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The ultra-short DNA molecules still preserved in archeological remains can provide
invaluable genetic information about past individuals, species, and communities within
the half to 1-million-year time range. The sequence data are, however, generally
affected by post-mortem DNA damage and include specific patterns of nucleotide mis-
incorporations, which can help data authentication. Recent work in ancient mammals
has shown that such patterns can also help assess past levels of DNA methylation
in CpG contexts. Despite pioneering work in barley and sorghum, ancient epigenetic
marks have received limited attention in plants and it remains unknown whether ancient
epigenetic signatures can be retrieved in any of the three main sequence contexts
(CG, CHG, and CHH). To address this question, we extended a statistical methylation
score originally proposed to trace cytosine methylation in mammal sequence data to
accommodate the three methylation contexts common in plants. We applied this score
to a range of tissues (wood, cobs, and grains) and species (oak, maize, and barley),
spanning both desiccated and waterlogged archeological samples. Ancient sequence
data obtained for USER-treated DNA extracts yielded methylation scores on par with
DNA methylation levels of modern organellar and nuclear genomes. At the quantitative
level, scores were (1) positively correlated to post-mortem cytosine deamination, and
(2) replicated relative contributions of CG, CHG, and CHH contexts to DNA methylation
assessed by bisulfite DNA sequencing of modern plant tissues. This demonstrates that
genuine DNA methylation signatures can be characterized in ancient plant remains,
which opens new avenues for investigating the plant evolutionary response to farming,
pollution, epidemics, and changing environmental conditions.

Keywords: ancient DNA, DNA methylation, genomics, post-mortem DNA damage, oak, maize, barley

INTRODUCTION

Ancient DNA research has witnessed a true revolution over the last decade, shifting from the
sequencing of single genomes from ancient anatomically modern humans (Rasmussen et al.,
2010) and extinct hominins (Green et al., 2010; Reich et al., 2010) to now multiple thousands of
genomes, including from non-human animals and plants (Brunson and Reich, 2019) and their
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pathogens (Spyrou et al., 2018, 2019). This has provided
invaluable insights into the human past (Prüfer et al., 2014;
Vernot and Akey, 2014; Narasimhan et al., 2019) and at the same
time ancient genome time series have started revealing biological
changes underlying plant and animal domestication, uncovering
genomic turnovers that were unexpected from patterns of genetic
variation present in modern genomes (Fonseca et al., 2015;
Gaunitz et al., 2018; Frantz et al., 2019; Verdugo et al., 2019).

In addition to providing snapshots of DNA variation in
the past, ancient DNA data can also provide insights into
ancient epigenetic marks, leveraging degradation reactions that
naturally affect DNA molecules after death (Hanghøj and
Orlando, 2018). This could potentially inform on evolutionary
changes in expression regulatory networks (Gokhman et al.,
2014; Pedersen et al., 2014), age pyramids in ancient population
(Hanghøj et al., 2016), as well as social and stress exposure. While
accurate ancient chromatin compaction maps can be inferred
from differential DNA decay within and outside of nucleosomes
(Pedersen et al., 2014; Hanghøj et al., 2016), DNA cytosine
methylation represents the epigenetic mark that received most
of the scholar attention thus far in ancient DNA research. Early
work was based on bisulfite sequencing (Llamas et al., 2012; Smith
et al., 2015) but this approach requires amounts of DNA material
generally not available in archeological specimens. Alternative
experimental methodologies, including enrichment of DNA
extracts through methyl binding domains (Smith et al., 2014;
Seguin-Orlando et al., 2015), have thus been developed. They,
however, also showed limitations owing to the ultra-fragmented
and degraded nature of ancient DNA molecules (Seguin-Orlando
et al., 2015). Therefore, ancient DNA methylation marks are
generally not directly measured, but statistically inferred from
patterns of nucleotide mis-incorporations along the genome.

The most powerful approach leverages ancient DNA sequence
data retrieved after treatment of the DNA extracts with an
enzymatic mix (USER) that excises Uracil nucleotidic bases
(U) present in ancient DNA templates, and cleaves the DNA
at the resulting abasic site (Briggs et al., 2010). Post-mortem
deamination rates are known to be inflated toward the termini
of ancient DNA molecules, due to the presence of overhanging
ends (Briggs et al., 2007). These degradation reactions affect
C residues regardless of their methylation state, transforming
those unmethylated C residues into Uracils, and those methylated
into Thymines (Pedersen et al., 2014). In the absence of USER
treatment, U residues are maintained in the pool of ancient
DNA molecules entering into DNA library preparation and
sequencing. As a result, C → T mis-incorporations during
sequencing will take place at all C residues affected by post-
mortem deamination, be methylated (and transformed into T
residues) or not (transformed into U residues, and sequenced
as T residues). Following USER treatment, however, ancient
DNA templates are cleaved at U residues, which almost excludes
the incorporation of templates containing U residues into DNA
libraries. Here, C → T mis-incorporations are introduced only
at those methylated C that were affected by post-mortem
deamination (and transformed into T residues). Simple scores,
linearly related to the average counts of CpG→ TpG mutations,
have thus been proposed to infer regional levels of DNA

methylation in ancient genome (Gokhman et al., 2014; Pedersen
et al., 2014). Therefore, scores calculated from sequence data
generated following USER-treatment should be lower than those
measured in the absence of USER-treatment. This framework
has been recently extended, including statistical models of DNA
damage, to account for sequencing errors and sequence variation
within the sequenced individual (Hanghøj et al., 2019).

Statistical inference of ancient DNA methylation has so
far been only applied to mammals (mainly hominins, horses,
and aurochsen; Hanghøj et al., 2016) and no studies have
explored whether the same principles could help to obtain
DNA methylation profiles in ancient plant remains, despite a
growing wealth of sequence data in ancient crops, such as maize
(Fonseca et al., 2015; Ramos-Madrigal et al., 2016; Vallebueno-
Estrada et al., 2016; Swarts et al., 2017; Kistler et al., 2018)
and barley (Mascher et al., 2016), and other cultivated (e.g.,
sorghum, Smith et al., 2019; grape, Ramos-Madrigal et al., 2019)
or uncultivated (e.g., oak, Wagner et al., 2018) plants. This
is likely due to the complex methylation and demethylation
machinery present in higher plants, which in contrast to
mammals, affects three main different sequence contexts: CG (or
CpG), CHG, and CHH [where H refers to Adenine (A), C, or T],
with relative methylation rates generally following the sequence
CG > CHG > CHH (Feng et al., 2010; Niederhuth et al., 2016;
Takuno et al., 2016; Bartels et al., 2018).

In this study, we extended the methylation score originally
proposed by Pedersen et al. (2014) to accommodate the
three sequence contexts underlying DNA methylation in plants
and assessed, for the first time, whether DNA methylation
information can be statistically inferred from ancient DNA
data retrieved from a range of tissues (seeds, cobs, and
wood) and species (barley, maize, and oak). The retrieval of
signatures both qualitatively and quantitatively in line with
expectations from plant DNA methylation profiles in modern
plant tissues supports the validity of the approach implemented.
This opens new avenues for future ancient DNA research in
plants combining both genome and epigenetic time series to
retrace the evolutionary response of plants to farming, pollution,
epidemics, and changing environmental conditions, including
global warming and increasing droughts.

MATERIALS AND METHODS

Preliminary Note
In the absence of DNA methylation maps for ancient plants,
we reasoned that the validity of putative ancient DNA
methylation signatures could be gauged through their ability
to replicate genome-wide patterns characterized in modern
plants. This follows the rationale first applied to mammals
and contrasting C deamination rates within and outside CpGs,
(almost) unmethylated mitochondrial DNA vs. nuclear DNA,
hypomethylated CpG islands vs. hypermethylated CG-rich
promoters, and more (Pedersen et al., 2014; Hanghøj et al., 2016).
More specifically, we extended the Ms statistics of normalized
C → T mutation counts to other contexts than CG (i.e., CHG
and CHH) (Figure 1) and tested two predictions. First, we
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FIGURE 1 | Tracking methylation in CG, CHG, and CHH contexts. After death, unmethylated Cytosines (C) become deaminated into Uracil (U), whereas methylated
Cytosines (mC) become Thymines (T). In the absence of USER treatment, Us enter into library preparation and sequencing. C→ T mis-incorporation will be
observed for deaminated residues from methylated (C→ T) and unmethylated Cytosine residues (C→ U, sequenced as T; yellow box). If USER treatment is applied,
U is excised prior to sequencing and C→ T conversions can be used as a proxy for those Cs that were methylated pre-mortem. Base mis-incorporations
highlighted in red and green. Ms ratios were calculated for raw extracts and USER treated extracts for the three plant methylation contexts CG, CHG, and CHH
(where H refers to A, C, or T and D to T, G, or A).

tested whether overall Ms levels calculated from nuclear DNA
were significantly greater than those estimated from chloroplast
DNA, a locus known for an almost complete lack of DNA
methylation (Cokus et al., 2008; Feng et al., 2010). Second,
we tested the expected sequence of higher DNA methylation
rates in CG contexts relative to CHG and CHH contexts (Feng
et al., 2010; Takuno et al., 2016; Bartels et al., 2018). Both
predictions are expected to be valid and specific to sequence
data generated following USER treatment of raw ancient DNA
extracts, should Ms scores reflect ancient DNA methylation
signatures. The putative DNA methylation signatures retrieved
should also be greater at read ends where post-mortem C
deamination is faster than in the central region of sequence reads,
owing to the overhanging nature of ancient DNA molecules
(Briggs et al., 2007).

Calculation of Ms Ratios as Methylation
Scores in CG, CHG, and CHH Contexts
Post-mortem C deamination rates were calculated within CG
contexts following Pedersen et al. (2014). The calculation was
extended to CHG contexts, by scanning CAG, CCG, and CTG
individually and to CHH contexts by scanning for CAA, CAC,
CAT, CCA, CCC, CCT, CTA, CTC, and CTT. Overall, we
therefore summed C → T mis-incorporation rates observed at
the first position of a total of 12 sequence contexts. For reads
aligned against the negative strand of the reference genome,
we focused instead on G → A mutations affecting the last
position of those contexts. This is so as C deamination on

the negative strand replaces the methylated C residue into a
T residue, which is then sequenced and read as an A residue
when aligned to the positive strand (Figure 1). Let note +
sequences aligned to the positive strand, and – those aligned
against the negative strand, keeping orientation so as to match
BAM alignments (i.e., sequence mapping against the negative
strand are displayed in the same orientation as the positive
strand). A total count of those ancient C residues that were
methylated and present in a CG context is thus provided by
the cumulated sum of CG+ → TG+ and CG− → CA− mis-
incorporations, where CG+ and CG− refer to the reference
genome sequence at a given position, and TG+ and CA−
to that sequenced in the ancient specimen. Methylation rates
are estimated by normalizing this numerator denominator of
all counts where the sequence data show and lack evidence
of DNA deamination, i.e. CG+ → CG+, CG+ → TG+,
GC− → GT−, and GC− → GC−, thus providing so-called
Ms ratios (Pedersen et al., 2014). Now extending to CAG
contexts, the numerator can easily be written as the sum
of CAG+ → TAG+ and CAG− → CAA− counts, while
the denominator becomes the sum of CAG+ → CAG+,
CAG+ → TAG+, CAG− → CAA−, and CAG− → CAG−
counts. Figure 1 provides a breakdown of the different counts
considered in all three main sequence contexts. Read alignments
including indels were disregarded to avoid potential inflation
of substitution counts on their flanking nucleotides in case
of mis-alignment.

Note that a number of processes other than just DNA
methylation, such as sequencing errors and the presence of
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sequence polymorphism in the individual sequenced, contribute
to the counts considered. Similarly, in the presence of high post-
mortem C deamination rates, the conversion of methylated C
residues into T residues is expected to be inflated. Therefore, the
Ms ratio calculated do not scale across individuals and can only be
used to compare putative methylation levels within (rather than
between) individuals.

Samples, Sequencing Data, and Mapping
Previously published Illumina sequence data were retrieved
from public data repositories for 12 oak, 6 maize, and 2
barley ancient samples representing a range of preservation
conditions, DNA deamination rates, species, and tissues (Table 1
and Supplementary Table S1; Mascher et al., 2016; Swarts
et al., 2017; Wagner et al., 2018). Raw sequence data were
processed using PALEOMIX (Schubert et al., 2014), which
automatically handles adapter trimming, alignment, duplicate
removal, and filtering of low-quality read alignments. We
used the PALEOMIX parameters specified in Wagner et al.
(2018), and the haploid version of the Quercus robur nuclear
(750 Mb) and chloroplast1 reference genomes for oak data
(Plomion et al., 2016, 2018; Leroy et al., 2017). For maize
and barley, the softmasked version of the respective reference
genomes (including nuclear and organelle DNA) were used
for read alignments. Those references are available on the
Ensembl Plants Database2 (maize: B73 reference genome v4;
barley: IBSC reference genome v2) (Schnable et al., 2009;
International Barley Genome Sequencing Consortium et al.,

1https://w3.pierroton.inra.fr/QuercusPortal/index.php?p=GENOMIC_SEQWe
2https://plants.ensembl.org

2012; Kersey et al., 2018) and represent a nuclear genome
size of 2.4 and 5.3 Gb, respectively. Mapping statistics are
provided in Supplementary Tables S2, S3. For sequence
data generated in the absence of USER treatment, ancient
DNA damage patterns and quantification were carried out
through PALEOMIX, using the methodology implemented in
MapDamage (Jónsson et al., 2013).

RESULTS

We calculated Ms ratios for the 20 ancient specimens where
paired sequence data were available for both USER-treated
and raw DNA extracts (Figure 2). We confirmed that the Ms
ratios obtained from USER-treated data of all three species
examined were consistently lower than those obtained in the
absence of USER treatment. This hold true for both chloroplast
DNA and nuclear DNA, although it was most pronounced
for the former (1.2–21-fold vs. 1.1–4-fold reduction). This is
in line with the (almost) absence of C methylation along the
chloroplast DNA, which considerably limits the amount of
deaminated methylated C residues available for sequencing.
The same was true for the mitochondrial genome, which
could be calculated for maize and barley, which also showed
values of Ms ratios post-USER treatment lower to those
calculated on nuclear DNA data. This demonstrates that
Ms ratios as calculated in this study can recapitulate the
known methylation difference between the chloroplast and
nuclear genomes.

We next calculated Ms ratios within the main three sequence
methylation contexts present in plants (CG, CHG, and CHH)

TABLE 1 | Summary of samples analyzed in this study.

Sample ID Taxon Excavation site State Age (cal. years BP) Tissue Preservation References

233 Quercus sp. Sutz Lattrigen Switzerland 4700 Wood Waterlogged Wagner et al., 2018

235 Quercus sp. Sutz Lattrigen Switzerland 4700 Wood Waterlogged Wagner et al., 2018

321 Quercus sp. Spica Slovenia 4500 Wood Waterlogged Wagner et al., 2018

354 Quercus sp. Strojanove vode Slovenia 5600 Wood Waterlogged Wagner et al., 2018

382 Quercus sp. Hamburg Harburg Germany 550 Wood Waterlogged Wagner et al., 2018

384 Quercus sp. Hamburg Harburg Germany 550 Wood Waterlogged Wagner et al., 2018

423 Quercus sp. Greifswald Germany 750 Wood Waterlogged Wagner et al., 2018

44 Quercus sp. Erstein France 3700 Wood Waterlogged Wagner et al., 2018

442 Quercus sp. Eschenz Orkopf Switzerland 3700 Wood Waterlogged Wagner et al., 2018

447 Quercus sp. Eschenz Orkopf Switzerland 5200 Wood Waterlogged Wagner et al., 2018

46 Quercus sp. Erstein France 3700 Wood Waterlogged Wagner et al., 2018

466 Quercus sp. Champeaux France 1400 Wood Waterlogged Wagner et al., 2018

JK3009E1 Hordeum vulgare subsp. vulgare Joram Cave Israel 3939–3775 Grain Desiccated Mascher et al., 2016

JK3010E1 Hordeum vulgare subsp. vulgare Joram Cave Israel 3940–3773 Grain Desiccated Mascher et al., 2016

JK1691 Zea mays Turkey Pen Shelter Utah 1785 Cob Desiccated Swarts et al., 2017

JK1696 Zea mays Turkey Pen Shelter Utah 1910 ± 20 Cob Desiccated Swarts et al., 2017

JK1697 Zea mays Turkey Pen Shelter Utah 1900 ± 20 Cob Desiccated Swarts et al., 2017

JK1698 Zea mays Turkey Pen Shelter Utah 1869 ± 20 Cob Desiccated Swarts et al., 2017

JK1699 Zea mays Turkey Pen Shelter Utah 2026 ± 20 Cob Desiccated Swarts et al., 2017

JK1700 Zea mays Turkey Pen Shelter Utah 1903 ± 20 Cob Desiccated Swarts et al., 2017

For all samples, we used paired sequence data generated based upon USER-treated and raw extracts. See Supplementary Table S1 for accession numbers and details.
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FIGURE 2 | Ms ratios for CG, CHG, and CHH contexts. Results are shown for paired sequence data of USER-treated and raw extracts of ancient oak, maize, and
barley samples, for chloroplast and nuclear DNA, respectively. Scores are reported for full read length. For Ms ratios computed for outer and inner read regions, see
Supplementary Figure S1.

in order to test whether we could recapitulate the generally
predominant contribution of CG methylation over both other
contexts and the generally minimal contribution of CHH
contexts (Feng et al., 2010; Takuno et al., 2016; Bartels et al.,
2018). In modern oak, bisulfite sequencing data obtained from
buds of European oak trees (Quercus petraea and Q. robur)
showed that CG contexts contribute to a fraction of 54.4% of
DNA methylation marks in the nuclear genome, while CHG
contexts contribute to 39.5% and CHH to 6.1% (unpublished,
data kindly provided by Stéphane Maury, ANR EPITREE3). In
all 12 ancient oak wood samples investigated here, we found that
the sequence context providing the highest Ms ratios calculated
on USER-treated data (thus contributing the most to DNA
methylation) was consistently the CG context, while CHG and
CHH provided the second most and least important values,
respectively (Figures 2, 3). Normalizing individual Ms ratios
by the sum of all three Ms ratios in each sample calculated
provided relative estimates of the respective contribution of
each sequence context to DNA methylation (Figure 3). We
found Ms ratios supporting 48.6–54.1% methylation within
CG contexts, and 35.0–38.9 and 10.9–12.5% within CHG
and CHH contexts, respectively, in line with bisulfite DNA
sequencing measures on modern oak buds. This suggests
that the calculation of Ms ratios proposed in this study can
retrieve genuine, quantitative estimates of DNA methylation
from ancient plant DNA sequence data. For maize, previous
work on unfertilized ears showed that CG contexts contributed

3https://www6.inra.fr/epitree-project/Le-projet-EPITREE

to 52.0% of the DNA methylation marks present in the
nuclear genome, while CHG and CHH contexts represented
a fraction of 44.7 and 3.3%, respectively (Gent et al., 2013).
The estimates retrieved within CG (47.3–48.0%) and CHG
(38.6–39.2%) contexts from ancient maize cobs were slightly
inferior, due to an increased contribution of CHH contexts
(12.7–13.5%, Figure 3). This may pertain to marginal differences
in the DNA methylation profiles of the tissues compared.
Similarly, the estimates retrieved for the relative contribution of
CHH contexts to nuclear DNA methylation marks was slightly
higher (8.9 and 12.1%) than that directly measured through
bisulfite sequencing of barley (1.1%) on mixed samples of
seedling, leaf, and apex tissues (unpublished, Benjamin Stich,
personal communication) (54.0 and 55.7 vs. 58.2%; and 33.8 and
35.4 vs. 40.7%).

The capacity of Ms ratios to track ancient C methylation
marks does not only result from the removal of any possible
contribution of unmethylated C residues to sequencing mis-
incorporations. It also comes from the deamination reactions
that transform methylated C residues into Thymines after
death. Therefore, Ms ratios are expected to be maximized
in situations where post-mortem C deamination is maximized,
for example at read ends. We confirmed this expectation
by using sequence data obtained following USER-treatment
and contrasting Ms ratios within the first and last 10
read positions on the one hand, and on the remaining
positions on the other hand (Supplementary Figure S1).
Additionally, we found that post-mortem C deamination rates
within overhanging ends, as estimated using mapDamage2
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FIGURE 3 | Relative contributions of CG, CHG, and CHH contexts to DNA
methylation. Normalized Ms ratios are shown for nuclear DNA analyzed from
sequencing data generated based upon USER-treated extracts of 12 ancient
oak, 6 maize, and 2 barley samples.

(Jónsson et al., 2013), were positively correlated with Ms
ratios. This demonstrates that the Ms ratios calculated
in this study provide a measure of the intensity of C
deamination reactions.

Altogether, Ms ratios both respond to increased C
deamination post-mortem reactions and recapitulate known
methylation features between organellar and nuclear DNA as
well as between different methylation sequence contexts (CG,
CHG, and CHH). This was thus far only described for CG
contexts in animals. The extension of Ms ratio calculation to
tri-nucleotide context proposed here for the first time, thus
provide genuine proxies for inferring plant DNA methylation
levels in the past. The ancient sequence data for the three
species investigated here is not sufficient to generate precise
genome-wide DNA methylation maps and identify differentially
methylated regions in ancient and modern samples. The data
we used allowed to explore the relative contributions of each
individual sequence context to CHG (i.e., CAG, CCG, and
CTG) and CHH (i.e., CAA, CAC, CAG, CCA, CCC, CCG,
CTA, CTC, and CTG) methylation (Figure 4). We considered
that Ms ratios obtained within CG contexts on USER-treated
data represented an arbitrary but convenient score of 100%.
We then normalized the Ms ratios of each other sequence
context examined relative to this value to assess their respective
contributions to DNA methylation. We found that all three
sequence motifs underlying CHG contexts contributed evenly
to DNA methylation (Figure 4). The same was true for the nine
sequence motifs underlying CHH contexts, suggesting that the
cellular enzymatic machinery responsible for DNA methylation
shows no strong preference for any particular sequence motif.

FIGURE 4 | Relative contribution of individual tri-nucleotide sequences to
methylation in CHG and CHH contexts. Normalized Ms ratios scored for full
read length are shown for nuclear DNA analyzed from sequencing data
generated based upon USER-treated extracts.

DISCUSSION

A variety of ancient DNA studies have demonstrated that
epigenetic marks can be revealed in the fossilized tissues
from ancient individuals, either through experimental
assays directly targeting methylated C residues or indirect
statistical analyses leveraging patterns of sequencing errors
predominantly affecting these sites [see Hanghøj and Orlando
(2018) for a review]. To the best of our knowledge, only
two of previous studies were applied to ancient plant
DNA material (Smith et al., 2014, 2019). In the first, the
authors made use of proteins showing strong affinity to
methylated CG to enrich ancient barley DNA extracts
for methylated fragments. They also applied standard
bisulfite sequencing to quantify genome-wide average
of DNA methylation levels, a measure that can reflect
the exposure of host cells to viruses (e.g., Boyko et al.,
2007). In the second study, the authors have applied a
software package originally designed to track methylation
at CpG sites in ancient mammal genomes (Hanghøj et al.,
2016) to archeological sorghum DNA samples from Egypt
spanning a full time series (1,800–100 years BP) (Smith
et al., 2019). No information was gathered outside the CG
context despite other sequence contexts that contribute
to DNA methylation in plants known to be characteristic
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and highly dynamic in response to intrinsic and extrinsic
stress factors (Feng et al., 2010; Takuno et al., 2016;
Bartels et al., 2018).

In this study, we demonstrate for the first time that
the methodology originally proposed to retrieve DNA
methylation information from ancient mammal tissues
within CpG contexts (Pedersen et al., 2014) can be extended
to tri-nucleotide contexts to retrieve DNA methylation
signatures within CG, CHG, and CHH contexts. Several
lines of evidence support the validity of the approach
proposed here. At the qualitative level, Ms ratios calculated
on sequence data generated following USER-treatment
of raw ancient DNA extracts replicate the known levels
of DNA methylation of organellar and nuclear genomes.
At the quantitative level, such Ms ratios are (1) positively
correlated to levels of post-mortem C deamination rates, (2)
inferior to those estimated on the sequence data produced
in the absence of USER-treatment, and (3) replicate the
relative contributions of CG, CHG, and CHH contexts
to DNA methylation. The latter suggests similar kinetics
of cytosine DNA deamination after death in all three
contexts. However, direct experimental evidence remains
necessary to assess whether methylated C residues show
similar deamination when present on CG, CHG, and CHH
sequence contexts. Finding support for differential decay
would impact the method proposed here, as it would exhibit
non-uniform sensitivity for inferring DNA methylation
levels across the genome. Direct comparisons directly
contrasting specific genomic regions (e.g., promoters),
without controlling for similar base compositional effects
(e.g., similar fractions of CG, CHG, and/or CGG contexts),
would then be flawed.

Ancient DNA studies focusing on plant remains have
made significant contributions to the fields of anthropology
and biology (Palmer et al., 2012; Allaby et al., 2015;
Brown et al., 2015; Estrada et al., 2018; Brunson and
Reich, 2019; Pont et al., 2019), with important projects
reconstructing the genomic history of maize, grape, and
barley domestication (Fonseca et al., 2015; Mascher et al.,
2016; Ramos-Madrigal et al., 2016, 2019; Vallebueno-Estrada
et al., 2016; Swarts et al., 2017; Kistler et al., 2018). The
findings reported here suggest that the ever-increasing
amounts of sequencing data underlying such projects will
soon open for an evaluation of the epigenetic impact of
domestication. By extension, when other taxa and other
archeological and environmental contexts will be included,
the production of larger ancient sequence datasets will
help researchers characterize the epigenetic response of
plant species to many other selective pressures, including
climate change, pollution, and more (Allaby et al., 2015;
Gutaker and Burbano, 2017). Unless candidate loci of
interest or predefined sets of CG, CHG, and CHH loci
are specifically targeted (e.g., through in solution DNA
capture, Ramos-Madrigal et al., 2019), reaching this goal
will, however, require massive sequencing efforts. It is
crucial to keep in mind that (1) ancient DNA analyses are
destructive, (2) archeological material represent a finite

resource, and that (3) C deamination inflate sequencing
errors and can, thus, impact downstream analyses. In our
opinion, focusing sequencing efforts on DNA libraries
prepared from ancient DNA extracts treated with the
USER enzyme mix will mitigate these issues and will
reduce analytical costs, as both genomic and epigenetic
information could be revealed from the same sequence
data. As we observed that the correlation between the
Ms ratios and expected methylation levels at different
markers was lost in the absence of USER treatment
(Figure 2), we expect that the power to retrieve both
types of information from the sequence data obtained
on DNA libraries prepared from raw DNA extracts
will be limited.

Previous work has shown that signatures that could inform
about gene expression, such as nucleosome positioning along
genes and their phasing across cells, could be obtained
from the sequencing data underlying ancient mammal
genomes (Hanghøj et al., 2016). Whether such signatures
could also be collected in plants remains unknown and
will require further research. Future work should also focus
on improving the methodology proposed here, following
what recently done for mammals where statistical models,
such as the one implemented in the DamMet package
(Hanghøj et al., 2019), have been developed to account for
the contribution of other factors than DNA methylation to
C → T mis-incorporations. This should reduce the impact
of sequencing errors and non-reference variants present in
the individual sequenced, and thus improve the accuracy
of DNA methylation inference. Extending DamMet to tri-
nucleotide contexts will, however, be challenging as the
number of underlying genotypes could become rapidly
intractable and machine learning approaches may prove
more powerful to disentangle nucleotide mis-incorporations
pertaining to post-mortem deamination reactions affecting
methylated C residues from those resulting from all other
processes contributing to sequencing errors. Once the
methodology will have been refined, and following the
amount of sequence data that were found necessary for
retrieving accurate DNA methylation estimates in mammals,
we anticipate that ancient genomes characterized at a minimal
sequencing depth of 20–25× may be used for in depth
studies on ancient plant methylomes. Interestingly, such
datasets have already started to be produced in plants
(e.g., Mascher et al., 2016: Sample JK3014, average read
depth 20×).

In this study, we extended a statistical procedure to uncover
ancient DNA methylation signatures in the three sequence
contexts present in plants. We applied our procedure
on previously published ancient DNA data generated
using NGS for oak waterlogged oak wood (Quercus sp.),
desiccated maize cobs (Zea mays), and desiccated barley
grains (Hordeum vulgare subsp. vulgare) and obtained
signatures in line with modern plant methylomes. This
opens new avenues for designing evolutionary studies on
the rich plant material preserved in herbaria and in the
archeological record.
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