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Abstract

Stochastic gains and losses of DNA methylation at CG dinucleotides are a frequent occurrence in
plants. These spontaneous “epimutations” occur at a rate that is 100,000 times higher than the
genetic mutation rate, are effectively neutral at the genome-wide scale and are stably inherited
across mitotic and meiotic cell divisions. Mathematical models have been extraordinarily
successful at describing how epimutations accumulate in plant genomes over time, making this
process one of the most predictable epigenetic phenomena to date. Here, we propose that their
high rate and effective neutrality make epimutations a powerful new molecular clock for timing
evolutionary events of the recent past, as well as for age-dating of long-lived perennials such as
trees.
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Spontaneous epimutations: from nuisance to utility

DNA cytosine methylation (mC) is a conserved base modification in eukaryotes. It
contributes mainly to the silencing of transposable elements (TEs) and repeat sequences, but
is also found in some constitutively expressed genes. Plant methylomes (see Glossary) are
remarkably stable across development [1], environmental conditions [2—7] and generations
[8-13]. The faithful maintenance of mC is carried out by a number of designated pathways
that are well characterized at the molecular level [14]. However, mC fidelity is not perfect.
Analogous to DNA mutations, mistakes in the maintenance of mC can arise stochastically
[12,13], both at the level of individual cytosines [12,13,15,16] as well as at the level of larger
regions (i.e. clusters of cytosines) [10,12,17,18]. This phenomenon has been termed
“spontaneous epimutation” [19]. Once acquired, these stochastic changes are often stably
inherited across mitotic cell divisions, and even pass through the germline to subsequent
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generations. Estimates in a number of plant species indicate that the rate of spontaneous
epimutations is orders of magnitude higher than the genetic mutation rate per unit time [15—
17]. Hence, epigenetic variation in plants arises much more rapidly than genetic variation.

A handful of experimental studies have been able to link spontaneous epimutations with
heritable morphological and developmental traits [20-27]. These observations continue to
generate much excitement, because they point to an alternative molecular substrate for
adaptive evolution [28] and possibly also for selective breeding [29]. But reported
associations between heritable epimutations and phenotypes remain scarce. This shortage of
evidence suggests that the vast majority of these events are functionally inconsequential, and
thus irrelevant from an evolutionary and agricultural perspective [30]. Multigenerational
surveys of mC corroborate this concern: Estimates show that the accumulation of
spontaneous epimutations is effectively neutral at the genome-wide scale [15-18]. In light of
this, it seems tempting to dismiss these stochastic events as a nuisance and to treat them as
mere “molecular noise” in plant genomic studies.

Here we offer an alternative perspective. We propose that it is precisely their effective
neutrality and high stochastic rate that make spontaneous epimutations a powerful new tool
for plant biology: they define a fast-ticking molecular clock, which can be used to address a
number of important questions in phylogenetics, population genetics and developmental
biology. This clock’s fast tick rate offers a unique window into the recent past, a segment of
time that has been largely inaccessible to classical DNA mutation clocks. Applications
include the dating of recent lineage divergence, inference of demographic changes, and the
age-estimation of long-lived perennials such as trees. In this opinion paper, we summarize
the molecular basis and clock-like properties of spontaneous epimutations and discuss how
one can exploit these properties in a modeling framework.

The molecular basis and somatic origin of epimutations

Although plants methylate cytosines extensively in three different sequence contexts (CG,
CHG and CHH, where H is nucleotide A, T or C), the inheritance of stochastic methylation
changes is mainly restricted to CG dinucleotides [15,16,31]. This follows directly from how
CG methylation is maintained. During DNA replication, hemimethylated CG sites are
recognized by the VARIANT IN METHYLATION family of proteins and recruit
METHYLTRANSFERASE 1 to catalyze CG methylation on the newly synthesized strand
by way of “template-copying” [14]. Enzymatic failure or offtarget methyltransferase activity
can thus lead to permanent methylation losses or gains in daughter cells and their decedent
cell lineages (Fig. 1). By contrast, non-CG sites (i.e. CHG and CHH) are preferentially
targeted by de novo methylation pathways, so that any methylation losses can be ‘corrected’
by re-targeting these sites at some later point in time in a replication independent manner.

The somatic consequences of CG maintenance errors should be especially visible when they
originate in shoot apical meristems (SAM), a small population of stem cells that give rise to
all above-ground plant structures. Since only a small number of meristematic cells act as
“founders” to new lateral branches [32], leaves and flowers, the finite sampling of these cells
leads to fixation of CG epimutations in newly formed vegetative lineages. This process can
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be described as “somatic epigenetic drift” (Fig. I1A) and can lead to extensive chimerism
[33]. Evidence for this is seen in perennials, where methylation changes seem to arise
sequentially in nested sectors of the plant [18,34]. Similar observations have been made at
the level of rare somatic DNA nucleotide mutations [18,35-39], indicating that both genetic
and epigenetic stochastic changes have a common meristematic origin. Plants lack a
dedicated germline unlike animals. Instead, cells that eventually give rise to the gametes are
also derived from SAM precursors quite late in development [40]. This means that
somatically acquired CG epimutations are frequently inherited to the next generation (Fig.
11B). Stable passage through the generation barrier requires that the CG methylome is not
extensively reprogrammed in the sex cells and early zygote, which is indeed the case in
plants [41].

Epimutations have clock-like properties: the evidence

There is mounting evidence that CG epimutations accumulate in plant genomes in a clock-
like fashion (see below). This is true for developmental as well as evolutionary time-scales.
Mathematical models have been extraordinarily successful at describing these accumulation
dynamics, making this stochastic process one of the most predictable epigenetic phenomena
to date. To ease the discussion we will henceforth refer to “CG epimutations” as simply
“epimutations”; but it should be kept in mind that the phenomena we are describing do not
readily extend to non-CG contexts.

Developmental time-scales

Recent developmental insights into the clock-like properties of epimutations have come
from the analysis of trees. Due to their exceptional longevity, trees have emerged as model
systems for studying somatic (epi)mutational processes in plants [18,35-38]. A key advance
in this regard has been the realization that a tree’s branching structure can be treated as an
intra-organismal phylogeny, with the leaves representing the endpoints of somatically
evolving vegetative lineages [42] (Fig. I11A). Genomic or epigenomic measurements
collected on the leaves, or adjacent axillary meristems, are therefore amenable to
phylogenetic inference methods [16,38]. In poplar (Populus trichocarpa), for instance, it was
shown that methylomes of leaves sampled from different branches of a single tree diverge
approximately linearly with developmental distance (in years) [16,18] (Fig. 111B). This
distance could be calculated by tracing back the ages of the branches to their most recent
common branch point (Fig. I11A). The branch ages, in this case, were known from coring
data (i.e. tree ring counts). Phylogenetic analyses revealed that the rate of methylation
divergence over developmental time is consistent with a neutral epimutation process, which
seems to depend only on the stochastic methylation gain and loss rates at individual CG sites
[16,18]. Global estimates of these per site rates were 1.8 x 1076 and 5.8 x 1075 per year per
haploid genome, respectively. These estimates somewhat mask the considerable variation in
epimutation rates across genomic features, with gene bodies showing the highest and TEs
the lowest rates [16,18]. Nonetheless, it is safe to say that, on average, the somatic
epimutation rate is about four orders of magnitude higher than the somatic nucleotide
mutation rate (1.3 x 10719). These large rate differences explain why methylome diversity
arises much more rapidly than genome diversity within the tree crown.
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Transgenerational and evolutionary time-scales

Similar clock-like properties have emerged from transgenerational studies. The most
comprehensive demonstration of this comes from analyses of selfing-derived Arabidopsis
(A. thaliand) mutation accumulation (MA) lines. MA lines descent from a single isogenic
founder and are independently propagated for many generations [43] (Fig. I1IC). Similar to
the branching structure of a tree, as described above, the kinship among the different lines
can be represented as a phylogeny (Fig. I11C), whose topology is known, a priori, as the
branchpoint times and the branch lengths are deliberately chosen as part of the experimental
design. Coupled with multigenerational methylome measurements, MA-lines thus permit
‘real-time’, rather than retrospective, observations of epimutational processes in a well-
defined phylogenetic context. In agreement with the developmental findings in trees, global
CG methylation divergence among the lines increases steadily as a function of divergence
time (in generations) (Fig. 111D). This transgenerational divergence can be predicted with
remarkable accuracy on the basis of a neutral epimutation model, accounting for up to 90%
of the variance [15,16]. Again, the underlying prediction model is relatively simple. It
depends only on the methylation gain and loss rates at individual CG sites in each line, as
well as the Mendelian segregation and fixation of de novo epimutations. Global estimates of
these gain and loss rates are 2.5 x 10-4 and 6.3 x 10-4, per generation per haploid genome
[15]; although, as in poplar, there is considerable variation in rates across genomic features
[15-17]. For comparison, the per generation DNA nucleotide mutation rate in A. thaliana
MA lines is about 1079; that is, five orders of magnitude higher [44,45]. Comparable
insights have been obtained with different experimental designs, species (Arabidopsis, rice,
Dandelion), and types of reproduction (sexual and asexual), indicating that these clock-like
properties are relatively robust [9,12,13,15,16,46-49].

Beyond the experimental time-scales probed by MA studies, the clock-like accumulation of
epimutations is also visible over evolutionary time where it seems to have a major role in
shaping plant CG methylation diversity [9,50,51]. Formal support for this comes from
methylation site frequency spectrum (mSFS) studies of natural populations of A. thaliana
[50,52] and maize [53]. Analysis of the genic (CG) mSFS revealed that methylome diversity
is most consistent with a neutral or near neutral model. Furthermore, in A. thaliana, the
estimated ratio of population epimutation gain and loss rates was found to be approximately
similar to that in experimental MA lines [50]. The latter observation suggests that
epimutation rates are stable over long time periods, at least within the same species. This is
remarkable, considering that extensive genetic variations, too, arise over these time-scales
[54], which could potentially perturb CG methylation patterns through c/s or trans-acting
SNPs or structural variants [51,55-57].

Exploiting the clock-like properties of epimutations

The above discussion highlights several important properties about epimutations that are
worth reiterating here: 1. epimutations accumulate neutrally over developmental and
evolutionary time, at least at the genome-wide scale, 2. they occur at a rate that is orders of
magnitude higher than the genetic mutation rate, and 3. they cause rapid methylome
divergence among plant or cell lineages. An emerging question is how to best exploit these
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properties as a genomic tool in plant biology. This question is not just about possible
applications, but also about how to integrate epimutation data into existing analytical
frameworks. Here we will highlight two applications, namely, the use of epimutations as a
molecular clock to time evolutionary events in the recent past and to estimate the age of
long-lived plants.

Epimutations as an aging clock

The first direct indication that epimutations can be employed as an accurate time keeper has
come from the abovementioned proof-of-principle study in poplar [16,18] (see Fig. IVA). A
fortunate limitation of that study was that the tree topology could only be partly dated. That
is, the age of the bottom sector of the tree was unknown because it could not be determined
by coring. This initially prevented the calculation of divergence times between leaves across
the two main stems (Fig. IVB). To bypass this problem, the unknown age of the bottom
sector was included as an additional parameter in the model fitting. This yielded an unbiased
age estimate of the complete tree of 330 years (Fig. IVC), which agreed well with
circumference-based estimates [16]. Thus, the accumulation of somatic epimutations seems
to encode sufficient temporal information to serve as an aging-clock in trees. Clearly, the
generality of this conclusion needs to be solidified in future studies by examining different
tree species as well as other long-lived perennials. Such efforts are underway.

Looking ahead, a logical extension of the above approach is to calibrate epimutation rates
beforehand, and use them to estimate branch and stem ages freely. These calibrated rates
need to be obtained only once by analysing a species-specific “reference tree” for which
extensive DNA methylation and coring data has been collected. Application of these rates to
any new tree would merely require that the topology of that tree is known. This latter
requirement is trivial since the (surviving) branching structure of a tree can be easily
reconstructed from observation. An interesting exception, however, is when the observed
topology does not reflect the developmental history of the tree. This can happen when there
is extensive dormancy in the initiation of lateral branches. We propose that it may be
possible to detect dormancy, retrospectively and without coring data, on the basis of
epimutation divergence data alone. Dormant branches would show up as incongruencies
between the observed tree topology and the one reconstructed on the basis of DNA
methylation measurements. It should be clear that the development of similar approaches
using de novo somatic mutations, instead of epimutations, would be challenging. The
relatively small number of somatic SNPs that are detectable in even very old trees [18,36—
38,58] would probably not yield enough temporal resolution for accurate statistical
inferences.

A key limitation with the above epimutation-based age-estimator in trees is that it requires
DNA methylation divergence data as input. This implies that the age of a tree can only be
determined down to its oldest (viable) branch point. For trees that have formed early lateral
branches or two dominant stems (e.g. Fig. IVA), the age of the oldest branch point is
approximately equivalent to the total age of the tree. In other situations where this is not the
case, it may be possible to invoke species-specific growth models [59-61] and infer the
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overall age of the tree by interpolating the length of the missing bottom segment (i.e. from
root to first branch point).

DNA methylation (DNAme) aging clocks are already extensively used in the mammalian
field [62]. However, these types of clocks differ fundamentally from the CG epimutation-
based clock observed in trees (Table ). A central difference is that DNAme clocks in
mammals are designed to track ‘systematic’, age-related changes of CG methylation levels
at a few hundert pre-selected loci [62]. These changes are directional (i.e. proggressive
transition from hypo- to hypermethylation or vice versa), highly reproducible, and are best
viewed as a molecular read-out of cellular aging. By contrast, CG epimutation-based clocks
quantify ‘random’ CG methylation changes, which can only be reliably captured by tracking
the methylation status of millions of CG sites throughout the genome. Although these latter
changes are reproducible globally, in terms of aggregate measures like epimutation rates or
mCG divergence, at the level of individual CG sites they are not. Table I highlights these
differences in more detail.

Epimutations as an evolutionary clock

The basic idea behind using epimutations as an age-estimator in trees can be readily
transferred into the evolutionary arena. Instead of age-dating stems and branches of an actual
tree, the task would be to estimate the timing of evolutionary events along a phylogenetic or
coalescent tree. A priori, there is no reason why this should not work, given the evidence
discussed above. Molecular clocks already play an instrumental role in phylogenetics.
Classically, these clocks are built around DNA sequence data. They work by counting DNA
nucleotide substitutions between species to derive a measure of genetic distances [63]. If
substitution rates are constant over time (and lineages) these distances are directly
proportional to divergence times. Absolute dates, in terms of years or generations, can be
obtained by calibrating substitution rates against the fossil record or else by using
experimentally estimated mutation rates as a proxy [64].

However, molecular clocks are typically applied to species trees that involve divergence
times in the order of millions of years [65]. Flowering plants (angiosperms), for instance,
have diverged as far back as 200 million years ago [66]. Over these long phylogenetic time-
scales, epimutations are unlikely to provide any useful information (Fig. VB). The reason for
this is that high epimutation rates result in frequent ‘reversions’ [67,68] and Aomaoplasy,
which lead to rapid saturation in divergence estimates [50]. That is, branch points that lie far
back in time cannot be confidently separated temporally. Moreover, major genome
rearrangements, such as polyploidization or whole genome duplication events, can lead to
extensive methylome remodeling [69-75], and thus to a breakdown of the clock assumption.

In contrast to phylogenetic (macroevolutionary) time-scales, the clock-like properties of
epimutations could be highly informative for analyzing microevolutionary (population
genetic) time scales, ranging from decades to a few thousand years (Fig. VA). This is a
segment of time, where DNA sequenced-based information is limited due to the slow rate at
which new mutations (i.e. genetic variations) arise (Fig. VA-B). Many important
evolutionary events can occur in this time-frame, particularly in the presence of rapidly
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changing environmental conditions [76]. Such events could include shifts in demography
due to bottlenecks, extinction, range expansion, population differentiation, as well as
transitions in mating systems (e.g. the emergence of selfing-compatibility). The integration
of epimutation data into coalescent models would be one way forward to to detect such
events at the molecular level and to place them on an evolutionary timeline.

Furthermore, modified versions of classical phylogenetic models could also be employed to
estimate divergence times of clonal lineages in species that reproduce, continuously, by
fragmentation or budding. Analytically, this would require a similar inference approach as
the one used for age-dating (actual) trees, except that the underlying phylogeny (i.e.
topology) needs to be inferred along with divergence times (Box 1, Sl text). Again, known
epimutation rates are needed here, since there is no fossil record to calibrate against over
these short time-scales. The reconstruction of clonal phylogenies on the basis of DNA
methylation data is already used in the cancer field. However, the main focus there is on
inferring the topology of tumor cell lineages rather than on estimating their branching times
[77-82]. Still, selected elements of these methods could be transferred to the plant world.

A central challenge ahead will be the methodological integration of epimutation data into
existing phylogenetic and coalescent models (Box 1). This is not a trivial task. There are key
properties that set DNA mutations apart from epimutations, including their ‘mutation’
spectrum, measurement uncertainty, the availability of phased haplotype data, etc. (Fig. VC).
Ultimately, models that integrate both DNA sequence and DNA methylation data into a
single inference framework may be most successful at accurately dating evolutionary events
across time-scales (Fig. VB).

Concluding remarks and future perspective

As a result of their high stochastic rate and functional neutrality, spontaneous epimutations
have received relatively little attention in the plant community. Yet, from a statistical
standpoint, these stochastic events are one of the most predictable epigenetic phenomena to
date. Here, we hope to have shown that these unique properties make spontaneous
epimutations a powerful new molecular clock with a wide range of applications in plant
biology. In contrast to classical DNA mutation-based clocks, this new clock offers novel
insights into the recent evolutionary past of species/populations and can also be used to
estimate the age of long-lived perennials such as trees. Furthermore, a formal understanding
of the neutral process by which epigenetic diversity arises in plant populations provides a
framework for detecting signatures of selection on rare, but potentially adaptive, epigenetic
mutations. From an evolutionary perspective, the potential relevance of these insights cannot
be overstated. In an era of climate change, plant biodiversity is transforming rapidly [76].
The ability to monitor effective population sizes, demographic changes, selection,
bottlenecks etc. at the molecular level over short time-scales will contribute to our basic
understanding and management of this diversity going into the future. Further research into
the molecular properties of epimutation-based clocks, their integration into existing
evolutionary models, and their applications define a novel research program for years to
come (see Outstanding Questions).
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Glossary

Methylome

Molecular clock

Chimerism

Epigenome

Homoplasy

SFS

References

The set of nucleic acid methylation modifications in an
organism’s genome or in a particular cell

A tool that is traditionally used in evolutionary biology to
measure evolutionary change over time at the molecular
level. It is based on the theory that specific DNA sequences
or the proteins they encode spontaneously mutate at
constant rates. This information can be used to estimate
how long ago two related organisms diverged from a
common ancestor

A chimera is an individual, organ, or part consisting of
tissues of diverse (epi)genetic constitution

The complete set of chemical compounds that modify the
expression and function of an organisms’ genome or in a
particular cell

Correspondence or similarity in form or function between
parts of different species or lineages that are not
attributable to common ancestry. In the text, it refers more
specifically to the similarity in DNA methylation states at a
locus that originates from independent epimutations, rather
than from shared ancestry

In population genetics, the allele frequency spectrum,
sometimes called the site frequency spectrum (SFS), is the
distribution of the allele frequencies of a given set of loci
(often SNPs) in a population or sample. The methylation
site frequency spectrum (mSFS) is its epigenetic
counterpart, where ‘epiallele’ frequencies are used instead
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Outstanding Questions Box

How universal is the clock-like accumulation of CG epimutations across plant
species?

How robust are CG epimutation rates across environmental conditions,
genetic backgrounds, mating systems and time?

When using CG epimutation as a molecular clock, what level of accuracy can
be achieved in age-dating long-lived perennials or in timing evolutionary
events?

Are some genomic regions more clock-like than others (i.e. less susceptible to
measurement noise, or external perturbations)? If yes, what are the sequence
features and functional properties of such genomic regions?

What is the optimal temporal window (in the past) where epimutation-based
clocks work best?

Can epimutation data be incorporated into existing phylogenetic and
population genetic software packages?

How can the clock-like properties of CG epimutations be reconciled with
current research programs into the adaptive basis of DNA methylation in
plants?
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Highlights

. In plants, stochastic gains and losses of CG methylation can be inherited
across mitotic and meiotic cell divisions.

. These stochastic events are called spontaneous (CG) “epimutations”. They
occur at a rate that is about four to five orders of magnitude higher than the
DNA mutation rate per unit time.

. Methylome surveys in multigenerational experiments as well as in long-lived
trees show that epimutations are neutral at the genome-wide scale, and that
they accumulate in plant genomes in a “clock-like” fashion.

. Emerging evidence indicates that these “clock-like” properties can be
exploited for reconstructing/timing recent evolutionary events, as well as for
age-dating long-lived perennials.
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Box 1: Incorporating epimutation data into evolutionary inference models

Incorporation into phylogenetic models

The substitution model is at the core of phylogeny/genealogy inference and connects
molecular data and divergence times [83]. It is usually applied to macroevolutionary data
and assumes that mutations have been fixed in each species. However, these models can
also be used to reconstruct clonal lineage evolution, which could occur over “ultra-micro
evolutionary” timescales [84,85]. The incorporation of epimutation data into these
models could provide increased temporal resolution (Fig. VA). A discrete time Markov
model has been proposed to model epigenetic divergence among diploid clonal lineages
in situations where underlying topology is known [16]. In this case, the transitions
probabilities were defined for epigenotypes UU (homozygous unmethylated), UM (epi-
heterozygous) and MM (homozygous methylated). However, simultaneous inference of
the underlying topology is a much harder problem. One solution is to reformulate the
problem as a continuous Markov process with a transition rate matrix (substitution
matrix) for epigenotype. In Table S1 we proposed a set of substitution matrices, which
lean on classical phylogenetic models. These could be incorporated into existing
maximum likelihood or Bayesian inference softwares. Estimates for divergence times in
such models can be obtained by supplying experimentally calibrated transition rates,
which are - themselves - functions of the stochastic methylation gain and loss rates. We
illustrate a working example of this in Sl text. If phased data were available, the above
diploid epigenotype model could be further simplified (Table S1). However, phased
methylation data is difficult to obtain from WGBS data due to measurement
uncertainties.

Incorporation into population genetics models

Apart from difficulties in obtaining phased methylation data, additional theoretical
challenges arise from the high epimutation rate and relatively small number of effective
epimutable sites (a subset of all CG sites). These properties violate the infinite-sites
model (ISM) (i.e. “no site can be hit twice”), which is at the heart of many population
genetic theories and methods, such as estimating fixation rates, site frequency spectra
(SFS), natural selection and demographic histories. Violations to the ISM have also been
recognized for mtDNA, microsatellite markers and in hyper-diversity populations [86]
[87][67]. To address this, the finite-sites model (FSM) has been proposed [87][88][89]
[67]. Recently, the FSM has been incorporated into site frequency spectrum (SFS)
models, and successfully applied to plant methylation diversity data [50,52,53]. Similar
extensions to coalescent methods, such as the Sequential Markov Coalescent (SMC)
model are currently emerging.
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Fig. I: Model of the molecular basis of spontaneous somatic CG epimutations.
CG epimutations can arise spontaneously as a result of stochastic enzymatic failure of the

MET1 methyltransferase. Shown are two rounds of cell division. During DNA replication,
hemimethylated CG sites are recognized by the VARIANT IN METHYLATION family of
proteins and recruit METHYLTRANSFERASE 1 to catalyze CG méthylation on the newly

synthesized strand by way of “template-copying”. Enzymatic failure or off-target

methyltransferase activity can thus lead to permanent méthylation losses or gains in daughter
cells and their decedent cell lineages (Le. epimutated cell line). For simplicity, only CG

méthylation loss is shown.
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Fig. I1: Somatic accumulation and transgenerational inheritance of CG epimutations in plants.
(A) The failure to maintain CG methylaiion during the mitotic divisions of SAM-derived

progenitor ceils leads to spontaneous somatic epimutations that are inherited to lateral
branches. Shown here are only spontaneous gains of methylation on a haploid genome, for
simplicity Since only a small number of progenitor cells act as “founders” to new lateral
branches, the finite sampling of these cells forces CG epimutations through a strong
bottleneck at each branch point. As a result, they eventually become “fixed” in newly
formed vegetative lineages through “somatic drift” This process leads to increased mC
divergence between leaves originating from different terminal branches (e.g. leaf
methylomes from Branch 1 and 2 are more similar than those from Branch 1 and 3). (B)
Cells that give raise to the gametes are aJso derived from SAM precursors quite late in
development This means that somatically acquired CG epimutations can be inherited to the
next generation Stable passage through the generation barrier is possible in plants, as the CG
methylome is not extensively reprogrammed in the sex cells and early zygote. At each
generation, only two gametes from a single germline (males or female) are shown for
simplicity
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Trends in Genetics
Fig. 111: Epimutations have clock-like properties.
(A) A tree can interpreted as an intra-organismal phylogeny. The topology (i.e branching
structure) is typical known and the branch points and branch lengths can be dated by coring.
Only three branches are highlighted (L1, to L3) for simplicity. Leaf mC measurements can
be obtained and used as the basis to calculate CG methylation divergence. Similarly,
divergence times (in years) for pairs of leaves can be calculated by tracing back the ages of
the branches to their most recent common branch point. This can only be done down to the
tree’s earliest branch point (in this case, Yr = 5) but not to earlier time points (orange
segment). Note: tree image was modified from www.photos.com (B) Data from Poplar
tricocarpa is shown (Hotmeister 2020, Shahryary 2020). CH methylation gain and loss rates
at individual CG sites. (C) Construction of multi-generational (GO to GN) mutation
accumulation (MA) lines through sexual (selfing or sibling mating) or asexual (clonal)
propagation. The different lineages (L1 to L3) can be represented as a phylogeny. The
branch point times and the branch lengths are typically known, a priori, from the
experimental design. mC sampling can be performed at selected generations, either from
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plant material of direct progenitors or from siblings of those progenitors. (D) Data from an
A. thaliana MA-line (MA3) is shown (Shahryary 2020). CG methylation between
individuals/lineages diverge approximately linearly with divergence time (in generations).
Divergence increases according to a neutral epimutation process, and depends only on the
stochastic methylation gain and loss rates at individual CG sites as well as the Mendelian
segregation and fixation of de novo epimutations
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Fig. IV: Proof-of-principle evidence that CG epimutations act as an aging clock in trees.
Results from the study of Shahryary et al. (2020) are shown. Figures were slightly modified

from that manuscript. (A) A single poplar (P. trichocarpa) tree was analyzed. Tree 13 and 14
are two main stems that have diverged early in development. Four branches from each tree
were chosen and aged by coring. Shown are the coring sites along with the coring-based
branch ages. Age coring proved technically challenging at the bottom of the tree and led to
unintelligible ring counts (orange segment). An educated guess, based on diameter
measurements, placed the age of the tree between 250 and 350 years. (B) The tree can be
presented as an intra-organismal phylogeny. Leaf methylomes were collected from each of
the selected branches. (C) A phylogenetic discrete time Markov model fitted to the global
CG methylation divergence data of the complete tree data treating tree age (i.e. the age of
the orange segment) as an unknown parameter. Model residual (LSQ) was minimized at an
age of 330 years. This unbiased estimate fit well within the circumference-based estimated
age range.
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Fig. V: Epimutations as an evolutionary clock.
(A) The inclusion of epimutation data can improve the temporal resolution of phylogenetic

analyses of the recent past To illustrate this we simulated an ultmetric tree (true, left) with
five lineages and a depth of 1000 generations. Conditional on the tree topology, we
simulated a donally reproducing species forward in time, and introduced epimutations at a
rate of 10, 10- and 107>, per site, per haploid genome per generation. mCG divergence
observed between the tips were used as input to construct a neighbor-joining tree for each
scenario. On this time-scale, a high rate (1072) or a low rate (107°) lead to incorrect
inferences of topology and relative branch lengths With a rate of 1074, which is the
approximate rate estimated in plants, the epimutation data contained sufficient information
to reconstruct the true tree With calibrated epimutation rates, it will be possible to estimate
branch ages and branch point times in recent phylogemes The color of the circles emphasize
the original cluster membership of samples in the true tree (B) Schematic showing that CG
epimutations diverge relatively quickly over time and saturate early By contrast, DNA
mutations accumulate slowly and saturate late Both molecular markers capture different
segments of evolutionary time. Future methods should integrate CG epimutations and DNA
mutations to cover the full time-scales. (C) The incorperation of epimutation data into
existing phylogenetic and population genetic models will be challenging as epimutations
differ in key aspects from DNA mutations. These differences should inform the development
of new models.
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Tabel I:
DNAme clocks vs. Epimutation-based aging clocks.

The CG epimutation-based aging clock described for trees differ fundamentally from the DNA methylation-
based (DNAme) clocks used in the mammalian field. This table summarizes theri differences along several
key dimensions. Current data on CG epimutation-based aging clocks in trees is still limited, and an assessment
of their properties is therefore somewhat hypothetical. To indicate this uncertainty, we use parentheses, “()”,
in places. The properties of DNAme clocks have been reviewed by Horvath and Raj [62]. Their summary has
informed the construction of the “DNAme clocks in mammals™ column. When necessary, additional
references were used as indicated.

Clock properties and data requirements

DNAme clocks, in mammals

Epimuialion clocks in Uses

Minimum Nb. of input CGs for clock

few
(1 to 513 target CGs)

Many
(> 1C°, but depends on epimutation
rates)

Quantification

Weighted mean CG methylation levels + model

CG methyiatior divergence f model

Refs: [90. 91]

Nature of age-rela;ed mCG change Systematic Random
(reproducible, directional change from hypo- to (stochastic CG gains and losses
typermetiiylaton. or vice versa, as function of age) throughout agng)

Dependence on Nb. oi mHotic divisions No Yes

Clock at equilibrium No (Yes)
(follows from the Uirectonalry of die changes)

Clock reset at every generation Yes (No)

Accurate across genotypes Yes (by construction) unknown

Acturate across species Yes (by construction) unlikely

Minimum # of samples required

1 sample (individual)

>> 1 sample (individual)
(precise number is still undear)

Tissue requirement

Wide range of tissues possible

Leaves, stems, buds
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