1st round
Reviewer 1
The authors present a manuscript that describes 3 main important aspects relevant to aDNA i) reference bias ii) PMD mitigation strategies iii) a novel mitigation strategy.

I think that the authors have produced a very interesting manuscript for the aDNA community. it represents a step above what we currently know about reference bias.

I also applaud the author when they say that all of the data should be released instead of just the fragments mapping to the reference which has been mapped in a specific way. this makes reproducing the studies completely infeasible.

While I think that the portion about the evaluation of mapping and PMD mitigation strategies needs a few modifications, the portion about the description of the tool and its evaluation needs a bit of improvement.

I should point out that I did not test the software in this first run.

Major:
The simulations do not convince the reader that there was sufficient stress tests of the tool and evaluation of the remaining tools in terms of types and rates of PMDs. The Briggs parameters seem to have been taken out of thin air. I suggest to find 3 empirical samples with the following characteristics:
Single-strand damage from a Santa Cruz library
high levels of the double strand damage
medium levels of double-strand damage
these can be evaluated by mapDamage and simulated by gargammel. The damage rates obtained should be plotted.
I have read the bamRefine section on page 21 a few times but I still don't get it. Figure 7 did not help either. I think in its current state the tool is insufficiently described. even the abstract loses the reader when it describes "only PMD-vulnerable polymorphic sites". what does that even mean?
While the mapping portion is ok, the portion about the mitigation of the postmodern damage needs to be evaluated with further tools. What about ATLAS and "snpAD: An ancient DNA genotype caller". ATLAS is mentioned in the introduction but never used again, why is that? Especially ATLAS purports to do this if I'm not mistaken
the author selected a subset of empirical samples to test, currently, we have no idea about the following:
why were these samples picked?
what are the rates of damage?
what are the overall fragment lengths?
in general, the whole PMD section should compare against doing nothing and restricting the analysis to transversions. This would provide a good baseline.


Minor:

Line 47 s. "Standard aDNA data processing pipelines typically involve…" The manuscript forgets adapter trimming and merging which is very important for ancient samples
Line 48 "iii)" not all studies do this, some just restrict to transversions. Furthermore, there is an increasingly high number of studies that just impute.
Line 64 "Hence non-reference allele-carrying reads tend to be either unmapped or assigned lower alignment quality scores than the reference allele-carrying reads, and thus removed by filtering reads for by a minimal alignment quality score. Consequently, reference allele-carrying reads are overrepresented in the aligned and filtered data. " Is this from the Guenther study? If not please cite something to support this claim.
Line 62 " alignment quality score" mapping quality? be careful not to conflate both.
When you click on citations you get redirected to zotero.
Line 81 "modifying ancient reads at variable sites by converting them to 'N' (5);" how can you know that they are variable before you even align it?
Line 92 "leads to the loss of approximately 60% of polymorphism data in humans and other mammals, as transition polymorphisms are about twice more numerous than transversions" I agree that this is common knowledge but a citation would be nice.
Line 95: " This involves changing bases at read ends of a specific length to 'N' and their quality to '!' (corresponding to zero in Phred+33 encoding), e.g. using the tool trimBAM (11). Most researchers remove two to three bases at read termini of half-UDG-treated libraries, or 8-10 bases of non-UDG-treated libraries (12)" However only the original article for trimBam is cited and 1 aDNA article. I would include a lot more studies that do this.
Line 113 "masking read ends…" this is a typical problem for a lot of ancient DNA manuscripts, the conflation between the "reads" and the "fragments". Reads come off the sequencer, and then the adapters are removed and the overlapping portions are merged and you should get the original DNA fragments especially for paired-end data.
Line 152 "We next studied reference bias in real paleogenomic data" real? Do you mean empirical?
Fig 1A in the simulations, you can track why alt-carying fragments did not map, these are simulations. why did they not map?
Fig 1A why would downsampling affect anything here? The authors should clarify if they're just counting the bases or genotyping. Because I cannot see how downsampling makes sense here. I would just report the results at full coverage.
Fig 1A it seems that this bias is barely noticeable. It is 49% instead of 50%. This would indicate to me that there is a very slight reference bias.
Fig 1 As far as I remember, bwa cannot deal with unresolved bases (Ns) and just converts them to random DNA. In the case of heterozygous sites, it will therefore flip reference an alternative with equal probability. But that would still lead to a depletion of the aligned reads except it will be fair (i.e. no preference towards alt/ref). Could the authors comment on this? This would be for the masking approach.
Fig 1D Why randomly sample a hundred times? Why not just report the numbers? sampling 100 times would make sense if we were computing some kind of pop. gen, statistic but this is not the case.
Fig 1B I highly suspect this has to do with average fragment length, can the authors plot the average fragment length and put it in supplementary?
I like the Fig 1 from B to C,D We can clearly see the effect of filtering and capture bias.
Line 209 Does the graph aligner compute MQ the same way that bwa does? I doubt it. if this is not the case, this paragraph needs to be removed as comparison is not applicable.
For PMDs, did you look at CpG sites versus all sites?
Line 219 what about ATLAS and snpAD (see major revisions)?
Line 224 "Our algorithm masks 5' end bases only if they overlap with variants that include a "C" allele (to prevent C->T false-positives), or 3' end bases if they overlap with variants that include a "G" allele (to prevent G->A false-positives). Notably, our approach avoids biased genotyping due to PMD-induced C/G loss at transversion sites (e.g. C's being underrepresented at a C/A variant site when the variant occurs on 5' ends of reads due to PMD-induced C->T transitions). " Just exactly at the 5' end? Not X base away from the 5' end?
Figure 2A What about doing nothing? TRIMMING should be tried at different base levels
Fig 2B why not just name the programs that were used? instead of "TRIMMING" etc?
Line 263 for me, it is clear but It should be clarified what "pseudohaploid" means for clarity to make sure we are on the same page
Fig 3 again, coverage does not matter for pseudohaploid
Fig 4 Why all these metrics, why not just report the number of TP, FP, TN FN?
Figure 6 and page 15 unless you do this every day, I have no idea what different positions on the f4 statistics are. it would be useful to have a reminder of the tree structure as well as the expectation for Figure 6. By now, I'm not sure which one is worse because I do not know which population in the f4 statistic is multiplied by which.
Line 359 for the label C) is in there an extra ) to the f4, I think
Line 469 using which software and which parameters did you build this pangenome?
Line 472 usually the result of in alignment to a pangenome is a gam file, how did you use the tools that are normally for bam files on gam files?
Line 479 does bamRefine work on gam files?
Line 484 "First, the variant list to be used in downstream analyses is parsed and classified into 5' and 3' "suspect" lists, which in this context corresponds to variants with "C" and "G" alleles, respectively. "Suspects" here refer to the genomic positions that carry the risk of "C->T" or "G->A" false-positive variant calls if PMD-affected bases at read ends were to be used without any form of masking in downstream steps of a pipeline." I read this a few times and I can't wrap my head around it please see my comment in the major revisions.

Reviewer 2
Manuscript review: Pre-processing of paleogenomes: Mitigating reference bias and postmortem damage in ancient genome data

Overall Assessment:
The manuscript presents a thorough investigation of two major technical challenges in the field of ancient DNA. Using both simulated and real (ancient) genomic data, the authors show how reference bias and postmortem base modificiations can be mitigated by following non-standard, yet readily applicable approaches. They also urge the ancient DNA community to publish FASTQ rather than just BAM files, as unfortunately the majority of studies still do not. Overall, the paper is sound, well organised and easy to follow, the methodology is robust and well documented. I believe some additional tests are important. Detailed comments and suggestions for further improvement are given below:

1. Methodology and analysis:
 According to the authors of the ATLAS tool (Link et al., 2017), their recalibration of quality scores results in more accurate genotype calls than mapDamage2 rescalling. Could the authors also include comparisons with ATLAS, or justify why they preferred to test only the mapDamage2 rescaling method?
 Although most ancient DNA data is currently generated from double-stranded libraries, the single-stranded library protocol has been developed specifically for ancient DNA and is very promising, especially for samples with poor preservation. Another advantage over the double-stranded library is that damage can be completely depleted by removing reads with C>T in the forward orientation and G>A in the reverse orientation. However, this is a stringent approach and leads to some data loss. Could the authors include such a comparison? This would make their recommendations more inclusive of the different protocols used in the field.
 Could the authors show that masking and/or alignment to the graph genome is more efficient than standard alignment with a lower MAPQ (e.g., 25)? A lower MAPQ has been shown by Günther and Nettelblad 2019 to reduce reference bias at the possible cost of introducing microbial contamination, but this can be further assessed with the simulations.
 Can the authors include 1240K captured libraries as FASTQ files (see my comments below)?
 The authors should mention and justify their choice of using the Mann-Whitney U test in the Methods.


Minor points:
 Could the authors be more explicit about their bamRefine algorithm for single stranded libraries? Suspects' for masking should only include "C>T" (as well as "C>G" and "C>A") for both 5' and 3'. (Lines 489-493)

2. Results and interpretation:
The results are presented clearly and concisely, with appropriate figures and tables. The interpretation of the results is generally sound, but there are instances where further testing will provide more clarity.
 I was surprised to see that the reference bias using the standard 'linear' approach is higher for shotgun than for 1240K data (e.g. Figure 1), which contradicts the opposite result reported by Günther and Nettelblad 2019. Can the authors comment on this?
 Furthermore, in their discussion, they state that sharing raw data (FASTQ files) is preferable to unfiltered bam files, as mapping to a specific reference could introduce bias (lines 381-383). Following this argument, they should provide a comparison where 1240K data are acquired as FASTQ files (not just unfiltered BAMs). Since their results overall suggest an inherent bias in 1240K that cannot be corrected, it would be helpful if they used a library with high coverage shotgun and 1240K FASTQ data. F4 tests between them should indicate whether one processing approach is better at dealing with reference bias.
 The false positive rate for C>T and G>A in the first panel of Figures S11 and S12 appears remarkably high. The authors attribute this to residual PMD that is not biased towards the reference or alternative allele (lines 296-300). However, in Figure S1 the PMD after 10 bases is close to 0. Can they simulate UDGhalf libraries for comparison (or use real acneint high coverage samples)?
 The 'MASKED' approach seems to introduce a bias against the reference in some cases, as shown in both the simulations and the real data (lines 169-171, Figure 1, Figures 3-4). Could the authors compare with a lower MAPQ (25)?

Minor points:
 Can the authors report the proportion of mapping reads before and after MAPQ for the three methods in the simulated data, as in Table S7? Does the proportion of mapping also increase systematically for "GRAPH" or even "MASKED"?
 Can they also report the genotype errors in Figure 2, Figures S8, S10-12 as rates?
 Change the faceting of Figure 5 to match that of Figure 3

Overall, the manuscript has the potential to contribute to the field of paleogenomics by highlighting and introducing best practices in data processing and reporting.

Reviewer 3
Review of: Pre-processing of paleogenomes: Mitigating reference bias and postmortem damage in ancient genome data

General comments about the tool:

The authors work to quantify and reduce bias using a variety of approaches, and create a useful mechanism for increasing usable data which seems valuable for many studies. However, their proposed tool has some serious concerns: it recalibrates alignment information in bams, conditioning on an input set of SNPs. The resulting new bam thus has two different error profiles, one at SNPs which were used for conditioning, and the original error profile at other real SNPs. This is okay within the context of a standalone analysis, but introduces an extremely worrying bias for any secondary user of the resulting bams. If these were uploaded to a public repository, such as ENA, a user would not be able to tell that these two different error profiles existed which would introduce cryptic biases between 1240k snps and non-1240k snps. Worse: there is no way for a user to know that this process has run, since there is no PG information written into the header. Distressingly, the authors' laudable attempt to find methods to reduce bias in the field are likely to lead to a scenario where there is increased bias in public datasets, since many people are interested in sites outside the 1240k snp set.

I recognize the value in trying to retain data, without inducing a standalone bias, but the code should be changed before release, to add a PG line to the header. I believe this is a very small coding change, but it is important. 

Secondly: in my opinion, bams which have been pushed through bamRefine should absolutely not be released to public repositories at all, and instead raw bams (aligned, but with zero additional processing/filtering) are preferred - in addition (where possible) to raw fastq, as the authors suggest. The authors should state clearly words to the following effect, that bamRefine is found to be a valuable and useful tool for doing analysis on a specific set of SNPs within the context of a single study, but because it operates by recalibration on a specific sets of SNPs, resulting bams should not be uploaded to public repositorises, where people may wish to explore other SNP sets to avoid unintentional downstream biases.


Comments on the paper:

Line 58: reference : "Günther and Nettelblad (2019)" is not properly referenced. 
Lines 101-104: "Other methods, such as 102 mapDamage (13) and ATLAS (14), have attempted to reduce the effect of PMD by rescaling 103 the base quality of possible PMD-driven misincorporations, but such approaches are rarely 104 used as they could alter genotype frequencies," 

mapDamage is used quite extensively; I agree that they could alter mutation frequencies but would suggest changing 'rarely used' to 'are potentially problematic'


Line 126: 'we created aDNA-like data with the gargammel tool …'. The authors should clearly state that the simulated data is derived from a UDG-minus profile, which represents the worst case of damage profiles analysts might see. This can be inferred from the supplementary figure, but should be explicitly stated in the text since this is not reflective of most available ancient DNA samples - which are UDG-half. These simulations would be much more interesting, and valuable, if a UDG-half profile had been used (but I'm not suggesting this is necessary for publication).

Line 128: "We then aligned this data to reference genomes using three different strategies…"
It was unclear to me what the specific reference genomes were, but these are nicely detailed in lines: 445-478. I suggest you refer readers to this important section for details.



Line 133: "we used a graph reference genome representing both reference 134 and alternative alleles at known variable sites and used GRAF aligner for mapping" 

Please state if default parameters are used with GRAF aligner, ideally in the separate, alignment strategy section, lines 463-470.


Line 132: "we masked the linear reference genome sequence at variable positions to be genotyped by converting those bases to 'N'" .

My understanding is that bwa can only encode 4 possibilities for bases; thus specifying an "N" leads bwa to put a random base in this position from the set of A,C,G,T. Thus: "N" is not treated as an ambiguous base for alignment, but rather a random one. This leads to a bias to the random base. This is not a strong issue for population genetic analyses across loci, but is very much an issue in selection studies. 


Line 133. The authors use "GRAF aligner" as the graph reference aligner. I am curious, and believe others would be too, why this aligner was chosen instead of others such as 'vg'.


Line 175: "The majority of paleogenomes over the last decade have been published as processed BAM 176 files rather than raw FASTQ files, where the former could be subject to irreversible reference 177 bias introduced by mapping parameters as well as alignment quality filtering."

This statement is incorrect. Bams when first produced from fastq include all reads. The mapping parameters used do not create an irreversible reference bias, since the raw reads can be extracted and realigned, which is a common practice. Irreversible data loss comes afterwards, when filtering is applied. This sentence should be rewritten. There is a trend to suggest that fastq is always better than bams because people conflate 'raw bams' with 'processed/filtered bams'. I completely agree that processed/filtered/recalibrated bams are a problem in the field, and directly relate to the bias issues the authors address in this document. But: raw bams, which may be aligned, contain all the data from raw fastq - in addition to mapping information which can be ignored if needed. In addition the bam format supports tags to encode additional information. Raw bams, are therefore in my view, more informative than fastq, and a better way of disseminating ancient DNA data. Fastq can cryptically include adapters, barcodes, indices - which must be stripped prior to alignment. These sequence components can be represented in tags in raw bams which reduces preprocessing work for people who wish to realign.

Line: 491-493: "The program 492 allows the 5' and 3' end lookup ranges to be asymmetrical to properly process reads from 493 single-stranded library protocols."

Is this true? Single-stranded protocols would not produce a reverse complement deamination profile on the 3" end - so mutations on both 5" and 3" ends are C-T in single-stranded protocols - which is quite different to double stranded protocols where G-A mutations are expected at the 3" end. Does bamRefine consider C-T mutations at the 3" end?


Comments on the bamRefine tool:

Bamrefine is well-documented and available from github. I was able to install this on a local machine, and it ran successfully. Unfortunately, I was not able to install this on my HPC cluster (which is probably nothing to do with tool itself) and was thus not able to do any testing. However: it was apparent that bamrefine reads bams, and writes new ones, but does not add a PG tag to the header - so it is not possible for a secondary user of the resulting bam to know that recalibration had been run.

I recommend that a PG tag is added to the header.

Minor: calling bamrefine without specifying an output bam filename results in a cryptic error. 

bamrefine -s sampleSNPs.snp -p 1 -l 1 `pwd`/aln.rg.bam
Traceback (most recent call last):
File "/usr/local/bin/bamrefine", line 8, in <module>
sys.exit(main())
File "/usr/local/lib/python3.9/site-packages/bamRefine/__main__.py", line 162, in main
if remainder[1].startswith('/'):
IndexError: list index out of range

Authors’ response

 Reviewer #1: The authors present a manuscript that describes 3 main important aspects relevant to aDNA i) reference bias ii) PMD mitigation strategies iii) a novel mitigation strategy. 
I think that the authors have produced a very interesting manuscript for the aDNA community. it represents a step above what we currently know about reference bias. 
I also applaud the author when they say that all of the data should be released instead of just the fragments mapping to the reference which has been mapped in a specific way. this makes reproducing the studies completely infeasible. 
Thank you very much for your kind evaluation of our work. 

While I think that the portion about the evaluation of mapping and PMD mitigation strategies needs a few modifications, the portion about the description of the tool and its evaluation needs a bit of improvement. 
I should point out that I did not test the software in this first run. 
Major: 
The simulations do not convince the reader that there was sufficient stress tests of the tool and evaluation of the remaining tools in terms of types and rates of PMDs. The Briggs parameters seem to have been taken out of thin air. I suggest to find 3 empirical samples with the following characteristics: 
Single-strand damage from a Santa Cruz library 
high levels of the double strand damage 
low levels of double-strand damage 
these can be evaluated by mapDamage and simulated by gargammel. The damage rates obtained should be plotted. 
We thank the reviewer for this suggestion. We now included new test datasets: 
1) We added a new Gargammel-simulated single-stranded dataset (Figure S4, Figure R1). 
2) We added Gargammel-simulated double-stranded libraries with both high (51% at 5’C) and low damage (17% at 5’C), as well as a half-UDG-treated library (the latter suggested by Reviewer 3) (Figure S4, Figure R1). 
3) We added one shotgun-generated (Loschbour) and three SNP capture-generated empirical genomes (I17276, LAK007, LAK001), all single-stranded libraries (Figure 1,5 and Figure S29; Figure R2 and Figure R3). 
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Figure R1: Reference bias in simulated sequencing datasets representing data from double-standed and single-stranded ancient DNA libraries under high and low levels of PMD (Methods), using (A) MAPQ>30 or (B) MAPQ<25 as filtering threshold. Single-stranded ancient DNA libraries show higher bias using the LINEAR strategy due to additional PMD beyond 10 bp. This can be corrected via MASKED or GRAPH strategies, but only if mapDamage is not used.
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Figure R2: Comparing reference bias in published ancient genomes that FASTQ file available aligned with different reference genomes and PMD-effects reduced with different approaches. The plot shows the proportion of alternative alleles after randomly selecting one allele from heterozygote sites 100 times (see also Figure S29).
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Figure R3: Comparing reference bias in published ancient genomes with only published BAM files. These were published already filtered or unfiltered for mapping quality. The data was subject to alignment to different reference genomes and two PMD-correction approaches. The plot shows the proportion of alternative alleles after randomly selecting one allele from heterozygote sites 100 times by pileupCaller. 
We also included PMDtools-generated PMD plots of all libraries used in Figure S1 for simulated data and Figure S27,28 for real ancient data.

I have read the bamRefine section on page 21 a few times but I still don't get it. Figure 7 did not help either. I think in its current state the tool is insufficiently described. even the abstract loses the reader when it describes "only PMD-vulnerable polymorphic sites". what does that even mean? 
Thank you for this constructive criticism. We tried to explain the principle in more simple terms now in lines 574-620 in Methods, and also changed the abstract, saying “bamRefine, masking reads only at positions that could be affected by PMD”. Briefly, we only mask positions that could be affected by PMD, but retain any transversions that could not be affected by PMD. For instance, if the 5’ end of a read overlaps with a T/G polymorphism, this would NOT be masked, because deamination (C->T) cannot affect the site. In contrast, 5’ positions overlapping with a C/T or a C/G polymorphism would be masked. We hope the current version is more clear. 

While the mapping portion is ok, the portion about the mitigation of the postmodern damage needs to be evaluated with further tools. What about ATLAS and "snpAD: An ancient DNA genotype caller". ATLAS is mentioned in the introduction but never used again, why is that? Especially ATLAS purports to do this if I'm not mistaken 
Thank you. We did not use snpAD because it was designed to accurately genotype high-coverage samples (at least 15x according to the Prüfer 2018) in the case of both PMD and reference bias. We now explain this in the text in lines 442-444, saying “We further note that statistical correction of reference bias is also possible, as implemented in the software snpAD (6), but this requires high-coverage (>10x) genomic data.” 
We also emphasize that our work focuses on improving quality of low-coverage genomes, while with higher coverage alternative strategies such as imputation are also available, in lines 109-116. 
Regarding ATLAS, the reason we had not applied ATLAS initially was its challenging nature when it comes to practical implementation (see below), known to the community. Still, following the reviewers’ suggestions, we applied it to the simulated data. This showed that ATLAS has superb performance for reducing missingness and achieves high accuracy. It is also not affected by reference bias, unlike mapDamage2 (Figure R4 below, and new Figure 3). 
Unfortunately, however, implementing the current ATLAS version is constrained by a number of practical issues: 1) Each sequencing library has to be individually calibrated. If a sample’s libraries are not individually tagged with reading groups (RGs) but published jointly, as is usually the case, running ATLAS appropriately may not be possible. 2) ATLAS has an order of magnitude higher running times than the other tools tested. For example, it required 287 minutes, compared to only 21 minutes using bamRefine on the simulated 10X genome. 3) ATLAS also has much heavier memory requirements compared to alternative tools. For instance, the published library GOR001 used more than 900GB memory for recalibration, and then terminated with error. Memory requirements are minimal for other tools, such as trimBam or bamRefine. 
We now explain these points in lines 307-320. 
For these reasons, we did not attempt to apply ATLAS on real paleogenomic data. Instead, we mark its notable performance on simulated data (Figure 2 and Figure 3) and explain our reasons for not implementing ATLAS on empirical data in lines 307-320. We also note in the Discussion that future work that could streamline its application could be promising, in lines 478-481.
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Figure R4: Comparing reference bias in simulated ancient genomes aligned with different reference genomes and PMD-effects reduced with different approaches. The plot shows the proportion of alternative alleles after randomly selecting one allele from heterozygote sites 100 times (see also Figures S21-22). We used reads with MAPQ>30 for genotyping. To compare results with MAPQ>25, see Figure S23.

the author selected a subset of empirical samples to test, currently, we have no idea about the following: 
why were these samples picked? 
We tried to cover different geographical areas, different types of library preparation, coverage, and different laboratories-of-origin. We now extended the description sentence as follows in lines 180-183: “This was a random sample representing libraries derived from diverse geographic regions, of single- or double-stranded type, produced with or without UDG-treatment, shotgun-sequenced, whole-genome captured or 1240K SNPs-enriched genomes had variable coverages, and originated from different laboratories (Table S1).” 

what are the rates of damage? 
what are the overall fragment lengths? 
Thank you for pointing out these omissions. The PMD plots are now presented at Figure S27-28. The sequencing statics are now shown in Table S1.

in general, the whole PMD section should compare against doing nothing and restricting the analysis to transversions. This would provide a good baseline. 
We thank the reviewer for this suggestion. However, the point of performing PMD correction is being able to genotype across a wider SNP set than only using transversions, which are largely unaffected by PMD. We thus believe using “no PMD correction” as baseline is more appropriate than using transversions only (see Figure 2). Nevertheless, we do present results showing that transitions are the main source of error (Figure S12-20). We also added a short point about this in the main text, saying “We then examined the missingness and error rates on these calls, comparing the four PMD-correction approaches with no PMD correction. This baseline is more appropriate than using transversions only, as most error derives from transitions.” in lines 274-277. 

Minor: 
Line 47 s. "Standard aDNA data processing pipelines typically involve…" The manuscript forgets adapter trimming and merging which is very important for ancient samples 
Thank you. We now added “adapter trimming and merging of paired end reads” in line 39. 

Line 48 "iii)" not all studies do this, some just restrict to transversions. Furthermore, there is an increasingly high number of studies that just impute. 
Thank you. We now added the possibility of using only transversions, the use of genotype likelihoods, and imputation, pointing out that the latter is potentially powerful but not available at low coverages, in lines 109-116 of the Background. 
Line 64 "Hence non-reference allele-carrying reads tend to be either unmapped or assigned lower alignment quality scores than the reference allele-carrying reads, and thus removed by filtering reads for by a minimal alignment quality score. Consequently, reference allele-carrying reads are overrepresented in the aligned and filtered data. " Is this from the Guenther study? If not please cite something to support this claim. 
We added Günther and Nettelblad 2019 and Martiniano et al 2020 as references to this sentence. 

Line 62 " alignment quality score" mapping quality? be careful not to conflate both. 
Yes, thank you for pointing this out. We are now only using “mapping quality score” in the text. 

When you click on citations you get redirected to zotero. 
This is now fixed, thank you. 
Line 81 "modifying ancient reads at variable sites by converting them to 'N' (5);" how can you know that they are variable before you even align it? 
We were referring to SNP sites - we now say “SNP” instead of “variable site” (line 78). We hope this is clear now. 

Line 92 "leads to the loss of approximately 60% of polymorphism data in humans and other mammals, as transition polymorphisms are about twice more numerous than transversions" I agree that this is common knowledge but a citation would be nice.
We now cite Bainbridge et al. 2011 here. 

Line 95: " This involves changing bases at read ends of a specific length to 'N' and their quality to '!' (corresponding to zero in Phred+33 encoding), e.g. using the tool trimBAM (11). Most researchers remove two to three bases at read termini of half-UDG-treated libraries, or 8-10 bases of non-UDG-treated libraries (12)" However only the original article for trimBam is cited and 1 aDNA article. I would include a lot more studies that do this. 
We now added more citations to this section at lines 97-98. 

Line 113 "masking read ends…" this is a typical problem for a lot of ancient DNA manuscripts, the conflation between the "reads" and the "fragments". Reads come off the sequencer, and then the adapters are removed and the overlapping portions are merged and you should get the original DNA fragments especially for paired-end data. 
Thank you for this point. As the reviewer marks, merged reads are frequently simply referred to as “read” than “fragment” in the aDNA community - the main target audience. To avoid additional confusion, we now say “merged read ends (i.e. fragments)”. We hope this is a good compromise. 

Line 152 "We next studied reference bias in real paleogenomic data" real? Do you mean empirical? 
Fixed, thank you. 

Fig 1A in the simulations, you can track why alt-carying fragments did not map, these are simulations. why did they not map? 
Thank you for this suggestion. We now present these results in new Figure S3 and Figure R5 below, and include this summary statement (lines: 168-170): “While alternative allele-carrying reads with more mismatches and of short length tended to be filtered out using “LINEAR”, while trend was weaker using the “MASKED” strategy and absent using “GRAPH”.”
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Figure R5: Number of reads mapped to heterozygous sites (MAPQ>30) or filtered (MAPQ<30) using 10X simulated genomic data. (A) Distribution of read mapping quality. (B) Distribution of the number of mismatches in reads. (C) Distribution of read lengths. REF and ALT refer to reads carrying reference or alternative alleles. 

Fig 1A why would downsampling affect anything here? The authors should clarify if they're just counting the bases or genotyping. Because I cannot see how downsampling makes sense here. I would just report the results at full coverage. 
We agree with the reviewer that the most relevant information is the point estimate, but the datasets with various coverage additionally allow us to observe how reference bias varies depending on coverage and SNP numbers (note that here we did not downsample but separately generated different simulations). 

Fig 1A it seems that this bias is barely noticeable. It is 49% instead of 50%. This would indicate to me that there is a very slight reference bias. 
Thank you. One percent appears small, but can lead to significant biases in e.g. f4 tests as we show with real genomes (Figure 6). The effect of such biases can be particularly dramatic when studying closely-related populations and lead to false positive results. We added this point at line 158-162. 

Fig 1 As far as I remember, bwa cannot deal with unresolved bases (Ns) and just converts them to random DNA. In the case of heterozygous sites, it will therefore flip reference an alternative with equal probability. But that would still lead to a depletion of the aligned reads except it will be fair (i.e. no preference towards alt/ref). Could the authors comment on this? This would be for the masking approach. 
Thank you for this useful comment. We now discuss this point in the text (lines 434-446): “Compared to “MASKED”, the “GRAPH” approach has higher F-scores when using trimBam or bamRefine, and is also less affected by reference bias. These differences might be partly attributable to bwa converting ‘N’ nucleotides (such as those created by masking) to one of four random bases before alignment. Such random conversion will remove reference bias on average and would not impact population genetic studies; however, it can lead to data loss, and also negatively impact studies of natural selection where accurate prediction of allele frequencies is critical. An alternative masking solution is to create two reference .fasta files that carry both alleles for alignment [e.g. (7)]. We further note that statistical correction of reference bias is also possible, as implemented in the software snpAD (6), but this requires high-coverage (>10x) genomic data. Overall, the “MASKED” strategy appears as the simplest remedy for reference bias applicable with the standard bwa aln tool, while “GRAPH” can be described as a highly effective alternative.” 

Fig 1D Why randomly sample a hundred times? Why not just report the numbers? sampling 100 times would make sense if we were computing some kind of pop. gen, statistic but this is not the case. 
We performed random sampling of alleles in order to mimic the pseudohaploidization step, and by repeating this 100 times we ensure that our point estimate is not affected by sampling error. We agree that calculating a single point estimate could be a simple alternative, but this also provides some intuition into the reference bias variation across SNP sets per sample. We now added the explanation (lines 150-152): “Because pseudohaploidization involves random sampling, we repeated these last steps 100 times to obtain point estimates.” 

Fig 1B I highly suspect this has to do with average fragment length, can the authors plot the average fragment length and put it in supplementary? 
Thank you for your comment. As mentioned earlier, this is now added as Figure S3 
(Figure R5 above), and we added a relevant note in lines168-170. 

I like the Fig 1 from B to C,D We can clearly see the effect of filtering and capture bias. 
Thank you! 

Line 209 Does the graph aligner compute MQ the same way that bwa does? I doubt it. if this is not the case, this paragraph needs to be removed as comparison is not applicable. 
Thank you for this point. Indeed, the GRAF aligner we used calculates MAPQ in similar fashion as bwa. 
https://static-content.springer.com/esm/art%3A10.1038%2Fs41588-018-0316-4/MediaObjects/41588_2018_316_MOESM1_ESM.pdf 
We now added this information to the manuscript in lines 560-561. 

For PMDs, did you look at CpG sites versus all sites? 
Thank you. We did consider this, but PMD at CpG sites varies depending on UDG-treatment and would add another layer of complexity to the analysis, for which reason we decided not to additional analyse CpG sites. 

Line 219 what about ATLAS and snpAD (see major revisions)? 
We have now added ATLAS results (only implemented on simulated data but not on empirical data for its impractibility, as we explain in lines 307-320). We also added the note (lines: 250-252): “We note that another tool, snpAD (6), can statistically correct for reference bias but performs accurately only on high-coverage (>10x) genomes, which is not common in the field” 

Line 224 "Our algorithm masks 5' end bases only if they overlap with variants that include a "C" allele (to prevent C->T false-positives), or 3' end bases if they overlap with variants that include a "G" allele (to prevent G->A false-positives). Notably, our approach avoids biased genotyping due to PMD-induced C/G loss at transversion sites (e.g. C's being underrepresented at a C/A variant site when the variant occurs on 5' ends of reads due to PMD-induced C->T transitions). " Just exactly at the 5' end? Not X base away from the 5' end? 
Thank you for pointing out this ambiguity. We now changed this to (lines 255-259: “It masks a user-defined number of bases from the 5’ end (similar to trimming) only if they overlap with variants that include a “C” allele, to prevent C->T false-positives. In double-stranded libraries, it can also mask a user-defined number of bases from the 3’ end only if they overlap with variants that include a “G” allele, to prevent G->A false-positives” 

Figure 2A What about doing nothing? TRIMMING should be tried at different base levels 
Thank you for this suggestion. Not performing correction would naturally lead to an excess of PMD-caused errors, and we do include “no correction” results in the new Figures 2 and 3, for comparison. Trimming fewer bases would be expected to result in errors intermediate between “no correction” and the trimming we performed, so we assumed such additional analysis might not be necessary. 

Fig 2B why not just name the programs that were used? instead of "TRIMMING" etc? 
Thank you. Now we are using the name of programs in the text and figures. 

Line 263 for me, it is clear but It should be clarified what "pseudohaploid" means for clarity to make sure we are on the same page 
We now added the explanation “a single allele sampled per diploid genotype”.
 
Fig 3 again, coverage does not matter for pseudohaploid 
We agree, but Fig 3 also provides a feeling about variance of the bias with smaller data sets, i.e. lower coverage. We hope this makes sense. 

Fig 4 Why all these metrics, why not just report the number of TP, FP, TN FN? 
All metrics give different aspects and commonly use to compare genotyping differences. We now explained them better in lines 722-736. 

Figure 6 and page 15 unless you do this every day, I have no idea what different positions on the f4 statistics are. it would be useful to have a reminder of the tree structure as well as the expectation for Figure 6. By now, I'm not sure which one is worse because I do not know which population in the f4 statistic is multiplied by which. 
We add more explanation to the figure caption (Figure 6 and Figure S32): “The chimpanzee is the outgroup, and we are testing whether the Human Reference Genome is equally distant to the genetic data from the same individual but processed using alternative strategies (e.g. Ind1_LINEAR versus Ind1_MASKED). f4 distributions shifted to the left or right suggest the reference genome shares more alleles with the genetic data processed using the methods indicated in the right or left, respectively.” We did not refer to the tree structure but we thought this would be easier to follow. 

Line 359 for the label C) is in there an extra) to the f4, I think 
Thank you, corrected. 

Line 469 using which software and which parameters did you build this pangenome? 
Thank you. We did not construct the graph genome ourselves but used the published version from the GRAF paper (Rakocevic et al 2019 Nat Genet). This we now mark explicitly in the Methods: “The pangenome construction is described in the supplement of Rakocevic and colleagues (29) under the section “Global Graph Reference” in detail.” 

Line 472 usually the result of in alignment to a pangenome is a gam file, how did you use the tools that are normally for bam files on gam files? 
Line 479 does bamRefine work on gam files? 
The GRAF tool outputs BAM files, which made it additionally convenient for use with bamRefine, which modifies BAM files. We explained this now in Methods at lines 560-561. 

Line 484 "First, the variant list to be used in downstream analyses is parsed and classified into 5' and 3' "suspect" lists, which in this context corresponds to variants with "C" and "G" alleles, respectively. "Suspects" here refer to the genomic positions that carry the risk of "C->T" or "G->A" false-positive variant calls if PMD-affected bases at read ends were to be used without any form of masking in downstream steps of a pipeline." I read this a few times and I can't wrap my head around it please see my comment in the major revisions. 
We now revised the text to clarify the description of the process, at lines 574-620. We hope it is easier to follow now. 

Reviewer #2: Manuscript review: Pre-processing of paleogenomes: Mitigating reference bias and postmortem damage in ancient genome data 
Overall Assessment: 
The manuscript presents a thorough investigation of two major technical challenges in the field of ancient DNA. Using both simulated and real (ancient) genomic data, the authors show how reference bias and postmortem base modificiations can be mitigated by following non-standard, yet readily applicable approaches. They also urge the ancient DNA community to publish FASTQ rather than just BAM files, as unfortunately the majority of studies still do not. Overall, the paper is sound, well organised and easy to follow, the methodology is robust and well documented. I believe some additional tests are important. Detailed comments and suggestions for further improvement are given below: 
1. Methodology and analysis: 
According to the authors of the ATLAS tool (Link et al., 2017), their recalibration of quality scores results in more accurate genotype calls than mapDamage2 rescalling. Could the authors also include comparisons with ATLAS, or justify why they preferred to test only the mapDamage2 rescaling method? 
Thank you for this suggestion, which was also raised by Reviewer 1. The reason we had not applied ATLAS initially was its challenging nature when it comes to practical implementation (see below), known to the community. Still, following the reviewers’ suggestions, we applied it to the simulated data. This showed that ATLAS has superb performance for reducing missingness and achieves high accuracy. It is also not affected by reference bias, unlike mapDamage2 (Figure R4 above, and new Figure 3). 
Unfortunately, however, implementing the current ATLAS version is constrained by a number of practical issues: 1) Each sequencing library has to be individually calibrated. If a sample’s libraries are not individually tagged with reading groups (RGs) but published jointly, as is usually the case, running ATLAS appropriately may not be possible. 2) ATLAS has an order of magnitude higher running times than the other tools tested. For example, it required 287 minutes, compared to only 21 minutes using bamRefine on the simulated 10X genome. 3) ATLAS also has much heavier memory requirements compared to alternative tools. For instance, the published library GOR001 used more than 900GB memory for recalibration, and then terminated with error. Memory requirements are minimal for other tools, such as trimBam or bamRefine. 
We now explain these points in lines 307-320. 
For these reasons, we did not attempt to apply ATLAS on real paleogenomic data. Instead, we mark its notable performance on simulated data (Figure 2 and Figure 3) and explain our reasons for not implementing ATLAS on empirical data in lines lines 307-320. We also note in the Discussion that future work that could streamline its application could be promising, in lines 478-481. 

Although most ancient DNA data is currently generated from double-stranded libraries, the single-stranded library protocol has been developed specifically for ancient DNA and is very promising, especially for samples with poor preservation. Another advantage over the double-stranded library is that damage can be completely depleted by removing reads with C>T in the forward orientation and G>A in the reverse orientation. However, this is a stringent approach and leads to some data loss. Could the authors include such a comparison? This would make their recommendations more inclusive of the different protocols used in the field. 
Thank you very much. This was likewise suggested by Reviewer 1. We now included new test datasets: 
1) We added a new Gargammel-simulated single-stranded dataset (Figure S2, Figure R1 above). 
2) We added one shotgun-generated (Loschbour) and three SNP capture-generated genomes (I17276, LAK007, LAK001), all single-stranded libraries (Figure 1,5 and Figure S29, Figure R3 above). 

Could the authors show that masking and/or alignment to the graph genome is more efficient than standard alignment with a lower MAPQ (e.g., 25)? A lower MAPQ has been shown by Günther and Nettelblad 2019 to reduce reference bias at the possible cost of introducing microbial contamination, but this can be further assessed with the simulations. 
When using LINEAR, using MAPQ > 25 filter does slightly reduce reference bias, but without affecting concordance (Figure S23 and Figure S26 and Figure R6 below, to compare with Figure 4). We mention this now in lines 158-162.
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Figure R6: (A) Comparing reference bias in simulated ancient genomes aligned with different reference genomes and PMD-effects reduced with different approaches by using reads either with MAPQ>30 or with MAPQ>25 for genotyping. The plot shows the proportion of alternative alleles after randomly selecting one allele from heterozygote sites 100 times. (B) Comparing PMD-correction performances of “mapDamage”, “ATLAS”, “trimBam”, and “bamRefine” on simulated ancient genomes, calculated by comparing diploid calls with true genotypes (Figure S24) by using reads either with MAPQ>30 or with MAPQ>25 for genotyping. “NTPR” stands for non-reference true positive rate, “FN” for false negatives, “FP” for false positives. 

Can the authors include 1240K captured libraries as FASTQ files (see my comments below)? 
We now added 3 new 1240K captured genomes as FASTQ files (e.g. see the new Figure 1B and Figure R2 above). However, because 1240K data is mainly published as BAM, our available sample list was limited and we could not find many high coverage samples. 

The authors should mention and justify their choice of using the Mann-Whitney U test in the Methods. 
Thank you. We now added the following in the Methods (lines: 750-754): “We used the non-parametric Mann-Whitney U (MWU) test for testing for systematic differences between two groups in their average estimates (e.g. bias levels between “LINEAR” and “GRAPH” strategies). The data used here was not paired. It also included possible differences in variance among groups, for which reason we decided to choose a non-parametric two sample test.” 

Minor points: 
Could the authors be more explicit about their bamRefine algorithm for single stranded libraries? Suspects' for masking should only include "C>T" (as well as "C>G" and "C>A") for both 5' and 3'. (Lines 489-493) 
Thank you for this very helpful point. This option is now added and bamRefine can also be used to mask C>T positions at the 3’-end. 

2. Results and interpretation: 
The results are presented clearly and concisely, with appropriate figures and tables. The interpretation of the results is generally sound, but there are instances where further testing will provide more clarity. 
I was surprised to see that the reference bias using the standard 'linear' approach is higher for shotgun than for 1240K data (e.g. Figure 1), which contradicts the opposite result reported by Günther and Nettelblad 2019. Can the authors comment on this? 
Thank you for this point. Indeed, Günther and Nettelblad 2019 refer to “a slightly stronger reference bias in SNP capture data compared to whole genome shotgun data” given their sample, which we do not observe. 
The Günther and Nettelblad study uses 1240K capture data from two sources. Three libraries from only one source (from Loosdrecht et al) show ~48% bias; seven others (from Mathieson et al) have ~49% bias, the latter being on a par with our observations. Meanwhile, two shotgun libraries that were processed both by Günther and Nettelblad 2019 and by us also show partial differences in bias: Loschbour and Ust-Ishim show less bias in the former study than in here (compare their Figure 1 with ours). This difference in bias may be due to differences in the SNP set used (Human Origins + SGDP transversions versus the full 1KG African SNP panel) or how heterozygote sites have been defined. Although it could be possible to trace the causes of these differences between the two studies, many variables and their possible combinations could explain this difference, and testing them systematically, we feel, would not be necessary here. We hope the reviewer agrees with this. Nonetheless, we did include a mention of this difference in lines 200-202. 

Furthermore, in their discussion, they state that sharing raw data (FASTQ files) is preferable to unfiltered bam files, as mapping to a specific reference could introduce bias (lines 381-383). Following this argument, they should provide a comparison where 1240K data are acquired as FASTQ files (not just unfiltered BAMs). Since their results overall suggest an inherent bias in 1240K that cannot be corrected, it would be helpful if they used a library with high coverage shotgun and 1240K FASTQ data. F4 tests between them should indicate whether one processing approach is better at dealing with reference bias. 
Thank you for this suggestion. As we mentioned earlier, we now added 3 new 1240K captured genomes as FASTQ files (Figure 1B; Figure R2). However, because 1240K data is mainly published as BAM, our available sample list was limited and we could not find many high coverage samples. 

The false positive rate for C>T and G>A in the first panel of Figures S11 and S12 appears remarkably high. The authors attribute this to residual PMD that is not biased towards the reference or alternative allele (lines 296-300). However, in Figure S1 the PMD after 10 bases is close to 0. Can they simulate UDGhalf libraries for comparison (or use real acneint high coverage samples)? 
The PMD-caused mutations in these figures is occurring at a very low rate (<<1%). Because we were reporting numbers, this was not obvious. Now we added a note on this in line XXX. 
We also simulated and processed one ancient-like half-UDG genome (10X) and also included half-UDG empirical genomes (see Table S1).
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Figure R7: Proportion of genotyping errors and missingness for 10X simulated genomes with a double-stranded half-UDG-treated library, a single-stranded library with medium damage (35% at 5’C), a double-stranded high-level damage (51% at 5’C) and double-stranded low-level damage (17% at 5’C) (See also Figure S9 for frequency of type of genotyping errors for each PMD-correction).
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Figure R8: Frequency of type of genotyping errors for each PMD-correction method for 10X simulated genomes with a double-stranded half-UDG-treated library, a single-stranded library with medium damage (35% at 5’C), a double-stranded high-level damage (51% at 5’C) and double-stranded low-level damage (17% at 5’C) (See also Figure S9 for frequency of type of genotyping errors for each PMD-correction) 

The 'MASKED' approach seems to introduce a bias against the reference in some cases, as shown in both the simulations and the real data (lines 169-171, Figure 1, Figures 3-4). Could the authors compare with a lower MAPQ (25)? 
Thank you very much for this suggestion. We now added comparisons with MAQ>25 (Figure R6 above). Overall, we find only subtle effect of MAPQ 30->25, which is also in line with Günther and Nettelblad (2019), where only <⅓ of libraries show a strong difference between the two thresholds. We now added a note on this in lines 158-162. 
Additionally we added Figure S29 and Figure S31 for real data where we compared reference bias in published ancient genomes by using reads with MAPQ>25 (Figure R9 and R10).
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Figure R9: Comparing reference bias in published ancient genomes that FASTQ file available aligned with different reference genomes and PMD-effects reduced with different approaches. The plot shows the proportion of alternative alleles after randomly selecting one allele from heterozygote sites 100 times. Same as Figure 5, but using reads with MAPQ>25 instead.

[image: ]
Figure R10: Comparing reference bias in published ancient genomes with only published BAM files. These were published already filtered or unfiltered for mapping quality. The data was subject to alignment to different reference genomes and two PMD-correction approaches. The plot shows the proportion of alternative alleles after randomly selecting one allele from heterozygote sites 100 times by pileupCaller. Same as Figure S30, but using reads with MAPQ>25 instead. 

Minor points: 
Can the authors report the proportion of mapping reads before and after MAPQ for the three methods in the simulated data, as in Table S7? Does the proportion of mapping also increase systematically for "GRAPH" or even "MASKED"? 
Thank you for this suggestion. We now included the proportion mapped reads as well as two characteristics, mismatch and length, in Figure R5 above (Figure S3). We also added the following points in lines 164-165 and 168-170: “Using the “MASKED” or “GRAPH” strategies, the total number of reads mapped and those passing the MAPQ>30 were comparable to those using “LINEAR” [...] While alternative allele-carrying reads with more mismatches and of short length tended to be filtered out using “LINEAR”, while trend was weaker using the “MASKED” strategy and absent using “GRAPH”.” 

Can they also report the genotype errors in Figure 2, Figures S8, S10-12 as rates? 
Thank you. Now we are reporting them as rates in Figure 2 and Figure S12-20. 

Change the faceting of Figure 5 to match that of Figure 3 
This is now fixed, thank you. 

Overall, the manuscript has the potential to contribute to the field of paleogenomics by highlighting and introducing best practices in data processing and reporting. 
Thank you very much for your constructive and kind comments. 

Reviewer #3: Review of: Pre-processing of paleogenomes: Mitigating reference bias and postmortem damage in ancient genome data 
General comments about the tool: 
The authors work to quantify and reduce bias using a variety of approaches, and create a useful mechanism for increasing usable data which seems valuable for many studies. However, their proposed tool has some serious concerns: it recalibrates alignment information in bams, conditioning on an input set of SNPs. The resulting new bam thus has two different error profiles, one at SNPs which were used for conditioning, and the original error profile at other real SNPs. This is okay within the context of a standalone analysis, but introduces an extremely worrying bias for any secondary user of the resulting bams. If these were uploaded to a public repository, such as ENA, a user would not be able to tell that these two different error profiles existed which would introduce cryptic biases between 1240k snps and non-1240k snps. Worse: there is no way for a user to know that this process has run, since there is no PG information written into the header. Distressingly, the authors' laudable attempt to find methods to reduce bias in the field are likely to lead to a scenario where there is increased bias in public datasets, since many people are interested in sites outside the 1240k snp set. 
I recognize the value in trying to retain data, without inducing a standalone bias, but the code should be changed before release, to add a PG line to the header. I believe this is a very small coding change, but it is important. 
We thank the reviewer for raising their critical point and helpful suggestion. 
1) We added a caution note in the manuscript both the Discussion and the Methods: “Meanwhile, modified (e.g. trimmed) BAM files should preferably not be published to avoid technical effects that may be easily noticeable or traced back.” 
“We again caution that BAM files subject to any type of modification (filtering, as well as trimming, refining, or rescaling) should preferably not be published in the public domain to facilitate reproducibility.” 
2) We also changed the bamRefine script to add a PG header about bamRefine application. 

Secondly: in my opinion, bams which have been pushed through bamRefine should absolutely not be released to public repositories at all, and instead raw bams (aligned, but with zero additional processing/filtering) are preferred - in addition (where possible) to raw fastq, as the authors suggest. The authors should state clearly words to the following effect, that bamRefine is found to be a valuable and useful tool for doing analysis on a specific set of SNPs within the context of a single study, but because it operates by recalibration on a specific sets of SNPs, resulting bams should not be uploaded to public repositorises, where people may wish to explore other SNP sets to avoid unintentional downstream biases. 
This was addressed above. 

Comments on the paper: 
Line 58: reference : "Günther and Nettelblad (2019)" is not properly referenced. 
Lines 101-104: "Other methods, such as mapDamage (13) and ATLAS (14), have attempted to reduce the effect of PMD by rescaling 103 the base quality of possible PMD-driven misincorporations, but such approaches are rarely used as they could alter genotype frequencies," 
mapDamage is used quite extensively; I agree that they could alter mutation frequencies but would suggest changing 'rarely used' to 'are potentially problematic' 
Thank you, changed as suggested. 

Line 126: 'we created aDNA-like data with the gargammel tool …'. The authors should clearly state that the simulated data is derived from a UDG-minus profile, which represents the worst case of damage profiles analysts might see. This can be inferred from the supplementary figure, but should be explicitly stated in the text since this is not reflective of most available ancient DNA samples - which are UDG-half. These simulations would be much more interesting, and valuable, if a UDG-half profile had been used (but I'm not suggesting this is necessary for publication). 
Thank you. We now added simulation of half-UDG-treated data (e.g. see Figure R2 and R8 above in response to Reviewer 1 and 2). 

Line 128: "We then aligned this data to reference genomes using three different strategies…" 
It was unclear to me what the specific reference genomes were, but these are nicely detailed in lines: 445-478. I suggest you refer readers to this important section for details. 
Thank you for this suggestion. We added the reference to Methods. 

Line 133: "we used a graph reference genome representing both reference and alternative alleles at known variable sites and used GRAF aligner for mapping" 
Please state if default parameters are used with GRAF aligner, ideally in the separate, alignment strategy section, lines 463-470. 
Thank you. We used default parameters, which we now state in the Methods. We also added an example command line in lines 548-557. 

Line 132: "we masked the linear reference genome sequence at variable positions to be genotyped by converting those bases to 'N'" . 
My understanding is that bwa can only encode 4 possibilities for bases; thus specifying an "N" leads bwa to put a random base in this position from the set of A,C,G,T. Thus: "N" is not treated as an ambiguous base for alignment, but rather a random one. This leads to a bias to the random base. This is not a strong issue for population genetic analyses across loci, but is very much an issue in selection studies. 
We agree with the reviewer and now discuss this point in the text in detail in lines 435-447: “Compared to “MASKED”, the “GRAPH” approach has higher F-scores when using trimBam or bamRefine, and is also less affected by reference bias. These differences might be partly attributable to bwa converting ‘N’ nucleotides (such as those created by masking) to one of four random bases before alignment. Such random conversion will remove reference bias on average and would not impact population genetic studies; however, it can lead to data loss, and also negatively impact studies of natural selection where accurate prediction of allele frequencies is critical. An alternative masking solution is to create two reference .fasta files that carry both alleles for alignment [e.g. (7)]. We further note that statistical correction of reference bias is also possible, as implemented in the software snpAD (6), but this requires high-coverage (>10x) genomic data. Overall, the “MASKED” strategy appears as the simplest remedy for reference bias applicable with the standard bwa aln tool, while “GRAPH” can be described as a highly effective alternative.” 

Line 133. The authors use "GRAF aligner" as the graph reference aligner. I am curious, and believe others would be too, why this aligner was chosen instead of others such as 'vg'. 
Thank you. We now compared GRAF with the widely used graph alignment tool vg using the 10x coverage simulated genome. We found that overall, GRAF had slightly higher performance than vg in this dataset.
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Figure R11: Comparing performances of “GRAF” and “vg-giraffe” on 10X simulated ancient genomes, calculated by comparing diploid calls with true genotypes (Figure S24). “NTPR” stands for non-reference true positive rate, “FN” for false negatives, “FP” for false positives. 

Line 175: "The majority of paleogenomes over the last decade have been published as processed BAM files rather than raw FASTQ files, where the former could be subject to irreversible reference bias introduced by mapping parameters as well as alignment quality filtering." 
This statement is incorrect. Bams when first produced from fastq include all reads. The mapping parameters used do not create an irreversible reference bias, since the raw reads can be extracted and realigned, which is a common practice. Irreversible data loss comes afterwards, when filtering is applied. This sentence should be rewritten. There is a trend to suggest that fastq is always better than bams because people conflate 'raw bams' with 'processed/filtered bams'. I completely agree that processed/filtered/recalibrated bams are a problem in the field, and directly relate to the bias issues the authors address in this document. But: raw bams, which may be aligned, contain all the data from raw fastq - in addition to mapping information which can be ignored if needed. In addition the bam format supports tags to encode additional information. Raw bams, are therefore in my view, more informative than fastq, and a better way of disseminating ancient DNA data. Fastq can cryptically include adapters, barcodes, indices - which must be stripped prior to alignment. These sequence components can be represented in tags in raw bams which reduces preprocessing work for people who wish to realign. 
Thank you for this point. We agree that unfiltered BAMs could be convenient for many purposes. At the same time, it may be argued that BAMs lose information via merging reads from short aDNA fragments (albeit this being a relatively standard process). 
We now expanded the discussion, pointed out the use of unfiltered BAMs (lines 449-456), and also refer to a recent publication by Anders Bergström (https://www.nature.com/articles/s41597-024-03563-y) on this matter (lines 467-468). 

Line: 491-493: "The program 492 allows the 5' and 3' end lookup ranges to be asymmetrical to properly process reads from single-stranded library protocols." 
Is this true? Single-stranded protocols would not produce a reverse complement deamination profile on the 3" end - so mutations on both 5" and 3" ends are C-T in single-stranded protocols - which is quite different to double stranded protocols where G-A mutations are expected at the 3" end. Does bamRefine consider C-T mutations at the 3" end? 
Thank you for this suggestion. We now changed bamRefine to be able to also process single-stranded libraries. 

Comments on the bamRefine tool: 
Bamrefine is well-documented and available from github. I was able to install this on a local machine, and it ran successfully. Unfortunately, I was not able to install this on my HPC cluster (which is probably nothing to do with tool itself) and was thus not able to do any testing. However: it was apparent that bamrefine reads bams, and writes new ones, but does not add a PG tag to the header - so it is not possible for a secondary user of the resulting bam to know that recalibration had been run. 
I recommend that a PG tag is added to the header. 
Thank you very much for this helpful suggestion. We now modified the program so that it adds a PG record to the output BAM header with the bamRefine version and the parameters used when running the program. 

Minor: calling bamrefine without specifying an output bam filename results in a cryptic error. 
bamrefine -s sampleSNPs.snp -p 1 -l 1 `pwd`/aln.rg.bam 
Traceback (most recent call last): 
File "/usr/local/bin/bamrefine", line 8, in <module> 
sys.exit(main()) 
File "/usr/local/lib/python3.9/site-packages/bamRefine/__main__.py", line 162, in main 
if remainder[1].startswith('/'): 
IndexError: list index out of range 
Thank you. We now changed the error output.

2nd round
Reviewer 1
I thank the authors for having made the modifications. I am very pleased with the work that the authors have put in. I find it also impressive that they managed to run ATLAS, I thought it was no longer being maintained. 

I think there are few last issues to work out prior to publication. But I think the authors can manage and I congratulate them again on raising this very important issue!

Major:
I know that snpAD seems to offer better results at higher coverage, like any other method. however it seems to be a golden opportunity to check if damage is truly mitigated. if I have a 15X genome, do I call with snpAD of bamrefine+GATK? 
Besides the authors mention:
Line 137 “We produced five such datasets with coverages from 0.05X to 10X with PMD damage with medium damage (35% at 5’C)”
I feel that a comparison with snpAD would be useful to strengthen this article. While snpAD might perform better at 10X or above, I am genuinely curious to see how it behaves at 5X. 

Minor:
-Fig 1 Is very difficult to make out with the current resolution, can it be iimproved?
I tried installing the package and I am getting:


-I tried to install the software and got:
“pip install --user bamrefine
error: externally-managed-environment

× This environment is externally managed
╰─> To install Python packages system-wide, try apt install
python3-xyz, where xyz is the package you are trying to
install.

If you wish to install a non-Debian-packaged Python package,
create a virtual environment using python3 -m venv path/to/venv.
Then use path/to/venv/bin/python and path/to/venv/bin/pip. Make
sure you have python3-full installed.

If you wish to install a non-Debian packaged Python application,
it may be easiest to use pipx install xyz, which will manage a
virtual environment for you. Make sure you have pipx installed.

See /usr/share/doc/python3.12/README.venv for more information.

note: If you believe this is a mistake, please contact your Python installation or OS distribution provider. You can override this, at the risk of breaking your Python installation or OS, by passing --break-system-packages.
hint: See PEP 668 for the detailed specification.
“

-I think the documentation should provide for users without root access.

-I would put the link to github in the abstract.

-Figure R1 “MAPQ<25 as filtering threshold” > or < ? 

-real ancient genomes? Do you mean “empirical”? Please correct throughout. 

- How can a method for genotyping snpAD be statistically correct for 10X of above? 

-The abstract has a few issues and I suggest a complete rewrite:

“a new algorithm, 26 bamRefine, masking reads only at positions that could be affected by PMD. We propose 27 graph alignment coupled with bamRefine as a simple strategy to minimize data loss and 28 bias, and urge the community to publish FASTQ files.”

A new algorithm by whom? it is not clear that the algorithm as also part of the manuscript. I would also say that there is an implementation in python available at github/etc

Also, pangenomic graphs do not use bam files but gam, immediately I see a contradiction, is is bam or gam files? for the readers it's a bit confusing.

Reviewer 2
Congratulations to the authors for their work on the revisions. They have successfully addressed my points. 
I only have two minor points. I agree that it is not in the scope of this paper to systematically check the differences in reference biases between your approach and Günther and Nettelblad 2019. However, what your analyses currently indicate is that with the standard approach applied in our field (mapping to linear reference), the reference bias is higher in shotgun than capture data. Would you agree with this statement? Do you think that e.g., the ascertainment of 1240K positions (more common variation) which are expected to be highly covered on the 1240k-captured libraries might be a main factor?
I appreciate you provide analyses with MAPQ>25. From what I see, in most cases this filter consistently removes some of the ref bias compared to 30. Do you agree with this? Would you include it in your recommendations for best practices?
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