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Applying high-throughput DNA sequencing technologies to the ancient DNA molecules
preserved in subfossil material can provide genetic information from past individuals,
populations, and communities at the genomic scale. The combination of dedicated
statistical techniques and specific molecular tools aimed at reducing the impact
of post-mortem DNA damage can also help recover epigenetic data from ancient
individuals. However, the capacity of different sequence aligners to identify ultrashort
and deaminated ancient DNA templates and their impact on the characterization of
ancient methylomes remain overlooked. In this study, we use both simulated and real
ancient DNA sequence data to benchmark the performance of the read alignment tools
most commonly used in ancient DNA research. We identify a read alignment strategy
making use of the Bowtie2 aligner that substantially reduce computational times but
shows increased sensitivity relative to previous recommendations based on the BWA
aligner. This strategy significantly improves the genome coverage especially when DNA
templates are shorter than 90 bp, as is typically the case for ancient DNA. It also impacts
on ancient DNA methylation estimates as it maximizes coverage improvement within
CpG dinucleotide contexts, which hold the vast majority of DNA methylation marks in
mammals. Our work contributes to improve the accuracy of DNA methylation maps
and to maximize the amount of recoverable genetic information from archeological and
subfossil material. As the molecular complexity of ancient DNA libraries is generally
limited, the mapping strategy recommended here is essential to limit both sequencing
costs and sample destruction.

Keywords: ancient DNA, DNA methylation, DNA damage, alignment, mapping, coverage, genome, methylome

INTRODUCTION

The first genome from an ancient human individual was sequenced in 2010 (Rasmussen et al., 2010)
and was immediately followed by the genome sequencing of a Neanderthal (Green et al., 2010)
and Denisovan (Reich et al., 2010) individual, two extinct archaic hominins. Since then, hundreds
of ancient genomes have been characterized across many branches of the tree of life, including
humans, horses, dogs, pigs, cattle, goats, wooly mammoths, but also many human pathogens
and crops such as maize, sorghum, and barley (see Marciniak and Perry, 2017 and Brunson and
Reich, 2019 for reviews). Ancient genome time series have made it possible to chart migration,
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admixture, and selection through space and time at
unprecedented resolution. They have provided many
opportunities to revisit evolutionary scenarios developed
from patterns of cultural variation among archeological sites
(e.g., the spread of steppe-related ancestry during the Eneolithic
and early Bronze Age, see Allentoft et al., 2015; Haak et al., 2015;
Damgaard et al., 2018a; Narasimhan et al., 2019; Wang et al.,
2019) and from patterns of genetic variation in present-day
populations (e.g., the temporal and geographic rise of lactose
tolerance in western Eurasia, Mathieson et al., 2015; Ségurel and
Bon, 2017).

The variation present in ancient DNA sequences does not
only inform us about the genetic affinities of past individuals,
populations, and species. It can also provide insights into ancient
epigenetic landscapes, which play a crucial role in the regulation
of gene expression (Lea et al., 2018) in response to infection
(Smith et al., 2014; Pacis et al., 2015) as well as social (Laubach
et al., 2019; Santos et al., 2019; Sanz et al., 2019; Snyder-
Mackler et al., 2019) and environmental (Fagny et al., 2015)
cues. It can, thus, help predict individual phenotypes in the
past (see Pedersen et al., 2014 and Hanghøj et al., 2016 for age
predictions on ancient individuals, or Gokhman et al., 2019 for
morphological predictions).

Although methods have been developed to infer nucleosome
maps in ancient tissues (Pedersen et al., 2014; Hanghøj et al.,
2016), most of ancient epigenetic work thus far has focused
on detecting DNA methylation within CpG dinucleotide (CpG)
contexts. While molecular tools such as bisulfite sequencing
(Llamas et al., 2012; Smith et al., 2015) or immunoprecipitation
(Seguin-Orlando et al., 2015) have been used, genome-wide DNA
methylation maps have been mostly produced through statistical
inference leveraging the differential sequence footprint of post-
mortem DNA damage at methylated and unmethylated sites, in
particular at CpGs (see Hanghøj and Orlando, 2018 for a review).
When molecular tools are used to prevent the sequencing of those
unmethylated CpGs that have been degraded into UpGs, ancient
methylated CpGs can indeed be revealed through CpG→TpG
mis-incorporations in the sequence data (see “Materials and
Methods”). Most recent methodologies have been proposed to
mitigate the impact of evolutionary divergence and/or sequence
variation at CpG sites on the calculation of DNA methylation
scores (Hanghøj et al., 2019).

High-quality DNA sequence alignments against a reference
genome are essential to make accurate predictions of past genetic
and epigenetic variation. Yet, the vast majority of ancient DNA
studies make use of read aligner software that were developed
for mapping short read sequences produced from rather long
DNA molecules extracted from fresh tissues. They are, thus, not
optimized for the ultra-short and degraded nature of ancient
DNA templates (Dabney et al., 2013). Several studies have
contrasted a range of mapping conditions to identify those
most specific and most sensitive (e.g., Schubert et al., 2012;
Cahill et al., 2018) or to mitigate the extent of reference bias
(Günther and Nettelblad, 2019; Martiniano et al., 2019). Yet,
the sensitivity and specificity of other read aligners for ancient
DNA data, such as Bowtie2 (Langmead and Salzberg, 2012),
as well as the impact of different read alignment strategies on

ancient methylation inference, remain untested. However, since
the latter relies on patterns of CpG→TpG mis-incorporations
introduced in the genome sequence data by post-mortem DNA
damage, the read-to-reference edit distance is expected to be
increased at methylated sites. This may affect the alignment
sensitivity at such sites and, in turn, impact the accuracy of
DNA methylation inference for ancient individuals. It is, thus,
essential to investigate the possible sensitivity of read alignment
methods at CpG dinucleotides so as to not underestimate DNA
methylation levels along the genome and to accurately identify
differentially methylated regions between individuals showing
different levels of post-mortem DNA damage.

In this study, we assess the performance of 11 read alignment
strategies for mapping ancient DNA sequence data against
reference genomes and their impact on the inference of ancient
DNA methylation. Our main purpose is not to carry out an
exhaustive investigation about the impact of mapping parameters
on an entire array of sequence data reflecting various post-
mortem DNA decay conditions (for such studies, please refer
to, e.g., Schubert et al., 2012; Cahill et al., 2018; Renaud et al.,
2018). We instead focus on identifying those parameters and
factors with potential impact on DNA methylation, using publicly
available sequence data carefully selected from the literature
to have been generated both in the absence and presence of
USER treatment of the same ancient DNA extracts. The latter
currently provide the best source of information to estimate
CpG methylation level from patterns of CpG→TpG mis-
incorporations (see Hanghøj and Orlando, 2018 for a review).
Overall, we uncover that the end-to-end alignment mode of
Bowtie2 shows better performance than all other commonly used
alternatives. Simulated and real ancient human DNA sequence
data reveal that the coverage can be increased by up to 2.1–
9.4% for a given sequencing effort. The gain in recovered
read alignments is particularly important within CpGs and
significantly impacts the inference of regional DNA methylation
levels. Applying such alignment procedures thus, improves both
the quality of the genome and epigenetic data produced from
ancient individuals and extinct species.

MATERIALS AND METHODS

Ancient DNA Sequence Datasets
Previously published raw sequence data from four ancient human
individuals were downloaded from the European Nucleotide
Archive (Table 1). For three of the four ancient humans (SI,
SIII, and SIV, Sikora et al., 2017), Illumina DNA sequences were
generated for libraries prepared with and without treatment with
the USER enzymatic mix (Rohland et al., 2015). The USER
treatment makes use of a first enzymatic activity, the uracil
DNA glycosylase, to eliminate uracil residues (U) accumulated
in ancient DNA templates due to post-mortem deamination
of cytosine residues (C). This leaves abasic sites as targets
for a second enzymatic reaction in which the Endonuclease
VIII cleaves the DNA backbone 3′ of the abasic site. As
a result, the fraction of DNA library templates containing
U residues is reduced, which limits the number of C→T
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nucleotide mis-incorporations introduced during sequencing
(Briggs et al., 2010). USER treatment is, however, inefficient for
those C residues that were methylated but deaminated post-
mortem, as the uracil DNA glycosylase shows no activity on
the resulting thymine (T) residues. Therefore, C→T nucleotide
mis-incorporations are mostly restricted to methylated loci in
the presence of USER treatment (Pedersen et al., 2014). In these
conditions, the read-to-genome edit distance can be expected to
be inflated at such sites, which may affect the performance of
read alignment software. In the absence of USER treatment, this
effect is, however, expected to impact all C residues that were
deaminated post-mortem, be methylated or not. Contrasting
sequence data generated from raw or USER-treated ancient DNA
extracts provided, thus, an opportunity to assess the performance
of read alignment software at methylated loci. The sequence data
underlying the ancient genomes of Sunghir Upper Paleolithic
individuals originate from similar preservation conditions and
were generated both in the presence and in the absence of USER
treatment. These data thus provided us with an opportunity
to assess whether mapping conditions could affect regional
methylation prediction.

Data Simulation
Quantifying the sensitivity and predicted positive value of DNA
alignment software requires the identification of the fraction
of reads correctly mapped (true positives), those not correctly
mapped (false positives), and those not mapped at all (false
negatives). In order to assess those performance statistics, we
simulated DNA sequence data using the human (hg19, The
Genome Sequencing Consortium, 2001) reference genome and
Gargammel (Renaud et al., 2017). This software returns DNA
sequences of a selected size and can include sequencing errors
typical of Illumina DNA sequencing instruments and, optionally,
DNA mis-incorporations reflecting post-mortem DNA damage.
A total of 3.3 million read pairs were simulated both in the
presence and in the absence of ancient DNA damage for an entire
size range of DNA templates overlapping typical ancient DNA
size distributions. This included 100,000 read pairs for each size
increment of one nucleotide within the 25–45 bp range, as well
as 100,000 read pairs for each size increment of five nucleotides
within the 45–90 bp range, and finally 100,000 read pairs for each
size increment of 10 nucleotides within the 90–120 bp range.
DNA damage was simulated using the DNA mis-incorporation
of sample SIII produced by mapDamage2 (Jónsson et al., 2013).
The alignment file that was used as input for mapDamage2 was
generated by Paleomix (version 1.2.13.2, Schubert et al., 2014)
using the same human reference genome as above and the default
end-to-end alignment mode of Bowtie2, sensitive.

Read Processing and Alignment
Both simulated and real ancient DNA sequence data were
processed using Paleomix. This automated computational
pipeline carries out a number of read processing steps, including
adapter trimming, pair collapsing, mapping, quality/size
filtering, duplicate removal, and local realignment. Mapping
was performed using both BWA (Li and Durbin, 2009) and
Bowtie2 (Langmead and Salzberg, 2012), which represent the
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two most commonly used read alignment software in ancient
DNA research. BWA version 0.7.17 was used in this study,
together with two main alignment modes (backtrack and mem).
The backtrack algorithm was applied both using seed or disabling
seeding with default parameters (-n 0.04), as recommended by
Schubert et al. (2012) for ancient DNA data. Version 2.3.5.1 of
the Bowtie2 read mapper was used, applying both the local and
end-to-end alignment modes and the four sensitivity options
provided (very fast, fast, sensitive, and very sensitive). Combined,
this represented a total of 11 read alignment conditions.
Read pairs were automatically collapsed as single reads when
showing sufficient sequence overlap and the base quality was
recalculated according to sequence match at those overlapping
positions, following the default procedure implemented in the
AdapterRemoval2 software (Schubert et al., 2016). Reads shorter
than 25 bp post-trimming and/or collapsing were disregarded
except for BWA mem where reads shorter than 30 bp were
disregarded. Computational running times were recorded using
the time bash command.

Coverage and DNA Methylation
Calculations
Binary Alignment Map (BAM) read alignment files and summary
files obtained from Paleomix were processed for a number
of analyses. First, average depth-of-coverage was calculated
disregarding alignments showing quality scores strictly lower
than 30. This corresponded to the estimated endogenous
coverage provided in the Paleomix summary file. Second, average
depth-of-coverage estimates were calculated at CpG, CpA, CpC,
and CpT dinucleotides using the coverage option of Bedtools
(Quinlan and Hall, 2010), conditioning on the bed coordinates
of each dinucleotide type present in the human reference
genome (-d option). The coordinates were obtained using Seqkit
Version 0.3.1.1 (Shen et al., 2016). Third, we repeated the
previous calculations after soft-clipped bases present in the read
alignments were masked using the Jvarkit Biostar84452 tool
(Lindenbaum, 2015). All previous analyses were carried out on
both the read and simulated DNA sequence data. For simulated
data, we also estimated the sensitivity and positive predicted
value of each alignment condition. The alignment sensitivity was
measured by dividing the number of true-positive alignments
by their sum with the number of false-negative alignments [i.e.,
true positives/(true positives + false negatives] (Schubert et al.,
2016). The alignment positive predictive value was estimated as
the fraction of all simulated reads that were correctly mapped
[i.e., true positives/(true positives + false positives)] (Schubert
et al., 2016). Reads were considered as true positives if they
showed a minimum of 80% of their length overlapping the
known genomic coordinates used for simulation. Reads were
considered as false negative when not mapping and false positives
otherwise. These three categories were identified using python
version 2.7.5 and the pysam library (Li et al., 2009). Additionally,
DNA methylation analyses were carried out using the recently
developed DamMet package (version 1.0.1, Hanghøj et al., 2019),
in which the fraction of DNA methylation, f, can be estimated
for a given genomic region including a pre-selected number

of CpG dinucleotides. In this study, we selected 22,845 regions
showing a total of 100 CpG dinucleotides in the human reference
genome as the amount of sequence data considered was not
sufficient to retrieve genuine estimates in regions of smaller
sizes (data not shown). The corresponding genomic coordinates
were provided to DamMet in the form of a BED coordinate file
using the -B option. The f DNA methylation values were directly
retrieved for each genomic window from the DamMet output.
For consistency, coverage estimates within each window were
calculated using the approach described above. All plots were
generated using RStudio Version 1.1.463 (RStudio Team, 2016)
and the ggplot2 library (Wickham, 2016).

RESULTS

Overall Alignment Performance
BWA (Li and Durbin, 2009) represents the most common
software for aligning ancient DNA data against a reference
genome. Previous work has established that disabling seeding
in BWA increased mapping sensitivity for ancient DNA data,
owing to the presence of inflated mis-incorporation rates at
read ends (Schubert et al., 2012). Additional work investigated
the specificity and sensitivity of Bowtie2 for ancient DNA
data (Cahill et al., 2018). The performance of both aligners
has, however, not been benchmarked on ancient DNA data
with the specific aim to assess their possible impact on the
inference of ancient DNA methylation. We, thus, compared
their overall alignment performance on previously published
ancient DNA data from four ancient humans, consisting of
three Upper Paleolithic individuals excavated at Sunghir (SI, SIII,
and SIV) and one Neolithic individual from Hungary (NE1)
(Table 1). This represented a total of 11 mapping conditions,
including 3 for BWA (with/out seeding, and mem) and 8 for
Bowtie2 (very fast, fast, sensitive, and very sensitive options for
both the local and end-to-end alignment modes). Alignment
performance was calculated by normalizing the genome coverage
obtained in one mapping condition relative to that obtained when
disabling seeding in BWA, after quality filtering and duplicate
removal (Figure 1).

We first confirmed previous work reporting reduced BWA
performance when seeding, corresponding to a loss of 0.19–
0.51% coverage across all four ancient DNA sequence datasets
investigated in the absence of USER treatment (Figure 1,
USER−). BWA mem was found to show increased performance
in all three Sunghir individuals, in which a gain of 1.66–3.63%
coverage was obtained. However, the performance was reduced
(1.25%) for the NE1 individual. This indicates that the individual
features of ancient DNA datasets, which reflect different post-
mortem DNA preservation conditions, can have both a positive
and a negative impact on the performance of the mem alignment
procedure. The same was found for the four sensitivity options
(very fast, fast, sensitive, and very sensitive) of the Bowtie2 local
alignment mode, in which up to 2.63% coverage could be gained
and up to 1.75% could be lost depending on the procedure
considered. In these conditions, the very fast sensitivity option
was the only one associated with a performance drop in all four
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FIGURE 1 | Normalized coverage across all 11 mapping conditions investigated (real data). The average depth of coverage was estimated by filtering alignments for
minimal mapping quality scores of 30 (MQ ≥ 30) and removing PCR duplicates. All coverage estimates are reported relative to those obtained with the BWA read
aligner when disabling seeding (BWA ds). The other mapping conditions investigated in BWA correspond to seeding (BWA s) and mem (BWA mem). Two alignment
modes (local, l; and end-to-end, e) were tested in Bowtie2, together with four options (fast, f; very fast, vf; sensitive, s; and, very sensitive, vs). The mean fragment
length corresponding to BWA ds is indicated in Table 1.

samples tested (0.20–1.75%). In contrast to what was observed for
the local alignment mode, the end-to-end mode in Bowtie2 was
consistently found to show reduced performance, representing a
loss of 2.93%–11.15% coverage.

We next assessed the mapping performance of ancient
DNA data generated following USER treatment of raw DNA
extracts (USER+). This treatment was developed to reduce the
amount of DNA mis-incorporations resulting from post-mortem
Cytosine deamination, which represents the most common
DNA degradation reaction taking place after death (Briggs
et al., 2010; Dabney et al., 2013). USER-treated ancient DNA
data were available for the three Sunghir individuals but not
for the NE1 individual. We found marginal coverage gain
(0.01–0.11%) when disabling seeding in BWA, and different
performance for the mem alignment procedure, in which a
fraction of coverage could be gained (0.43%) or lost (1.12%)
(Figure 1, USER+). Interestingly, all eight alignment modes

tested for Bowtie2 were associated with increased performance,
corresponding to a gain of 1.45–4.76% coverage relative to what
was obtained when disabling seeding in BWA. This is in striking
contrast with the reduced performance observed for the end-
to-end alignment mode in the absence of USER treatment and
indicates that the USER treatment modified the properties of
ancient DNA data sufficiently enough to positively impact on the
alignment performance.

To further gain insights into the alignment consequences
of USER treatment, we simulated ancient DNA sequence data
of increasing size (25–120 bp) and assessed the fraction of
true positives, false positives, and false negatives obtained for
each of the 11 alignment procedures tested (Figure 2 and
Supplementary Figures S1, S2). We found that the fraction of
false-negative alignments was minimal when using the BWA
aligner, except for the mem alignment mode and DNA templates
of sizes inferior to 35 bp. The end-to-end alignment mode
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in Bowtie2 also led to virtually no false-negative alignments
across all size categories investigated, including for DNA
templates of 25–26 bp in which a detectable proportion of
false-negative alignments was obtained when using the local
alignment mode (albeit more limited than that observed in
BWA mem for larger sizes, Figure 2A). Applying strict mapping
quality thresholds of 30 was found appropriate for eliminating
all false-positive alignments obtained in all mapping conditions
investigated (Figure 2B). Interestingly, the fraction of true-
positive alignments showing mapping quality scores strictly
inferior to 30 increased in BWA rather than in Bowtie2 for DNA
templates of limited sizes (25–70 bp) (Figure 2C). This fraction
increased for larger sizes when using the Bowtie2 local alignment
mode (70 bp) or the Bowtie2 end-to-end alignment mode (90 bp).
This indicates that the mapping quality scores returned by BWA
for short size categories such as those generally observed with
ancient DNA data are more conservative than those returned
by Bowtie2. Moreover, when applying a strict mapping quality
threshold of 30 (as commonly practiced, e.g., Sikora et al., 2017),
the sensitivity (i.e., the fraction of true positives relative to both
true positives and false negatives) of BWA was more limited in
the mem alignment mode than when seeding or disabling seeding
for short DNA templates. It, however, returned to∼100% for size
categories superior or equal to 40 bp (Supplementary Figure S3).
Maximal sensitivity was observed in Bowtie2 using the end-to-
end alignment mode (Damgaard et al., 2018b), resulting in a
significant loss of true-positive alignments in BWA compared to
Bowtie2 (Supplementary Figure S3). This effect is reversed for
size categories larger than 70 bp (local mode) or 90 bp (end-to-
end mode), but this is expected to minimally impact ancient DNA
datasets due to the generally extensive DNA fragmentation that
takes place post-mortem (Figure 2C).

We next tested this prediction by measuring the overall
alignment performance of the 11 procedures investigated by
calculating the total coverage achieved after applying a strict
mapping quality threshold of 30 and removing PCR duplicates
(Figure 3). We confirmed that Bowtie2 showed an increased
performance relative to BWA for DNA templates of size inferior
to 70 bp when running with the local mode and for templates of
size inferior to 90 when running the end-to-end mode.

Altogether, our USER-treated read simulations revealed that
across all size categories. The sensitivity of the local alignment
mode was reduced for DNA templates of size strictly inferior to
38 bp, but was generally larger than that observed with BWA
mem. The quality scores returned by BWA in the short size range
were found to be conservative, leading to the loss of a significant
fraction of true positives (9.4–10.0%) when applying strict quality
thresholds (Figure 2C).

Alignment Performance at CpG Sites and
DNA Methylation Inference
The most commonly used strategy available for estimating
ancient methylation maps leverages patterns of C→T mis-
incorporations at CpG dinucleotide sites as identified from
BAM alignment files providing ancient DNA sequence alignment
against a reference genome. We next investigated if the

different mapping conditions investigated above showed different
performance at CpG dinucleotide sites and could lead to
different estimates of ancient DNA methylation levels. We first
calculated the coverage achieved at each CpN dinucleotide
context (i.e., CpA, CpC, CpG, and CpT) when applying the
11 mapping conditions to the sequencing data available for
the three Sunghir individuals (Figure 4 and Supplementary
Figure S4). This revealed results largely consistent with those
obtained when measuring coverage genome-wide, in which the
Bowtie2 end-to-end mode showed the poorest performance
when considering data generated in the absence of USER
treatment (Figure 4, USER−). The performance drop was more
pronounced at CpG dinucleotides. This is most likely due to the
faster cytosine deamination rates reported at such sites when
methylated (Seguin-Orlando et al., 2015; Smith et al., 2015),
which increases the read-to-reference edit distance and, thus,
limits the alignment sensitivity.

In striking contrast, Bowtie2 showed increased performance
for all eight alignment conditions investigated when considering
data generated following USER treatment (Figure 4, USER+).
The performance gain was generally found to be especially
pronounced within CpG dinucleotide contexts. This indicates
that the USER treatment restored a fraction of reads that could
not be previously aligned by reducing the read-to-reference edit
distance. Since USER treatment is inefficient on those CpG
dinucleotides that are methylated (Briggs et al., 2010; Pedersen
et al., 2014; Hanghøj et al., 2016), we deduce that the Bowtie2
alignment conditions tested are more prone to result in gain of
coverage at unmethylated CpG dinucleotides, which could have
important consequences when deriving estimates of ancient DNA
methylation levels.

The sensitive option of the end-to-end Bowtie2 alignment
mode was found to show favorable running performance
speed (Supplementary Figure S5). It also returned maximal
sensitivity using simulated sequence data (Supplementary
Figure S3) and maximal coverage gain at CpG dinucleotides
on ancient DNA sequence data generated following USER
treatment (Figure 4). We, thus, next compared the impact of
this mapping condition on DNA methylation estimates relative
to that used in all previous ancient DNA data work and
consisting of disabling seeding in BWA (Gokhman et al., 2014,
2019; Pedersen et al., 2014; Hanghøj et al., 2016). To achieve
this, we divided the human reference genome in windows
comprising a total of 100 CpG dinucleotides and counted the
number of such windows covered by at least one sequencing
read in both alignment conditions. Although both alignment
conditions identified read alignments in the vast majority of
such genomic windows, we found that the total number of
windows returning non-null coverage was larger for Bowtie2
than for BWA (Figure 5A), in line with the increased coverage
observed with both simulated and real data with this mapper.
This demonstrates that Bowtie2 retrieves data within regions
for which no sequencing data could be aligned with BWA,
thereby extending the genomic contexts into which DNA
methylation can be estimated. Additionally, the distribution of
sequencing depth obtained across genomic windows of 100 CpG
dinucleotides was shifted toward larger values when applying
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FIGURE 2 | Alignment performance of simulated data. A total of 100,000 reads were simulated for each size category considered in the presence of typical Illumina
sequencing errors as well as nucleotide mis-incorporations remaining following USER treatment. MQ refers to the mapping quality scores of the read alignments.
(A) Fractions of true-positive, false-positive, and false-negative alignments. (B) Mapping quality scores of false-positive alignments. (C) Mapping quality scores of
true-positive alignments.
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FIGURE 3 | Normalized coverage across all 11 mapping conditions investigated (simulated data). The average depth of coverage was estimated by filtering
alignments for minimal mapping quality scores of 30 (MQ ≥ 30) and removing PCR duplicates. All coverage estimates are reported relative to those obtained with the
BWA read aligner when disabling seeding (BWA ds). The other mapping conditions investigated in BWA correspond to seeding (BWA s) and mem (BWA mem). Two
alignment modes (local, l and end-to-end, e) were tested in Bowtie2, together with four options (fast, f; very fast, vf; sensitive, s, and; very sensitive, vs). A total of
100,000 reads were simulated for each size category considered in the presence of typical Illumina sequencing errors as well as nucleotide mis-incorporations
remaining following USER treatment. Each panel provides the coverage for each size category (25, 40, 50, 60, 70, 75, 80, 85, 90, and 100 bp).

Bowtie2 instead of BWA (Figure 5B, in which dashed lines
indicate mean depth of coverage). This indicates that regional
DNA methylation inference based on Bowtie2 alignments can
build on more data than when based on BWA. This is
important as the inference accuracy for ancient DNA methylation
levels was previously shown to improve with sequencing depth
(Hanghøj et al., 2019).

We next used DamMet (Hanghøj et al., 2019) to calculate in
both alignment conditions the DNA methylation levels, f, for
those genomic windows encompassing 100 CpG dinucleotides
(Figure 5C). We found that the distributions of differences

between the f values returned from Bowtie2 and BWA read
alignments were centered around zero, indicating that the two
mapping conditions resulted in similar regional methylation
estimates. However, a fraction of the windows considered
returned f values of one (i.e., full methylation) when using
the sequence data aligned with BWA and values of zero
(i.e., full demethylation) when using Bowtie2 alignments.
This represented a fraction of 0.040–0.103% of the windows
across the three ancient individuals investigated. Reciprocally,
a fraction of the windows considered returned f values of
zero when using the sequence data aligned with BWA and
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FIGURE 4 | Average depth of coverage in four dinucleotide contexts (real data). (A) Average depth of coverage when real data are generated in the absence of
USER treatment. (B) Average depth of coverage when real data are generated following USER treatment. The average depth of coverage was estimated by filtering
alignments for minimal mapping quality scores of 30 (MQ ≥ 30) and removing PCR duplicates. Coverage values are calculated in the dinucleotide sequence context
most affected by DNA methylation (CpG), as well as the three other dinucleotides potentially affected by post-mortem cytosine deamination at the same position
(i.e., CpA, CpC, and CpT). The differences observed are not due to soft-clipped bases as the values returned in the presence or not of soft-clipping masking are
identical (Supplementary Figure S4).
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FIGURE 5 | Impact of read alignment conditions on ancient DNA methylation inference. The analyses were carried out using the sequence data generated following
USER treatment of the raw DNA extracts of the three ancient Sunghir individuals (SI, left; SIII, center, and; SIV, right). The consequences of two mapping conditions
on DNA methylation inference are investigated (BWA disabling seeding, BWA ds versus Bowtie2 end-to-end sensitive, Bowtie2 es). (A) Venn diagram of genomic
windows showing non-null sequence coverage. Numbers indicate the total of genomic windows comprising 100 CpG dinucleotides and for which non-null
sequence coverage was observed. Most windows are covered in both mapping conditions, but a fraction was exclusively identified by only one read aligner. Each
circle is not scaled proportionally to increase readability. (B) Coverage distribution of genomic windows containing 100 CpG dinucleotides. Dashed lines represent
the mean depth, respectively. (C) Distribution of the difference observed between the DNA methylation values inferred by two mapping conditions (Delta F). The
difference (Delta F) reported corresponds to the difference between the f values estimated from Bowtie2 es alignments and those estimated from BWA ds
alignments (f.Bowtie2 es - f.BWA ds).
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values of one when using Bowtie2 alignments. This represented
a larger fraction of the windows across the three ancient
individuals investigated (0.316–1.392%), which demonstrates
the increased sensitivity of the Bowtie2 aligner for those
reads carrying CpG→TpG substitutions and informing on
regional methylation levels. This demonstrates that the alignment
procedures can significantly impact on the inference of regional
DNA methylation levels.

DISCUSSION

In this study, we report that Bowtie2 shows a higher performance
than BWA when aligning ancient DNA data generated following
USER treatment. This effect is especially pronounced within
the shorter size range (25–70 bp), due to the combined
effects of a higher sensitivity for the Bowtie2 read aligner,
and more conservative mapping quality scores for the BWA
aligner. Moreover, in the absence of USER treatment, BWA
mem was found to impact positively the coverage estimates
for some samples, but negatively for others. This may be
related to the respective representation of ultrashort templates
among the sequencing data, as the most positive impact is
found for those libraries showing the shortest average sizes.
Although this remains to be tested systematically, it suggests
that individual post-mortem DNA preservation conditions
will significantly affect the performance of this alignment
procedure. Nonetheless, the vast majority of DNA fragments
retrieved from archeological and paleontological remains are of
limited sizes; the mapping conditions investigated with Bowtie2
can be expected to substantially improve genome coverage
estimates and, hence, data quality. Using the sequence data
obtained from three Upper Paleolithic Sunghir individuals,
we found that Bowtie2 could improve the genome average
depth of coverage by up to 1.62–3.72%. This improvement
may appear modest at first glance but represents a significant
improvement for ancient DNA research as the material
available for destructive DNA extraction is finite and not
replaceable. Additionally, improving sequencing depth is not
always possible due to the limited molecular complexity of
the DNA libraries available for sequencing. Importantly, read
alignment conditions were found to impact not only depth
of coverage but also the inference of regional ancient DNA
methylation levels.

While ancient DNA methylation has received increasing
scholar attention over the last 5 years, and while several
statistical inference methods have been developed (e.g., BindDB,
Livyatan et al., 2015; epiPaleomix, Hanghøj et al., 2016; and
DamMet, Hanghøj et al., 2019), how much different read
alignment methods could impact on methylation predictions
had not been investigated. This study reveals that the Bowtie2
mapping conditions recommended (sensitive option, end-to-
end mode) returns with larger numbers of read alignments
that increase the number of genomic windows available
for inference as well as their sequence coverage, which
improves accuracy of the predictions. This has important
consequences for the nascent field of ancient epigenomics,

which, to the best of our knowledge, based all previous
predictions on BWA DNA alignments. The fact that different
read alignment conditions significantly impact the inference
of ancient DNA methylation levels also implies that strictly
identical alignment procedures are used when comparing
DNA methylation levels in different ancient remains, including
when groups showing different evolutionary distances to
the reference genome used for alignments are considered
(e.g., archaic hominins and anatomically modern humans,
Gokhman et al., 2019).

Recent work has revealed that mapping ancient, ultrashort,
and damaged ancient DNA reads against a linear reference
genome can introduce substantial reference bias in the data, with
possible impact on downstream population genetics inference
(Günther and Nettelblad, 2019). Alignment procedures including
a variation graph recapitulating the known genetic variation
within a panel of modern individuals further mitigated this
bias and helped effectively recover non-reference variants
(Martiniano et al., 2019). Future work should focus on assessing
the impact of such alignment procedures on ancient DNA
methylation inference.
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