgep$

qixlshw$jsv$HE$erh$HI$erep}wmw$mr$xliwi$teveppip$hexe$wixw2$[i$gevvmih$syx$wirwmxmzmx}$erep}wiw$xs$xiwx$xli$

mqtegx$sj$piezmrk$syx$er}$kmzir$fypo$HE$sv$HI$qixlsh0${lmgl$wyttsvxih$xli$vsfywxriww$sj$syv$gsrgpywmsrw2$

Ls{iziv0${i$gerrsx$jsvqepp}$i|gpyhi$xli$tswwmfmpmx}$xlex$xliwi$gsqtevmwsrw$jezsv$wmrkpi1gipp$HE$qixlshw$xlex$

}miph$syxtyx$qsvi$wmqmpev$xs$xlex$sj$sxliv$qixlshw$mr$kirivep0$jsv$xiglrmgep$vexliv$xler$fmspskmgep$viewsrw2$

Wigsrh0$syv$gsqtevmwsr$xs$qypxmsqi$hexe${ew$fewih$sr$xli$tviqmwi$xlex$kiriw$xlex$evi$HI$egvsww$fmspskmgep$

gsrhmxmsrw${mpp$epws$xirh$xs$lezi$HE$tvsqsxivw0$fyx$i|gitxmsrw$xs$xlmw$ewwyqtxmsr$evi$ors{r0$rsxefp}$hyvmrk$

hmjjivirxmexmsr:<2$Xli$qensvmx}$sj$xli$gsqtevmwsrw$xlex${i$tvstswi$irxemp$xli$gsqtevmwsr$sj$x{s$jypp}$

hmjjivirxmexih$gipp$x}tiw0$qmxmkexmrk$xlmw$gsrgivr$xs$wsqi$hikvii2$Xlmvh0$syv$ettvsegl$xs$uyerxmj}mrk$kiri1pizip$

eggiwwmfmpmx}$mrzspzih$ekkvikexmrk$viehw$evsyrh$xli$xverwgvmtxmsr$wxevx$wmxi0${lmgl$viuymvih$xli$wtigmjmgexmsr$sj$

er$evfmxvev}${mrhs{${mxlmr${lmgl$viehw${ivi$gsrwmhivih$xs$fi$ewwsgmexih${mxl$tvsqsxiv$eggiwwmfmpmx}2$Jsyvxl0$

xli$vipexmzi$teygmx}$sj$hexewixw${mxl$temvih$fypo$EXEG1wiu$hexe$jvsq$mhirxmgep$fmspskmgep$gsrhmxmsrw$qierw$xlex$

xli$hexewixw$xs$fi$ywih$mr$I|tivmqirx$5$gsqtevmwsrw$mrzspzi$gsqtevmwsrw$fsxl$fix{iir$erh${mxlmr$gipp$x}tiw2$

Ls{iziv0$xliwi$evi$gsqtevmwsrw${mxl$hmjjivirx$yrhivp}mrk$fmspskmgep$qsxmzexmsrw0$erh$mr$tevxmgypev0$xli$ijjigx$

wm~iw$sj$gsqtevmwsrw$fix{iir$gipp$x}tiw$evi$pmoip}$xs$fi$pevkiv$xler$xlswi${mxlmr$gipp$x}tiw$erh$egvsww$

gsrhmxmsrw2$

6-$Xli$eyxlsvw$ettp}3izepyxi$epp$sj$xli$qixlshw$fyx$hs$rsx$gsqqirx$sr$xlimv$wxexmwxmgep$yrhivtmrrmrkw$

,tvsw$erh$gsrw$jsv$hmjjivirx$ettpmgexmsrw3ywi$gewiw-2$Jsv$i|eqtpi0$xli$rsr1twyihsfypomrk$ettvsegliw$evi$

hiwxmrih$xs$tivjsvq$tssvp}$figeywi$xli}$qeoi$ewwyqtxmsrw$sj$efsyx$fegokvsyrh$hmwxvmfyxmsr$sj$xli$ve{$

gsyrx$wmkrep$xlex$e$pevkip}$rsx$vijpigxih$mr$xli$hexe$,jsv$i|eqtpi$xli$hexe$mw$szivhmwtivwih${mxl$viwtigx$xs$

xli$fmrsqmep$hmwxvmfyxmsr$-2$E$hmwgywwmsr$sj$wxexmwxmgep$qixlshw$erh$ewwyqtxmsrw$filmrh$xliwi$hmjjivirx$

ettvsegliw${mpp$lipt$xli$eziveki$ywiv3viehiv$fymph$er$mrxymxmsr$efsyx$xli$kirivep$ettpmgefmpmx}$erh$

ettvstvmexiriww$sj$hmjjivirx$qixlshw$jsv$xlimv$tevxmgypev$ettpmgexmsr2

[i$ekvii${mxl$xli$vizmi{iv$xlex$wsqi$sj$xli$qixlshw$gsqtevih$mr$xlmw$wxyh}$qeoi$uyiwxmsrefpi$

wxexmwxmgep$ewwyqtxmsrw$efsyx$xli$hmwxvmfyxmsr$sj$wgEXEG1wiu$hexe2$Ls{iziv0${i$hs$rsx$fipmizi$xlex$syv$

hexe$wyttsvx$xli$gsrgpywmsr$xlex$xlmw$mw$xli$tvmqev}$jegxsv$xlex$hixivqmriw$xli$fmspskmgep$eggyveg}$sv$

gsrxvsp$sj$xli$jepwi$hmwgsziv}$vexi$mr$HE$erep}wmw2$Mrwxieh0$syv$hexe$wxvsrkp}$wykkiwx$xlex$gsrxvsppmrk$jsv$

fmspskmgep$erh$xiglrmgep$zevmexmsr$egvsww$vitpmgexiw$mw$xli$wmrkpi$qswx$mqtsvxerx$jegxsv$xlex$hixivqmriw$xli$

eggyveg}$sj$HE$erep}wmw$mr$wgEXEG1wiu$hexe2$Ettvsegliw$xlex$i|tpmgmxp}$eggsyrx$jsv$zevmexmsr$egvsww$

vitpmgexiw${ivi$gsrwmwxirxp}$xli$xst1tivjsvqmrk$HE$qixlshw$mr$xivqw$sj$xlimv$efmpmx}$xs$qmvvsv$HE$erep}wiw$

sj$qexglih$fypo$EXEG1wiu$hexe$sv$HI$erep}wiw$sj$wgVRE1wiu$hexe$jvsq$xli$weqi$gippw$,Figs. 1 erh$2-2$

Sr$xli$sxliv$lerh0$ettvsegliw$xlex$hs$rsx$eggsyrx$jsv$zevmexmsr$egvsww$vitpmgexiw$wtyvmsywp}$mhirxmj}$

xlsywerhw$sj$hmjjivirxmepp}$eggiwwmfpi$tieow$mr$rypp$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe$erh$mr$

wmqypexih$hexewixw$,Fig. 3-2$Qsvisziv0${i$wls{$xlex$izir${mxl$wyfstxmqep$wxexmwxmgep$ettvsegliw0$xli$

ettievergi$sj$jepwi$hmwgszivmiw$ger$fi$hveqexmgepp}$vihygih$mr$i|tivmqirxw${mxl$e$wyjjmgmirxp}$lmkl$

ryqfiv$sj$vitpmgexiw$,Supplementary Fig. 4b-2$Tivletw$qswx$gvmxmgepp}$mr$zmi{$sj$xlmw$wtigmjmg$gsqqirx0$

xli$wigsrhev}$erep}wmw$tviwirxih$mr$Supplementary Fig. 4e$hiqsrwxvexiw$xlex$ettp}mrk$xli$i|egx$weqi$

wxexmwxmgep$qship${mxl$sv${mxlsyx$e$jm|ih$ijjigx$xivq$jsv$iegl$vitpmgexi$hveqexmgepp}$epxivw$xli$gsrxvsp$sj$xli$

jepwi$hmwgsziv}$vexi2$Mqtsvxerxp}0$xlmw$erep}wmw$gsqteviw$x{s$qshipw$xlex$qeoi$mhirxmgep$ewwyqtxmsrw$

efsyx$xli$yrhivp}mrk$hmwxvmfyxmsr$sj$xli$gsyrx$hexe0$fyx${lmgl$pieh$xs$ziv}$hmjjivirx$gsrgpywmsrw2$

Xs$ehhviww$xlmw$gsqqirx0${i$vizmwih$xli$jmvwx$tevekvetl$sj$xli$Hmwgywwmsr$xs$i|tpmgmxp}$lmklpmklx$xlmw$tsmrx>$
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Discussion

Xli$mrgviewmrkp}$fvseh$ehstxmsr$sj$xiglrspskmiw$xs$mrxivvskexi$xli$itmkirsqi$ex$wmrkpi1gipp$viwspyxmsr$lew$

i|tswih$e$pego$sj$gsrwirwyw$sr$ls{$xs$erep}wi$xli$viwypxmrk$hexe2$Mr$xlmw$wxyh}0${i$jsvqypexih$erh$

mqtpiqirxih$e$wivmiw$sj$tvivikmwxivih$erep}wiw$xlex$emqih$xs$w}wxiqexmgepp}$gsqtevi$wxexmwxmgep$qixlshw$jsv$

HE$erep}wmw$sj$itmkirsqmgw$hexe2$[i$gevvmih$syx$er$i|xirwmzi$vizmi{$sj$xli$pmxivexyvi$xs$mhirxmj}$epp$sj$xli$HE$

qixlshw$xlex$leh$fiir$ettpmih$mr$tyfpmwlih$wmrkpi1gipp$wxyhmiw0$erh$iwxefpmwlih$er$itmwxiqspskmgep$jveqi{svo$

xlex${syph$irefpi$e$gsqtevmwsr$sj$xliwi$qixlshw${mxl$viwtigx$xs$xlimv$fmspskmgep$eggyveg}$erh$xlimv$tvstirwmx}$

xs$tvshygi$jepwi$hmwgszivmiw2$Xliwi$erep}wiw$iwxefpmwlih$xlex$wxexmwxmgep$qixlshw$xlex$ekkvikexih$mrhmzmhyep$

gippw$xs$jsvq$Ötwiyhsfypow×$kirivepp}$}miphih$HE$viwypxw$xlex${ivi$fixxiv1epmkrih${mxl$svxlsksrep$

qiewyviqirxw$sj$xli$weqi$fmspskmgep$w}wxiqw$,m2i20$qexglmrk$fypo$EXEG1wiu$sv$qexglmrk$VRE1wiu$jvsq$xli$

weqi$gippw-$xler$qixlshw$xlex$xviexih$mrhmzmhyep$gippw$ew$xli$fmspskmgepp}$vipizerx$yrmx$sj$sfwivzexmsr2$Syv$hexe$

jyvxliv$wykkiwxih$xlex$xliwi$hmjjivirgiw$mr$tivjsvqergi$gsyph$fi$exxvmfyxih0$ex$piewx$mr$tevx0$xs$xli$ettievergi$

sj$jepwi$hmwgszivmiw$mr$HE$erep}wmw$sj$mrhmzmhyep$gippw2$Mr$rypp$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe0$erh$

mr$e$wivmiw$sj$wmqypexmsr$wxyhmiw0${i$jsyrh$xlex$xli$qswx${mhip}$ywih$HE$qixlshw$mhirxmjmih$xlsywerhw$sj$HE$

tieow$mr$xli$efwirgi$sj$er}$yrhivp}mrk$fmspskmgep$hmjjivirgiw2$Xliwi$jepwi$hmwgszivmiw$tvijivirxmepp}$evswi$

jvsq${mhiv$tieow$erh$tieow$eggiwwmfpi$mr$e$kviexiv$ryqfiv$sj$gippw0$qmvvsvmrk$xli$xirhirg}$jsv$jepwi$

hmwgszivmiw$xs$evmwi$jvsq$lmklp}1i|tviwwih$kiriw$mr$wmrkpi1gipp$hexe8=0$erh${ivi$efvskexih$fsxl$f}$twiyhsfypo$

HE$qixlshw$erh$f}$qm|ih1ijjigxw$qshipw$xlex$mrgsvtsvexih$vitpmgexi$ew$e$verhsq$ijjigx2$Viqevoefp}0$qshipw$

xlex$qehi$mhirxmgep$ewwyqtxmsrw$efsyx$xli$yrhivp}mrk$hmwxvmfyxmsr$sj$xli$gsyrx$hexe$zevmih$qevoihp}$mr$xlimv$

efmpmx}$xs$ezsmh$jepwi$hmwgszivmiw0$hitirhmrk$sr${lixliv$erh$ls{$xli}$gsrxvsppih$jsv$fmspskmgep$erh$xiglrmgep$

zevmexmsr$egvsww$vitpmgexiw2$Xskixliv0$xliwi$jmrhmrkw$wykkiwx$xlex$wmrkpi1gipp$HE$qixlshw$qywx$eggsyrx$jsv$

xiglrmgep$sv$fmspskmgep$zevmexmsr$fix{iir$vitpmgexiw$mr$svhiv$xs$irefpi$eggyvexi$HE$erep}wmw$erh$ezsmh$e$

tvspmjivexmsr$sj$jepwi$hmwgszivmiw2

7-$Vipexih$xs$q}$gsqqirx$efszi0$mx$wiiqw$xlex$xli$rsr1twyihsfypo$qixlshw$evi$gsqqsrp}$ywih$

figeywi$wmrkpi1gipp$wxyhmiw$vevip}$tivjsvq$fmspskmgep$sv$xiglrmgep$vitpmgexiw$,hiwtmxi$xlimv${ieoiv$

tivjsvqergi-2$Kmzir$xli$gswx$ewwsgmexih$,erh$54\$kirsqmgw$qsrstsp}$sr$xli$qevoix-${mxl$wmrkpi1gipp$

wxyhmiw0$M$hsyfx$xlmw${mpp$glerki$er}xmqi$wssr2$Ew$wygl0$M$xlmro$xlex$wsqi$qsvi$exxirxmsr3jsgyw$wlsyph$fi$

tpegih$sr$ls{$xs$tivjsvq$HE$erep}wiw${lir$rs$vitpmgexiw$evi$ezempefpi$sv$evi$pmqmxih$,sv$hiqsrwxvexi$xli$

mqtsvxergi$sj$vitpmgexiw-2

Ew$hmwgywwih$efszi0$syv$hexe$wxvsrkp}$wykkiwx$xlex$gsrxvsppmrk$jsv$fmspskmgep$erh$xiglrmgep$zevmexmsr$egvsww$

vitpmgexiw$mw$xli$wmrkpi$qswx$mqtsvxerx$jegxsv$xlex$hixivqmriw$xli$eggyveg}$sj$HE$erep}wmw$mr$wgEXEG1wiu$

hexe2$Ettvsegliw$xlex$i|tpmgmxp}$eggsyrx$jsv$zevmexmsr$egvsww$vitpmgexiw${ivi$gsrwmwxirxp}$xli$

xst1tivjsvqmrk$HE$qixlshw$mr$xivqw$sj$xlimv$efmpmx}$xs$qmvvsv$HE$erep}wiw$sj$qexglih$fypo$EXEG1wiu$hexe$

sv$HI$erep}wiw$sj$wgVRE1wiu$hexe$jvsq$xli$weqi$gippw$,Figs. 1 erh$2-2$Sr$xli$sxliv$lerh0$ettvsegliw$

xlex$hs$rsx$eggsyrx$jsv$zevmexmsr$egvsww$vitpmgexiw$wtyvmsywp}$mhirxmj}$xlsywerhw$sj$hmjjivirxmepp}$eggiwwmfpi$

tieow$mr$rypp$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe$erh$mr$wmqypexih$hexewixw$,Fig. 3-2$Xli$

wigsrhev}$erep}wmw$tviwirxih$mr$Supplementary Fig. 4e$hiqsrwxvexiw$xlex$ettp}mrk$xli$i|egx$weqi$

wxexmwxmgep$qship${mxl$sv${mxlsyx$e$jm|ih$ijjigx$xivq$jsv$iegl$vitpmgexi$hveqexmgepp}$epxivw$xli$gsrxvsp$sj$xli$

jepwi$hmwgsziv}$vexi2$Qsvisziv0${i$jsyrh$xlex$izir${mxl$wyfstxmqep$wxexmwxmgep$ettvsegliw0$xli$

ettievergi$sj$jepwi$hmwgszivmiw$ger$fi$hveqexmgepp}$vihygih$mr$i|tivmqirxw${mxl$e$wyjjmgmirxp}$lmkl$

ryqfiv$sj$vitpmgexiw$,Supplementary Fig. 4b-2$

Epp$sj$xliwi$viwypxw$gsppigxmzip}$yrhivwgsvi$xlex$eggsyrxmrk$jsv$zevmexmsr$egvsww$vitpmgexiw$mw$e$gvmxmgep$

gsrwmhivexmsr$mr$wmrkpi1gipp$HE$erep}wmw2$Gsrzivwip}0${i$hs$rsx$fipmizi$xlex$syv$hexe$wyttsvxw$er}$

gsrgpywmsrw$efsyx$ls{$xs$erep}~i$hexewixw${mxl$e$wmrkpi$vitpmgexi2$Jvsq$e$fvsehiv$tivwtigxmzi0$mx$mw$

uyiwxmsrefpi${lixliv$mx$mw$iziv$ettvstvmexi$xs$hve{$fmspskmgep$gsrgpywmsrw$jvsq$e$wmrkpi$weqtpi>$xlmw$omrh$

sj$i|tivmqirxep$hiwmkr$qeoiw$mx$mqtswwmfpi$xs$hmwxmrkymwl$fmspskmgepp}$vipizerx$ijjigxw$jvsq$fmspskmgep$sv$

xiglrmgep$zevmexmsr2
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Sr$xli$sxliv$lerh0${i$fipmizi$syv${svo$wyttsvxw$wxvsrk$gsrgpywmsrw$sr$xli$mwwyi$sj$ls{$xs$tivjsvq$HE$

erep}wiw${lir$vitpmgexiw$evi$ Jsv$mrwxergi0$epp$sj$xli$hexewixw$xlex${i$erep}~ih$I|tivmqirx$5$

tvsjmpih$fix{iir$ 6$erh$8$vitpmgexiw$tiv$gsrhmxmsr0$erh$epp$sj$syv$wmqypexmsrw$ywi$ A$7$tiv$gsrhmxmsr$f}$

hijeypx$,{mxl$ehhmxmsrep$wirwmxmzmx}$erep}wiw$sj$qsvi$sv$ji{iv$vitpmgexiw$mr$xli$wyttpiqirx-2$[i$vikvix$xlex$

xlmw$tsmrx${ew$rsx$gpiev$erh$lezi$ehhviwwih$xlmw$f}$rs{$tvszmhmrk$xli$ryqfiv$sj$vitpmgexiw$tiv$gsrhmxmsr$

jsv$iziv}$gsqtevmwsr$mr$xli$tetiv$mr$xli$ri{$Supplementary Table 22$[i$vijivirgi$xlmw$wyttpiqirxev}$

xefpi$mr$xli$Viwypxw$wigxmsr0${lmgl$tvszmhiw$er$sttsvxyrmx}$xs$lmklpmklx$xli$ryqfiv$sj$vitpmgexiw$mr$xliwi$

wxyhmiw>$

I|tivmqirx$5>$Izepyexmrk$wmrkpi1gipp$HE$qixlshw${mxl$qexglih$fypo$hexe

[i$jmvwx$ywih$syv$ewwiqfpih$gsqtirhmyq$sj$qexglih$fypo$erh$wmrkpi1gipp$EXEG$hexewixw$xs$izepyexi$xli$

fmspskmgep$eggyveg}$sj$iegl$wmrkpi1gipp$HE$qixlsh0$ywmrk$xli$fypo$hexe$ew$e$vijivirgi2$Syv$wyvzi}$sj$xli$

pmxivexyvi$mhirxmjmih$jmzi$wxyhmiw$mr${lmgl$qexglmrk$wmrkpi1gipp$erh$fypo$itmkirsqmgw$hexe${ivi$gsppigxih$jvsq$

xli$weqi$tstypexmsrw$sj$tyvmjmih$gippw$erh$wiuyirgih${mxlmr$xli$weqi$pefsvexsv}$,Fig. 2a-2$Xliwi$wxyhmiw$

gsppigxih$fix{iir$x{s$xs$jsyv$wgEXEG1wiu$pmfvevmiw$tiv$gsrhmxmsr$,Supplementary Table 2a-2$[i$tivjsvqih$

HE$erep}wmw$sj$fsxl$xli$fypo$erh$wmrkpi1gipp$EXEG1wiu$hexewixw0$_222a

I|tivmqirx$6>$Izepyexmrk$wmrkpi1gipp$HE$qixlshw${mxl$wmrkpi1gipp$qypxm1sqmgw

[i$ri|x$mhirxmjmih$jsyv$wxyhmiw$xlex$iqtps}ih$qypxm1sqmg$ewwe}w$xs$uyerxmj}$fsxl$kiri$i|tviwwmsr$erh$

glvsqexmr$eggiwwmfmpmx}$egvsww$xirw$sj$xlsywerhw$sj$rygpim0$iegl$tvsjmpmrk$fix{iir$x{s$erh$57$vitpmgexiw$

,Supplementary Table 2b-0$erh$pizivekih$xliwi$hexewixw$xs$vitiex$xli$gsqtevmwsrw$sj$wmrkpi1gipp$HE$

qixlshw$hiwgvmfih$mr$I|tivmqirx$50$rs{$ywmrk$kiri$i|tviwwmsr$ew$xli$vijivirgi$,Fig. 2c-2$_222a

Ehhmxmsrepp}0${i$lezi$vizmwih$xli$Hmwgywwmsr$xs$tpegi$e$kviexiv$hikvii$sj$iqtlewmw$sr$xli$mqtpmgexmsrw$sj$

syv$hexe$jsv$i|tivmqirxep$hiwmkr$sj$wmrkpi1gipp$itmkirsqmgw$wxyhmiw0$mr$xli$ri{p}$ehhih$tevekvetl$fips{>$

Qsvi$fvsehp}0$syv$hexe$iqtlewm~iw$xli$mqtsvxergi$sj$wsyrh$i|tivmqirxep$hiwmkr$jsv$wmrkpi1gipp$

itmkirsqmgw$wxyhmiw2$Izir$wyfstxmqep$wxexmwxmgep$qixlshw$jsv$HE$erep}wmw0${lmgl$tvshygih$xlsywerhw$sj$jepwi$

hmwgszivmiw$mr$gsqtevmwsrw$mrzspzmrk$wqepp$weqtpi$wm~iw0$gsyph$eglmizi$kssh$gsrxvsp$sj$xli$jepwi$hmwgsziv}$

vexi$mr$gsqtevmwsrw$sj$xir$weqtpiw$tiv$i|tivmqirxep$gsrhmxmsr2$Gsrzivwip}0$mrgviewmrk$xli$ryqfiv$sj$gippw$

tvsjmpih$jvsq$e$wqepp$ryqfiv$sj$vitpmgexiw$srp}$i|egivfexih$xli$ettievergi$sj$jepwi$hmwgszivmiw2$Qsvisziv0${i$

sfwivzih$xlex$xli$ryqfiv$sj$jepwi$hmwgszivmiw$gsvvipexih${mxl$xli$mrxirwmx}$sj$fexgl$ijjigxw$fix{iir$vitpmgexiw0$

ew$i|tigxih2$Xskixliv0$xliwi$sfwivzexmsrw$lmklpmklx$xli$mqtsvxergi$sj$,m-$qmrmqm~mrk$fexgl$ijjigxw$hyvmrk$hexe$

gsppigxmsr0$,mm-$tvsjmpmrk$e$wyjjmgmirx$ryqfiv$sj$weqtpiw0$erh$,mmm-$ywmrk$ettvstvmexi$wxexmwxmgep$ettvsegliw$xs$

erep}~i$xli$viwypxmrk$hexe2$

8-$Kirivepp}0$M$jmrh$xli$jmkyviw$szivp}$xiglrmgep$erh$mx$mw$levh$xs$tevwi$xli$mqqihmexi$gsrgpywmsr,w-2$

Tivwsrepp}$wtieomrk0$M$hsr+x$xlmro$mx$mw$rigiwwev}$xs$wls{$epp$qixlsh$gsrxvewxw$mr$iegl$jmkyvi2$Mr$ehhmxmsr$

,sv$epxivrexmzip}-$M$qmklx$kvsyt$xli$qixlshw$f}$wsqi$sj$xlimv$gsqqsrepmxmiw$,twyihsfypo0$ixg2-

[i$vikvix$xlex$xli$vizmi{iv$jipx$xlex$xli$jmkyviw${ivi$szivp}$xiglrmgep$sv$levh$xs$tevwi2$[i$fipmizi$xlex$xlmw$

mw0$xs$wsqi$i|xirx0$yrezsmhefpi>$xli$wliiv$zspyqi$sj$hexe$kirivexih$mr$syv$tvivikmwxivih$erep}wiw$mw$

wyfwxerxmep0$ew$vijpigxih$mr$xli$6<$wyttpiqirxev}$jmkyviw$xlex$eggsqter}$xli$qemr1xi|x$jmkyviw2$Qsvi$

tsmrxihp}0$nsyvrep$tspmg}$tvigpyhiw$xli$viqszep$sj$er}$tviwtigmjmih$erep}wiw$epxskixliv$ex$xlmw$tsmrx2$E$

gsqtvsqmwi$qmklx$mrzspzi$wls{mrk$srp}$e$wyfwix$sj$xli$qixlshw$mr$xli$qemr$xi|x$erh$xli$viwx$mr$xli$

wyttpiqirxev}$jmkyviw0$ew$xli$vizmi{iv$wykkiwxw?$ls{iziv0${i$wywtigx$xlex$xlmw$qe}$fi$gsrjywmrk$vexliv$

xler$gpevmj}mrk0$ew$mx${syph$viuymvi$xli$viehiv$xs$gsqtevi$viwypxw$egvsww$x{s$witevexi$jmkyviw$jsv$iziv}$

i|tivmqirx$tviwirxih$mr$xli$qemr$xi|x2$Pewx0$gsqqirxw$f}$xli$sxliv$vizmi{ivw$sr$syv$Wxeki$6$wyfqmwwmsr$

qehi$xli$sttswmxi$viuyiwx0$m2i20$xlex${i$wls{$ $hexe$mr$xli$qemr1xi|x$jmkyviw2$Xlivijsvi0${i$lezi$

pmqmxih$glerkiw$xs$xli$jmkyviw$xs$wtigmjmg$tsmrxw$xlex${ivi$jipx$xs$fi$yrgpiev$sv$viuymvi$vizmwmsr2$

69



[mxl$viwtigx$xs$xli$wigsrh$tsmrx$vemwih$mr$xlmw$gsqqirx0${i$hmh$mrhiih$kvsyt$qixlshw$f}$wepmirx$

gsqqsrepmxmiw>$qixlshw$xlex$ekkvikexi$gippw$jvsq$iegl$vitpmgexi$xs$jsvq$Ötwiyhsfypow×$,ihkiV$erh$

HIWiu6-$evi$wls{r$mr$vih0${liview$qixlshw$xlex$ekkvikexi$gippw$egvsww$vitpmgexiw$

,WretEXEG>>jmrhHEV-$evi$wls{r$mr$kviir$erh$qixlshw$xlex$hs$rsx$ekkvikexi$mrjsvqexmsr$egvsww$gippw$

evi$wls{r$mr$fpyi2$[i$vizmwih$xli$pikirh$sj$Fig. 2$xs$gpevmj}$xlmw$higmwmsr>$

Fig. 2 | Evaluating single-cell DA methods with matched bulk data and single-cell multi-omics.

a, Hiwmkr$sj$I|tivmqirx$52$HE$erep}wmw${ew$tivjsvqih$fix{iir$gipp$x}tiw$sv$gsrhmxmsrw$jsv$wmrkpi1gipp$

hexewixw${mxl$qexglmrk$fypo$EXEG1wiu$ew$e$vijivirgi2$Tieow${ivi$geppih$imxliv$mr$xli$fypo$EXEG1wiu$hexe$

,tvmqev}$erep}wmw-$sv$mr$twiyhsfypo$wmrkpi1gipp$hexe$,wirwmxmzmx}-$erep}wmw-2

b, Evie$yrhiv$xli$gsrgsvhergi$gyvzi$,EYGG-$jsv$wmrkpi1gipp$HE$qixlshw$mr$I|tivmqirx$50$ywmrk$qexglmrk$

fypo$EXEG1wiu$ew$e$vijivirgi2$Mrwix$xi|x$wls{w$xli$qihmer$EYGG2$Qixlshw$xlex$ekkvikexi$gsyrxw${mxlmr$

vitpmgexiw$xs$jsvq$Ötwiyhsfypow×$evi$wls{r$mr$wlehiw$sj$vih?$sri$qixlsh$xlex$ekkvikexiw$gsyrxw$egvsww$

vitpmgexiw$mw$wls{r$mr$kviir?$erh$qixlshw$xlex$hs$rsx$ekkvikexi$mrjsvqexmsr$egvsww$gippw$evi$wls{r$mr$fpyi2$

c, Hiwmkr$sj$I|tivmqirx$62$HE$erep}wmw${ew$tivjsvqih$fix{iir$gipp$x}tiw$ywmrk$qexglih$wgVRE1wiu$hexe$

jvsq$xli$weqi$gipp$ew$e$vijivirgi0$gsqtevmrk$HE$sj$kirsqmg$mrxivzepw$evsyrh$xli$XWW$xs$kiri1pizip$

hmjjivirxmep$i|tviwwmsr2

d, Evie$yrhiv$xli$gsrgsvhergi$gyvzi$,EYGG-$jsv$wmrkpi1gipp$HE$qixlshw$mr$I|tivmqirx$60$ywmrk$qexglmrk$

wrVRE1wiu$ew$e$vijivirgi2$Mrwix$xi|x$wls{w$xli$qihmer$EYGG2

e, Ew$mr$d,$fyx$wls{mrk$gsrgsvhergi$ex$xli$pizip$sj$KS$xivqw$irvmglih$eqsrk$HE$tieow2

Qmrsv$tsmrxw>

5-$Xli$xi|x$gsyph$fi$wyfwxerxmepp}$gsrhirwih$jsv$viehefmpmx}2
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Xlero$}sy$jsv$xlmw$wykkiwxmsr2$[i$ekvii$xlex$viehefmpmx}$mw$givxemrp}$er$mqtsvxerx$gsrwmhivexmsr?$ls{iziv0$

xli$sxliv$vizmi{ivw$lezi$gsqqirxih$xlex${i${ivi$mrwyjjmgmirxp}$ryergih$mr$syv$tviwirxexmsr$sj$wsqi$

viwypxw$erh$xlivijsvi$wykkiwxih$pirkxlirmrk$xli$Viwypxw$erh$Hmwgywwmsr$mr$ryqivsyw$tpegiw2$Kmzir$xli$

nsyvrep$tspmg}$xlex${i$gerrsx$viqszi$er}$tviwtigmjmih$erep}wiw$ex$xlmw$tsmrx0$mx$mw$hmjjmgypx$xs$wii$ls{$xli$

qerywgvmtx$ger$fi$wyfwxerxmepp}$wlsvxirih2$[i$hmh$wtigmjmgepp}$gsrhirwi$syv$hiwgvmtxmsr$sj$xli$psk1jsph$

glerki$erep}wiw$mr$I|tivmqirx$90${lmgl$rs{$viehw$ew$jspps{w>$

I|tivmqirx$9>$Mqtegx$sj$psk1jsph$glerki$jmpxivmrk

Mr$ehhmxmsr$xs$xli$wxexmwxmgep$wmkrmjmgergi$sj$HE$iwxmqexih$f}$er}$kmzir$qixlsh0$xli$hmjjivirgi$mr$xli$ryqfiv$sj$

viehw$szivpettmrk$e$tevxmgypev$kirsqmg$vikmsr$ger$fi$uyerxmjmih$f}$qiewyviw$sj$ijjigx$wm~i0$qswx$gsqqsrp}$

xli$psk1jsph$glerki2$Hmjjivirxmep$erep}wiw$sj$EXEG1wiu$hexe$qe}$hmwgevh$hmjjivirxmepp}$eggiwwmfpi$vikmsrw${mxl$e$

psk1jsph$glerki$fips{$er$evfmxvev}$xlviwlsph0$sr$xli$kvsyrhw$xlex$vikmsrw${mxl$wqepp$jsph$glerkiw$evi$yrpmoip}$

xs$fi$fmspskmgepp}$vipizerx882$Wmqmpev$tvegxmgiw$evi$yfmuymxsyw$mr$xli$erep}wmw$sj$sxliv$wiuyirgmrk1fewih$

xiglrspskmiw0$wygl$ew$VRE1wiu0${livi$xli$glsmgi$sj$psk1jsph$glerki$xlviwlsph$qe}$epxiv$xli$fmspskmgep$

mrxivtvixexmsr$sj$e$kmzir$i|tivmqirx:72$Xliwi$sfwivzexmsrw$qsxmzexih$er$iqtmvmgep$ewwiwwqirx$sj$xli$mqtegx$sj$

psk1jsph$glerki$jmpxivmrk$sr$wmrkpi1gipp$HE$erep}wmw2$Wtigmjmgepp}0${i$vitiexih$wizivep$sj$xli$erep}wiw$hiwgvmfih$

mr$I|tivmqirxw$50$60$erh$7$ejxiv$mqtswmrk$qsvi$sv$piww$wxvmrkirx$xlviwlsphw$sr$xli$qmrmqyq$psk1jsph$glerki2

[i$vigskrm~ih$xlex$xli$uyerxmxexmzi$qiewyviw$sj$tivjsvqergi$izepyexih$mr$xliwi$i|tivmqirxw$,EYGG$

sv$ryqfiv$sj$jepwi$hmwgszivmiw-$evi$wirwmxmzi$xs$xli$xsxep$ryqfiv$sj$tieow$fimrk$xiwxih2$Xlmw$mrxvshygiw$e$

tsxirxmep$gsrjsyrhmrk$jegxsv0$mr$xlex$wmqtp}$jmpxivmrk$tieow$ex$verhsq${syph$epws$fi$i|tigxih$xs$mrgviewi$xli$

EYGG$erh$higviewi$xli$ryqfiv$sj$jepwi$hmwgszivmiw2$Xs$eggsyrx$jsv$xlmw$ijjigx0$jsv$iegl$psk1jsph$glerki$

xlviwlsph0${i$xiwxih$xli$ijjigx$sj$viqszmrk$er$iuyep$ryqfiv$sj$tieow$jvsq$xli$hexewix$ex$verhsq2$[i$xlir$

ywih$xlmw$hexe$xs$hixivqmri${lixliv$jmpxivmrk$f}$psk1jsph$glerki$mrgviewih$xli$EYGG$sv$higviewih$xli$ryqfiv$

sj$jepwi$hmwgszivmiw$xs$e$hikvii$kviexiv$xler$verhsq2$

[i$jmvwx$i|eqmrih$xli$gsrgsvhergi$sj$HE$fix{iir$wgEXEG1wiu$erh$qexglmrk$fypo$EXEG1wiu2$Ew$

i|tigxih0$mrgviewmrkp}$wxvmrkirx$psk1jsph$glerki$jmpxivw$mrgviewih$gsrgsvhergi$jsv$epp$HE$qixlshw2$Ls{iziv0$

xli$weqi$ijjigx${ew$epws$wiir${lir$viqszmrk$iuymzepirx$ryqfivw$sj$verhsq$tieow$,Supplementary Fig. 9-2$

[lir$gsrxvsppmrk$jsv$xli$ijjigx$sj$verhsq$tieo$jmpxivmrk0${i$sfwivzih$xlex$xli$gsrgsvhergi$mrmxmepp}$higviewih$

{lir$jmpxivmrk$yt$xs$;4)$sj$tieow$fewih$sr$psk1jsph$glerki0$erh$xlir$mrgviewih${lir$jmpxivmrk$<4)$sv$qsvi$sj$

tieow2$Xs$wyqqevm~i$xliwi$xvirhw0${i$zmwyepm~ih$xli$ijjigx$wm~i$sj$psk1jsph$glerki$jmpxivmrk$egvsww$epp$HE$

qixlshw0$gsqtevih$xs$verhsq$tieo$jmpxivmrk$,Fig. 5a-2$Figeywi$xli$qekrmxyhi$sj$fmspskmgepp}$vipizerx$psk1jsph$

glerkiw${mpp$i|tigxerxp}$zev}$egvsww$hexewixw$hitirhmrk$sr$xli$fmspskmgep$w}wxiq$yrhiv$wxyh}0$xlmw$jmrhmrk$

wykkiwxw$mx$mw$hmjjmgypx $xs$iwxefpmwl$e$psk1jsph$glerki$xlviwlsph$xlex$ger$mrgviewi$xli$fmspskmgep$eggyveg}$

sj$HE$erep}wmw${mxlsyx$vmwomrk$e$higviewi$mr$eggyveg}2$

[i$ri|x$i|eqmrih$xli$gsrgsvhergi$sj$HE$fix{iir$xli$EXEG$erh$VRE$qshepmxmiw$sj$wmrkpi1gipp$

qypxm1sqmgw$hexe2$Xlmw$erep}wmw$vigetmxypexih$xli$vmwow$sj$psk1jsph$glerki$jmpxivmrk2$Mr$xlmw$i|tivmqirx0${i$jsyrh$

xlex$psk1jsph$glerki$jmpxivmrk$gsrwmwxirxp}$higviewih$gsrgsvhergi0$vipexmzi$xs$verhsq$jmpxivmrk0${lir$viqszmrk$

yt$xs$=4)$sj$kiriw$,Fig. 5b$erh$Supplementary Fig. 10-2$

Pewx0${i$xiwxih$xli$mqtegx$sj$psk1jsph$glerki$jmpxivmrk$sr$xli$ettievergi$sj$jepwi$hmwgszivmiw2$Vipexmzi$

xs$verhsq$jmpxivmrk0${i$gsrwmwxirxp}$sfwivzih$qsvi$jepwi$hmwgszivmiw$egvsww$epp$HE$qixlshw${lir$jmpxivmrk$f}$

psk1jsph$glerki$,Fig. 5c$erh$Supplementary Fig. 11-2$

6-$Jmkyvi$9>$mx$ettievw$jvsq$q}$viehmrk$sj$xli$xi|x$xlex$xli$|1e|mw$wlsyph$fi$&)$tivgirx$jmpxivih$tieow&$erh$

rsx$&'$sj$gippw&

Xlmw$lew$fiir$gsvvigxih$mr$xli$vizmwih$jmkyvi>$
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Fig. 5 | Impact of log-fold change filtering on single-cell DA analysis.

a, Ijjigx$wm~i$,Gslir×w$ -$sj$mrgviewmrkp}$wxvmrkirx$psk1jsph$glerki$jmpxivmrk$sr$xli$EYGG$fix{iir$wmrkpi1gipp$

erh$fypo$EXEG1wiu$HE0$vipexmzi$xs$xli$viqszep$sj$er$iuymzepirx$ryqfiv$sj$tieow$wipigxih$ex$verhsq2$Mrwix$

xi|x$wls{w$xli$qihmer$Gslir×w$

b, Ew$mr$a,$fyx$jsv$xli$EYGG$fix{iir$xli$EXEG$erh$VRE$qshepmxmiw$sj$wmrkpi1gipp$qypxm1sqmgw$hexe2

c, Ew$mr$a,$fyx$jsv$xli$ryqfiv$sj$jepwi$hmwgszivmiw$mr$rypp$gsqtevmwsrw$sj$tyfpmwlih$wgEXEG1wiu$hexe2$$
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Reviewer #1 (Remarks to the Author) 

The authors have addressed my comments to the extent that is allowed within the limitations of the 

registered report format 

We thank the reviewer again for their careful review of the manuscript and constructive feedback.  

Reviewer #2 (Remarks to the Author) 

The manuscript addresses a relevant problem of differential accessibility analysis in scATAC-seq data. 

During this rather extensive review rounds, several interesting insights raised from this complex 

manuscript. Unfortunately, due to the format of the paper as a pre-registered report, some of these did 

not make to the main figures or were note integral to the main benchmarking analysis.  

These include:  

- The fact that pseudo-bulk peak calling on scATAC-seq is beneficial (Supp. Fig. 1d).  

- The impact of mixed models in controlling false positive discovery (Supp. Fig. 4e), as an alternative to 

pseudo-bulking approaches.  

- The final rankings of methods considering distinct normalization and binarization strategies (Supp. Fig. 

34)

Format issues apart, authors have addressed most of my requests, but some issues remain open. 

We thank the reviewer again for their careful review of the manuscript and constructive feedback.  

Specific points  

Authors should expand the discussion (in the explorative analysis) regarding the relation between read 

depth (Fig. 4a), detection performance in peak promoters/enhancers (Supp. Fig. 1F) and distinct number 

of reads in enhancers and promoters (Supplementary Fig. 29). It is likely that researchers doing scATAC-

seq are more interested in characterizing enhancers than promoters. It is unclear if this can be inferred 

from summary analysis reported in Fig. 9 and Supp. Fig. 34.  

Our data shows that promoters are typically supported by more reads than enhancers; that DA analysis is 

generally more accurate for promoters; and that the accuracy of DA analysis continues to benefit from 

deeper sequencing up to at least 10,000 fragments per cell. If we have correctly understood this 

comment, the reviewer is suggesting that these observations raise the possibility that a higher 

sequencing depth would specifically improve DA analysis of enhancers. This possibility was not 

experimentally tested in our study; however, we agree this is a logical hypothesis that is worthy of 

discussion. We now raise this possibility in the “Exploratory analyses” section, as requested: 

First, we found that the concordance between single-cell and bulk ATAC-seq data was substantially 

higher for peaks located in promoter regions than for those located in enhancers (Supplementary Fig. 1f). 

Whereas our data does not allow us to establish a definitive causal explanation for this phenomenon, we 

found that peaks in promoter regions tended to be open in a greater number of cells, and supported by a 

greater number of reads, as compared to promoter regions (Supplementary Fig. 29). These observations are 

congruent with observations made in both bulk and single-cell ATAC-seq data2,32 and likely explain, at least in 



part, the greater biological accuracy of DA analysis for peaks in promoter regions. When considered in 

combination with the observation that the accuracy of DA analysis continues to benefit with increased 

sequencing depth up to at least 10,000 fragments per cell (Fig. 7a), these observations raise the possibility 

that increased sequencing depth would specifically benefit DA analysis of enhancers, although this possibility 

was not directly tested in the present study.  

Quantiles reported in Fig. 9 (Experimental Bias) do not apparently reflect results shown in Fig. 4. Please 

clarify this.  

We revised the Methods to clarify this point: 

Biases of single-cell DA methods 

[...]  

For the summary plot shown in Fig. 9, DA methods were binned into terciles according to the mean 

rank of their top-1,000 DA peaks across all three properties (i.e., mean read depth, percentage of cells in 

which the peaks are accessible, mean width in base pairs).  

Reviewer #3 (Remarks to the Author): 

The authors have satisfactorily addressed my concerns and I have no substantial concerns about the 

technical merit of this registered report.  

My only standing (and non-technical) comment is that, in its current form, the primary figures in the article 

are too dense. To be clear, I think the thoroughness of this work is extraordinary and nothing should be 

removed from the overall manuscript. However, I think incorporating some simple visual cues into the 

figures, removing redundancy of the text and moving some aspects to the supplement will help the 

average reader digest the general conclusions at higher-level before diving into the details. 

We thank the reviewer again for their careful review of the manuscript. We agree that the manuscript 

presents a large volume of data. However, it is challenging to square this request with the remaining 

suggestions from reviewer 2 to the opposite effect, i.e., to move figures from the supplement into the main 

text and continue to expand the text. We feel the manuscript in its present form strikes a reasonable 

balance between comprehensiveness and accessibility. We also note that the main text figures now 

include textual cues that directly indicate the hypothesis being tested in each panel, which we think has 

improved the clarity, particularly for the very large, multi-panel figures (e.g. Fig. 6).  


