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Stochastic changes in cytosine methylation are a source of her-
itable epigenetic and phenotypic diversity in plants. Using the
model plant Arabidopsis thaliana, we derive robust estimates of
the rate at which methylation is spontaneously gained (forward
epimutation) or lost (backward epimutation) at individual cyto-
sines and construct a comprehensive picture of the epimutation
landscape in this species. We demonstrate that the dynamic inter-
play between forward and backward epimutations is modulated
by genomic context and show that subtle contextual differences
have profoundly shaped patterns of methylation diversity in
A. thaliana natural populations over evolutionary timescales. The-
oretical arguments indicate that the epimutation rates reported
here are high enough to rapidly uncouple genetic from epigenetic
variation, but low enough for new epialleles to sustain long-term
selection responses. Our results provide new insights into methyl-
ome evolution and its population-level consequences.
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Plant genomes make extensive use of cytosine methylation to
control the expression of transposable elements (TEs) and

genes (1). Despite its tight regulation, methylation losses or gains
at individual cytosines or clusters of cytosines can emerge
spontaneously, in an event termed “epimutation” (2, 3). Many
examples of segregating epimutations have been documented in
experimental and wild populations of plants and in some cases
contribute to heritable variation in phenotypes independently of
DNA sequence variation (4, 5). These observations have led to
much speculation about the role of DNA methylation in plant
evolution (6–8), and its potential in breeding programs (9). In
the model plant Arabidopsis thaliana, spontaneous methylation
changes at CG dinucleotides accumulate in a rapid but nonlinear
fashion over generations (2, 3, 10), thus pointing to high for-
ward–backward epimutation rates (11). Precise estimates of
these rates are necessary to be able to quantify the long-term
dynamics of epigenetic variation under laboratory or natural
conditions, and to understand the molecular mechanisms that
drive methylome evolution (12–14). Here we combine theo-
retical modeling with high-resolution methylome analysis of
multiple independent A. thaliana mutation accumulation (MA)
lines (15), including measurements of methylation changes in
continuous generations, to obtain robust estimates of forward
and backward epimutation rates.

Results
We joined whole-genome MethylC-seq (16) data from two earlier
MA studies (2, 3) with extensive multigenerational MethylC-seq
measurements from three additional MA lines (Fig. 1A and SI
Appendix, Tables S1–S6). The first of these new MA lines (MA1 3)
was propagated for 30 generations and includes measurements for
13 (nearly) consecutive generations (Fig. 1A). The other two MA
lines (MA2 3) were propagated for 17 generations and were
measured every four generations on average (Fig. 1A). These new
data therefore allowed us to track epimutation dynamics over a

large number of generations and at high temporal resolution. We
constructed base pair-resolution methylation maps for all sequenced
individuals (SI Appendix). To obtain a measure of genome-wide
methylation divergence between any two individuals in a given MA
pedigree, we calculated the proportion of differentially methylated
cytosines in sequence contexts CG, CHG, and CHH (where H can be
any base but G). For these calculations we used a set of consensus
cytosines for which all individuals in the pedigrees had coverage of
more than three reads (SI Appendix). This read coverage cutoff was
found to be sufficient for robust downstream analyses (SI Appendix,
Figs. S1 and S2). Consistent with previous reports (2, 3, 10), genome-
wide methylation divergence at CG dinucleotides increased with di-
vergence time in all pedigrees (Fig. 1B), but not in sequence contexts
CHG and CHH (SI Appendix, Fig. S3). This distinction reflects in-
trinsic differences in the maintenance pathways that target these
three contexts (1) and possibly also increased measurement error and
cellular heterogeneity for non-CGmethylation (SI Appendix, Fig. S4).

Neutral Epimutation Model. To quantify CG methylation divergence
in the MA lines as a function of divergence time (measured in
generations) and forward–backward epimutation rates, we de-
veloped a theoretical model similar to those used in the analysis
of regular systems of inbreeding (Materials and Methods and
SI Appendix). Briefly, the model assumes that an unmethylated
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cytosine ðcuÞ can become methylated ðcmÞ with probability α and
likewise a methylated cytosine can become unmethylated with
probability β. We arbitrarily define α as the forward and β as the
backward epimutation rate per generation per haploid methylome.
Transitions of diploid epigenotypes (cmcm, cucu, or cmcu) from one
generation to the next are modeled through a transition matrix
where the elements of the matrix are determined by the Mendelian
segregation of epialleles (cm or cu) and the rates α and β. Consistent
with the MA experimental design, selection on epigenotypes during
inbreeding is assumed to be absent, so that the cumulative di-
vergence among lines is driven solely by neutral epigenetic drift.
Estimates for the unknown epimutation rates are obtained by fitting
our model to the CG methylation divergence data of each MA
pedigree separately (Materials and Methods).

Estimates of Global CG Epimutation Rates. As shown in Fig. 1B, our
model provides an excellent fit to the data, which suggests that
the observed divergence patterns among theMA lines are largely the
result of the transgenerational accumulation of selectively
neutral epimutations. Model-based estimates for the forward
and backward CG epimutation rates (CG-all) were 2.56 · 10−4 and

6.30 · 10−4, respectively (Table 1 and SI Appendix, Table S7). These
estimates are similar to the value provided by Schmitz et al. (3)
ð4.46 · 10−4Þ but illustrate that methylation loss at CG dinucleotides
is globally three times as likely as methylation gain. The ratio of
loss to gain ðβ=αÞ, also known as the mutational bias parameter, is
an important quantity: It determines the CG methylation content
of the A. thaliana genome over evolutionary timescales. Assuming
that the A. thalianamethylome is at equilibrium, the estimated CG
forward–backward epimutation rates imply that—in the absence of
selection or gene conversion—about 30% of all CG sites should be
methylated and about 70% are unmethylated, which is consistent
with actual measurements (16, 17).

Estimates of Annotation-Specific CG Epimutation Rates. We exam-
ined the extent to which CG epimutation rates depend on genomic
context. To do this, we separated all CGs according to annotation
(gene bodies, promoters, TEs, and intergenic regions; see SI Ap-
pendix). Although annotation-specific CG epimutation rates were
approximately within the same order of magnitude (Table 1 and
SI Appendix, Table S7), subtle differences in these rates had a
substantial impact on differential divergence of CG methylation
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Fig. 1. (A) Overview of pedigrees of mutation accumulation lines (MA lines). Red numbers indicate the number of generations from common founder. The
MA1 1 and MA1 2 lines were originally created by Shaw et al. (15) and their methylomes were presented in Becker et al. (2) and Schmitz et al. (3), respectively.
The MA1 3 and MA2 3were generated in this study. (B) Measured CG methylation divergence (circles) with corresponding theoretical fits (lines) as a function
of divergence time between two individuals in a given pedigree (Δt = total divergence time in generations between any two individuals). Dashed lines
indicate extrapolation from the fitted model. Divergence values for CG-TE in datasets MA1 3 and MA2 3 were susceptible to low sequencing depth in these
experiments and showed increased measurement noise (SI Appendix). Model-based analysis of all MA pedigrees revealed that the highly nonlinear di-
vergence until generation eight is due to the fixation of segregating epi-heterozygote founder loci (SI Appendix), rather than the result of recurrent cycles of
forward and backward epimutations as previously suggested (11).
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across annotation categories (Fig. 1B). The highest combined for-
ward and backward rates were found for CGs in gene bodies (CG-
gene), which were 3.48 · 10−4 and 1.47 · 10−3, respectively (Table 1
and SI Appendix, Table S7). By contrast, the lowest rates were found
for CGs in TEs (CG-TEs, forward: 3.24 · 10−4 and backward:
1.20 · 10−5). As a result of these low epimutation rates, methylation
divergence for CG-TEs was much less pronounced (Fig. 1B), re-
sembling the divergence patterns seen for CHG and CHH contexts
(SI Appendix, Fig. S3). This observation suggests that CG-TEs come
under the influence of silencing pathways that primarily target
neighboring CHHs and CHGs (18–20). Indeed, CG-TE was the
only annotation category in which the ratio of backward to forward
epimutation rates was less than unity (Table 1 and SI Appendix,
Table S7), which implies that gain of methylation is strongly favored
over methylation loss.

Genome Architecture and Chromatin Environment Predict CG
Methylation Divergence Patterns Along Chromosomes. Because CG
epimutation rates are annotation-specific, we predicted that meth-
ylation divergence closely tracks annotation density along chromo-
somes. To test this, we moved in a 1-Mb sliding window along the
genome (step size 100 kb) and calculated the divergence between
MA lines as expected from our model after 31 generations of in-
dependent selfing (Fig. 2B and SI Appendix). Our calculations
predicted that CG-methylation divergence is low in TE-rich peri-
centromeric regions and high in gene-rich chromosome arms (Fig.
2B and SI Appendix, Figs. S5 and S6). Remarkably, these pre-
dictions strongly agreed with the observed divergence patterns
at the genome-wide scale (R2 = 0.74, P< 0.0001).
An alternative, or complementary, explanation is that the anno-

tation-specific divergence patterns are simply a reflection of the
genome-wide distribution of heterochromatic domains, which
would explain the clear partitioning between pericentromeres and
euchromatin. To test this directly, we reanalyzed recent ChIP-seq
data on histone variant H2A.W (21), a proxy for heterochromatin,
and estimated epimutation rates for CGs in regions that were either
enriched or depleted for H2A.W (SI Appendix). We used these rates
in combination with the genome-wide density distribution of H2A.
W to derive predictions of CG-methylation divergence patterns.
Our analysis revealed that, at the genome-wide scale, heterochro-
matin-based predictions were approximately equivalent to anno-
tation-based predictions (R2 = 0.72, P< 0.0001, SI Appendix, Fig.
S5), suggesting that chromatin environment is a sufficient and
parsimonious explanation for the observed divergence patterns
along chromosomes. These results further indicate that the main-
tenance of methylation at CG dinucleotides is slightly more error-
prone in regions of open chromatin compared with more compact
regions, probably as a by-product of active transcription.

The Spectrum of Neutral Epimutations Shapes CG Methylation
Diversity in Natural Populations. An intriguing question is to
what extent the epimutation landscape in the MA lines provides

insights into the mechanisms that shape CG methylation di-
versity in A. thaliana natural populations, which are the outcome
of long and complex evolutionary processes. To assess this we
reanalyzed MethylC-seq data from a large number of accessions
collected from across the Northern Hemisphere (22) (SI Appendix,
Table S8). We focused on a subset of 133 accessions that met our
quality criteria and calculated CG-methylation diversity in a 1-Mb
sliding window using the same protocol as with the MA lines (SI
Appendix). Although the natural accessions were clearly more di-
verse (Fig. 2B), genome-wide diversity patterns were highly similar to
those seen in the MA lines (weighted R2 = 0.624, P< 0.0001, Fig. 2C
and SI Appendix, Fig. S7), particularly in pericentromeric regions
(R2 = 0.899, P< 0.0001) and to a slightly lesser extent in chro-
mosome arms (R2 = 0.525, P< 0.0001). These observations are
consistent with a recent report by Hagmann et al. (23). Moreover,
CG-methylation divergence among the MA lines was also moder-
ately correlated with sequence diversity in the accessions,
explaining over 25% of the genome-wide SNP distribution
(weighted R2 = 0.254, P< 0.0001, Fig. 2D and SI Appendix,
Fig. S8).
It is unlikely that global patterns of CG-methylation diversity

among natural accessions are the result of selection acting over
broad genomic regions, because the same patterns are quickly
established in isogenic MA lines in the course of only 31 generations
under constant environmental conditions. Rather, our results sug-
gest that these patterns reflect major structural properties of the A.
thaliana genome, which modulate the ratio of forward–backward
epimutation rates, and thus determine the accumulation dynamics
of neutral epimutations over time. It is therefore not surprising that
the reorganization of genomes during macroevolution is necessarily
accompanied by a repatterning of methylation divergence among
lineages or species (24), insofar that such structural changes alter
genome-wide annotation densities and their accompanying chro-
matin environment. However, structural changes of this type are
less prevalent in the course of microevolution; hence, neutral
epimutations are probably the single most important factor in
shaping methylome diversity in populations over short to in-
termediate evolutionary timescales.

Discussion
CG Epimutation Rates Are High Enough to Rapidly Uncouple Genetic
and Epigenetic Variation over Evolutionary Timescales. Our analysis
shows that CG epimutations are about five orders of magnitude
more frequent than genetic mutations in A. thaliana [∼ 10−4 com-
pared with ∼ 10−9 (25)] and are subject to forward–backward dy-
namics that are rarely observed for genetic loci. Because of these
properties, it is intuitively obvious that these epimutation dynamics
will lead to an uncoupling of epigenetic from genetic variation over
relatively short evolutionary timescales (26). Simple deterministic
models show that in a strictly selfing system without selection it
would require only about 800 generations to reduce correlations
between genotype and epigenotype from unity to below 0.5,

Table 1. Estimates of forward and backward epimutation rates

Context α Range ðαÞ β Range ðβÞ β=α Range ðβ=αÞ
CG-all 2.56 · 10−4 2.08 · 10−4 3.69 · 10−4 6.30 · 10−4 3.23 · 10−4 1.13 · 10−3 2.36 1.55 3.24
CG-gene 3.48 · 10−4 2.77 · 10−4 4.87 · 10−4 1.47 · 10−3 9.46 · 10−4 2.45 · 10−3 4.24 2.84 5.10
CG-TE* 3.24 · 10−4 1.68 · 10−4 4.80 · 10−4 1.20 · 10−5 7.76 · 10−6 1.62 · 10−5 0.040 0.034 0.046
CG-promoter 5.17 · 10−5 2.92 · 10−5 9.33 · 10−5 5.88 · 10−4 1.33 · 10−4 1.40 · 10−3 11.4 4.16 15.08
CG-intergenic 1.15 · 10−4 6.13 · 10−5 1.70 · 10−4 3.25 · 10−4 6.36 · 10−5 7.69 · 10−4 2.83 0.47 4.80

We assume that an unmethylated cytosine (cu) can become methylated (cm) with probability α, and likewise a methylated cytosine
can become unmethylated with probability β. We arbitrarily define α as the forward and β as the backward epimutation rate per
generation per haploid methylome. Shown are model-based estimates for α and β as an average of the MA1 1, MA1 2, MA1 3, and
MA2 3 datasets, as well as the range of these estimates across datasets (range). The asterisk indicates that the average estimate was
based only on the MA1 1 and the MA1 2 data (SI Appendix). These estimates can be considered robust, because the different MA
pedigrees varied considerably in terms of plant material, growth conditions, and sequencing approach (SI Appendix, Table S1).

6678 | www.pnas.org/cgi/doi/10.1073/pnas.1424254112 van der Graaf et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1424254112/-/DCSupplemental/pnas.1424254112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1424254112


and only about 2,700 generations to reduce it to below 0.1 (Fig.
2E and SI Appendix), and this breakdown is expected to be even
faster in outcrossing systems. This rapid uncoupling may explain
why variation in DNA methylation in A. thaliana populations is
only partly associated with cis- and trans-acting DNA sequence
variants (22), and thus sheds new light on the molecular mecha-
nisms that drive the coevolution of genomes and epigenomes.
One situation in which genotype-epigenotype associations are ex-
pected to be more prevalent is when natural accessions have only
newly diverged from a common ancestor, as it may be the case in
recently founded local populations. This prediction can be tested
using genome-wide association study-based cis- and trans-mapping
analysis across different groups of accessions that vary along a
gradient of genetic relatedness and (or) geographic locations.

Recent whole-genome and methylome datasets of A. thaliana
local populations collected in North America (23) and Sweden
(27) may be applicable for that purpose.

CG Epimutation Rates Are Low Enough for New Epialleles to Sustain
Long-Term Selection Responses. Although our results provide strong
evidence that global patterns of CG-methylation diversity among
A. thaliana natural accessions are mainly influenced by the accu-
mulation of selectively neutral epimutations, targeted selection of
epialleles at specific loci may still be an important process. Par-
ticularly in chromosome arms, the MA divergence patterns were
only moderately correlated with those of the natural accessions,
suggesting the involvement of other factors such as direct selection
on CG methylation states and (or) selection via DNA sequence
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Fig. 2. (A) Genome-wide gene (green) and TE (blue) density as well as a schematic representation of chromosomes (circle, centromere; dark gray, pericentro-
meric region; light gray, arm). (B) Genome-wide CG methylation divergence patterns among the 31st generation MA lines (MA1 1 and MA1 2) and the natural
accessions (brown and gray, respectively). The red line indicates the theoretical prediction of divergence based on the estimated epimutation rates per annotation
weighted by local annotation densities. Genome-wide divergence patterns in the MA lines are strongly correlated with the diversity patterns in the natural
accessions (C), as well as with sequence diversity in the accessions (D). (E) The relationship between genetic and epigenetic variation as a function of time and
different values of the epimutation rates α and β in a strictly selfing system without selection; x axis, time in generations; y axis, expected correlation between
genotype and epigenotype of two perfectly linked loci (recombination fraction = 0). The estimated CG epimutation rate (blue line) is high enough to efficiently
uncouple genetic from epigenetic variation over relatively short timescales (SI Appendix). (F) Equilibrium frequency (y axis) of epigenotypes cmcm (solid) and cucu

(dashed) in a strictly selfing system as a function of fitness (x axis) and different forward–backward epimutation rates (colored lines). The fitness of epigenotypes
cucu, cucm and cmcm was defined by w, 0.5ð1+wÞ and 1, respectively (SI Appendix). The estimated CG epimutation rate (blue line) is low enough to yield epi-
mutation-selection equilibria close to those found for DNA sequence mutation rates, even under weak selection regimes (i.e., small fitness differentials between
cucu and cmcm). This means that CG-type epialleles should be stable enough to effectively respond to long-term selection, provided they affect fitness.
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variants that indirectly regulate CG methylation in cis or trans.
Indeed, the observation that methylation profiles of orthologous
genes is often highly conserved across species (28) indicates that
some epigenetic states are subject to strong evolutionary con-
straints. For epigenetic selection to be effective, epimutations need
to be sufficiently stable (29), and a lack of stability has been cited as
one reason why epigenetic inheritance has no potent role in evo-
lution or in the heritability of complex traits (30). Contrary to these
conclusions, simple deterministic selection models show that newly
arising epimutations are stable enough to respond effectively to
long-term selection, even under weak selection regimes, yielding
epimutation-selection equilibria that are close to those expected
for DNA sequence mutation rates (Fig. 2F and SI Appendix).

Reference Values for Future Population Epigenetic Studies. In light of
our estimates of forward–backward epimutation rates, future
work should examine the effect of selection in more complex
population genetic models that account for finite population
sizes, migration, and drift such as those proposed by Charles-
worth and Jain (13). Recently, Wang and Fan (14) devised a
neutrality test based on single methylation polymorphism data
using a modified version of Tajima’s D. We caution that care
needs to be taken when supplying epimutation rates to this or
similar tests. Incorrect assumptions about the ratio of forward
and backward rates can lead to widely misleading conclusions
regarding the role of selection on CG methylation. If one as-
sumes that forward and backward rates are equivalent, TE-
associated CGs would most likely be detected as being under
strong selection, and pericentromeric regions would seem to
have undergone selective sweeps. However, if one considers that
spontaneous methylation gain is about 30 times more likely than
methylation loss (see Table 1), equilibrium levels of CG-meth-
ylation diversity in TEs would seem to be entirely consistent
with neutrality. Hence, the context- or annotation-specific epi-
mutation rates provided here should serve as useful reference
values when inferring signatures of epigenetic selection in
A. thaliana and possibly in other plant species.

Materials and Methods
Below we provide a brief description of the theoretical model and our es-
timation approach. For a more detailed explanation we refer the reader to
SI Appendix.

Derivation of Neutral Epimutation Model. Let cu and cm denote an unme-
thylated and a methylated cytosine, respectively, and α= Prðcu → cmÞ and
β= Prðcm → cuÞ be the probabilities that a cytosine gains or loses methylation
during or before gamete formation, which can include gains or losses of
DNA methylation in somatic tissues from which the gametic cells were de-
rived. We arbitrarily call α the forward and β the backward epimutation rate
per generation per haploid methylome. We modeled the epigenotype fre-
quencies at the jth cytosine using a Markov chain with three states: cucu,
cucm, and cmcm. Taking into account Mendelian segregation of epialleles cm

and cu together with rates α and β, we derived the epigenotype transition
matrix T after one selfing generation:

This formulation does not account for higher-order epimutation events,
because such events are expected to be rare for small epimutation rates.
Following Markov chain theory, the epigenotype frequencies at cytosine j in
the MA population after t generations of single seed descent, πtj, can be
expressed as πtj = π0jPV

tP−1, where P is the eigenvector of matrix T and V is a
diagonal matrix of the eigenvalues of matrix T. Using Mathematica 10.0
(Wolfram Research, Inc.) we derived analytical solutions for the elements of

πtj, which are functions of t, α, β as well as the initial frequency vector π0j.
These analytical solutions have no easy form and are therefore omitted here
for brevity. At equilibrium, the π∞j represent the expected epigenotype
frequencies at cytosine j among the MA lines after a (hypothetical) infinite
number of selfing generations ðt =∞Þ, and were obtained by calculating
limt→∞πtj:

π∞jðcucuÞ=
β
�
ð1− βÞ2 − ð1− αÞ2 − 1

�

ðα+ βÞ
�
ðα+ β− 1Þ2 − 2

�

π∞jðcucmÞ= 4αβðα+ β− 2Þ
ðα+ βÞ

�
ðα+ β− 1Þ2 − 2

�

π∞jðcmcmÞ=
α
�
ð1− αÞ2 − ð1− βÞ2 − 1

�

ðα+ βÞ
�
ðα+ β− 1Þ2 − 2

� .

For any 0< α, β< 1, these equilibrium solutions are independent of the initial
epigenotype proportions π0j in the common founder, and depend only on
the rates α and β. The rate at which the epigenotype proportions converge
to these equilibrium values depends on the relative magnitude of the for-
ward and backward rates.

Modeling Methylation Divergence. To derive analytical formulas for meth-
ylation divergence, we score the methylation divergence between two inde-
pendently selfed lines at every cytosine with the following distance matrix:

Let t1 and t2 denote the number of generations between two indi-
viduals at generations Gm and Gn and their most recent common founder
at generation Gf , respectively (i.e., t1 =Gm −Gf , t2 =Gn −Gf , Fig. 1A). Let
πti j

��cmcm be the vector of epigenotype frequencies at the jth cytosine
after ti selfing generations from Gf , conditional on the fact that the most
recent common founder epigenotype was cmcm: πti j

��cmcm = ð0,0,1Þ ·Tti .
Using this equation and the methylation divergence scoring table
above, the divergence between these two lines at this locus can be cal-
culated as

dt1t2 j

��cmcm =
1
2

X4

k=1

�
πt1 jðP1kÞjcmcm · πt2 jðP2kÞjcmcm

�

+ 1
X2

k=1

�
πt1 jðQ1kÞjcmcm · πt2 jðQ2kÞjcmcm

�
,

with Q1= fcucu, cmcmg, Q2= fcmcm, cucug, P1= fcucu, cucm, cucm, cmcmg, and
P2= fcucm, cucu, cmcm, cucmg. The simple multiplication of these frequencies
follows from the fact that the selfing lines are conditionally independent.
The divergence over all loci for which the most recent common founder at
Gf was cmcm is

dGf ,t1t2 jcmcm =
X
j

dt1t2 j jcmcm =Nmm
Gf

·dt1t2 j jcmcm,

where Nmm
Gf

are the number of methylated cytosines at Gf . The global (or
total) DNA methylation divergence along the genome can be calculated as

DGf ,t1t2 =dGf ,t1t2 jcmcm +dGf ,t1t2 jcucm +dGf ,t1t2 jcucu,

where dGf ,t1t2 jcucm and dGf ,t1t2 j jcucu are derived using similar arguments as
for dGf ,t1t2 jcmcm. We prefer to express the global methylation divergence as a
proportion of all of the cytosines, in which case

DGf ,t1t2
* =

DGf ,t1t2

N
.

Using the above derived equilibrium epigenotype frequencies, it can be
shown that the equilibrium divergence is
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D∞* =
2αβ

�h
ð1− βÞ2 − ð1− αÞ2

i2
− 2½α+ β− 1�2 + 3

�

ðα+ βÞ2
�
ðα+ β− 1Þ2 − 2

�2 .

Model Fitting and Parameter Estimation. For each pedigree we had a numberM
of line comparisons and we denoted the observed methylation divergence
between each of them as OGf ,t1t2 i, with i= f1,2, . . . ,Mg, and Gf , t1, and t2 the
times of and from their most recent common founder, respectively. We as-
sumed that these observations were generated from the proposed epimutation
model but contained some unknown measurement error. Hence, we had

OGf ,t1t2 i = c+DGf ,t1t2
* + ei ,

where c is the intercept, DGf ,t1t2
* is the theoretical global divergence measure

introduced above, and e is a random measurement error term. For the MA1 1

population the value of c was approximated using the methylation di-
vergence between technical replicates. For the other three populations no
technical replicates were available and c was estimated along with the
other parameters (SI Appendix, Fig. S9). To obtain parameter estimates we
minimized r2 =

P
iðOGf ,t1t2 i −DGf ,t1t2

* Þ2, which is a problem in multivariate
nonlinear regression. This involves finding solutions to ∇r2 = 0, which can
be obtained numerically. Extensive simulations showed that our esti-
mation method performs well, even with relatively large measurement
error (SI Appendix, Fig. S10).
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