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Abstract

The extent to which epigenetic variation affects complex traits in natural populations is not
known. We addressed this question using transcriptome and DNA methylation data from a
sample of 135 sequenced A. thaliana accessions. Across individuals, expression was sig-
nificantly associated with cis-methylation for hundreds of genes, and many of these associ-
ations remained significant after taking SNP effects into account. The pattern of correlations
differed markedly between gene body methylation and transposable element methylation.
The former was usually positively correlated with expression, and the latter usually nega-
tively correlated, although exceptions were found in both cases. Finally, we developed
graphical models of causality that adapt to a sample with heavy population structure, and
used them to show that while methylation appears to affect gene expression more often
than expression affects methylation, there is also strong support for both being indepen-
dently controlled. In conclusion, although we find clear evidence for epigenetic regulation,
both the number of loci affected and the magnitude of the effects appear to be small com-
pared to the effect of SNPs.

Author Summary

It has been demonstrated experimentally that epigenetic variation, in particular DNA
methylation, can transmit information across generations. However, it is difficult to evalu-
ate the importance of such effects in natural populations due to complex genetic back-
ground effects, making experimental the separation of genetic and epigenetic effects
challenging. Here we use quantitative genetic models to test whether epigenetic variation
plays a significant role in gene expression variation once genetic variation has been taken
into account. In addition, we devise and apply methods that go beyond a simple
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association framework in order to infer causal relationships. Our results suggest a signifi-
cant but small epigenetic contribution to expression regulation.

Introduction

It has been long speculated that epigenetic modifications, in particular DNA methylation, con-
tribute to heritable phenotypic variation [1, 2]. That the potential exists is not in doubt, espe-
cially in plants. Modern sequencing technology allows us to investigate DNA methylation on a
genomewide scale, and has revealed that spontaneous changes in DNA methylation, or epimu-
tations, can be inherited without accompanying DNA changes [3, 4], and that induced DNA
methylation changes in genetically homogeneous lines can bring about heritable phenotypic
changes [5].

However, these studies tell us nothing about the importance of epigenetic inheritance rela-
tive to actual genetic variation, which is typically substantial in natural populations. Recent
population studies in A. thaliana have suggested a role for DNA methylation [6, 7], but did not
explicitly investigate DNA methylation effects on top of SNP effects. To further address this
question, we utilized an existing data set comprising genome-, epigenome-, and transcriptome-
sequencing data for a population of 135 Swedish A. thaliana accessions [7].

We consider two types of DNA methylation: C methylation (or TE-like methylation) and
CG-only methylation (or gene body methylation), defined as in previous work [7]. The former
is characterized by heavy methylation in all contexts (CG as well as non-CG), involves the
pathways dependent on RNA-directed DNA methylation (RADM) or CMT2 [8, 9], and is asso-
ciated with heterochromatin and the silencing of mobile elements [10]. The latter involves
sparse CG methylation of a subset of “housekeeping” genes; its presence and level is evolution-
arily conserved [11] and it is generally positively correlated with transcription.

Based on type distinction and DNA context of the methylated cytosine, we divided DNA
methylation variants into four non-overlapping sets: CG where no non-CG methylation is
present; CG where there is non-CG methylation present; CHG, and, finally; CHH methylation.
These variants are quantified by averaging methylation level of cytosines over all eligible cyto-
sines in 200 bp windows (see Methods). As the four types have different baseline levels and
involve different pathways, we normalized their levels and performed most analysis separately.

Our study faces statistical challenges in terms of strong population structure, which not
only leads to the usual difficulties for genome-wide association studies [12], but also means
that DNA methylation variation will be strongly correlated with DNA variation due to linkage
disequilibrium as well as direct causation [7]. In what follows we present several novel mixed-
model methods that aim to solve these problems.

Results
Expression and cis-methylation

Several studies have investigated correlation between gene expression and local DNA methyla-
tion across genes within a single or a small number of genetic backgrounds [13, 14]. Here, we
investigate correlations between gene expression and local DNA methylation across many indi-
viduals (with distinct genetic backgrounds) for each gene instead. An immediate conclusion is
that the relationship between DNA methylation and expression is not simple, but generally
agrees with previously published results [15-20]. While CG-only methylation typically shows a
weak positive correlation with expression, it can also be negatively correlated, and while C
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Fig 1. Correlation between DNA methylation level and expression across individuals. Correlation is shown with violin plots as
distribution of Pearson’s r along genes. a) Genes most strongly associated with a CG-only methylation variant. b) Genes most strongly
associated with a C methylation variant. TSS and TTS are transcription start sites and transcription termination sites, respectively.

doi:10.1371/journal.pgen.1006141.g001

methylation generally shows a strong negative correlation with expression, it can also be posi-
tively correlated (Fig 1). Similar variation is found if we consider the pattern of correlations
along genes. For genes with CG-only methylation, there is a clear tendency towards positive
correlations in the middle of genes, whereas for genes with C methylation, strong negative cor-
relations are found at the transcription start and termination sites.

Expression and genome-wide methylation

If phenotypic variation is due to many polymorphisms of small effect, we expect a linear rela-
tionship between genetic relatedness and phenotypic covariance [21]. While relatedness was
historically estimated from pedigrees, genome-wide SNP data make it possible to estimate it
directly, and this fact has recently been exploited to estimate the fraction of phenotypic varia-
tion that is attributable to genetic relatedness, i.e., is due to genetic variation [22]. The same
approach can also be used to control for the genetic background in GWAS [12, 23, 24], and to
further attribute genetic contributions to specific chromosomes [25], annotation units [26], or
even loci [27]. We applied the same technique to epigenetic markers, and asked the question
whether genome-wide similarity in DNA methylation helps explains expression variation. For-
mally, we seek to compare a genome-wide small effects model that includes only SNPs to mod-
els that also includes methylation (see Methods). We considered CG-only and C methylation
separately and together, but the results were unaffected by this.

When comparing models that include methylation as well as SNPs to a model that does not,
only 261 genes show marginally significant effects, and none are significant after taking multi-
ple testing into account. Thus, including genome-wide methylation as a background effect did
not explain any additional variation in gene expression. This does not mean that background
methylation has no effect, because methylation variation is highly correlated with SNP
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variation (either due to linkage, or direct causation [7]), and identifying a separate, orthogonal
effect statistically may be very difficult. It does mean that there is no reason to include methyla-
tion as well as SNPs when correcting for background effects.

Out of curiosity, we can also performed the reverse analysis: do we need SNPs if we have
methylation? The answer is similar (455 genes showed marginally significant effects of SNPs
once methylation was taken into account), again emphasizing the very strong correlation
between genetic variation and DNA methylation.

Genome-wide association scans

Although genome-wide methylation relatedness does not help explain phenotypic variation,
individual methylation variants may. We performed marginal [24, 28] and stepwise [29]
GWAS using methylation variants as fixed effects instead of SNPs. The results were then com-
pared to those obtained using SNPs as fixed effects. Per the results above, we used only SNP-
based kinship estimates to control for population structure confounding (which it does well,
see S1 Fig).

A global view of significant methylation associations (Fig 2) shows an abundance of cis-
associations with scattered instances of trans-associations, similar to what is observed for SNP-
based associations (52 Fig). A striking “hotspot” of putative trans-regulation was found near
the center of chromosome 2, and corresponds to AGO4, a member of the Argonaute family
involved in siRNA-mediated gene silencing [30, 31]. CG gene body methylation of AGO4 (pat-
tern in S3 Fig) is positively correlated with its expression, and expression of AGO4 is strongly
correlated with that of close to 70 other genes (seemingly unrelated; see S3 Table). Interestingly,
no significantly associated SNPs were found, making this group of covarying genes detectable
only using the methylation marker on AGO4.

While direct involvement of AGO4 in transcriptional or post-transcriptional regulation is
plausible [30-33], an alternative explanation is that all these genes are co-regulated, and that it
is pure chance that methylation of AGO4 is associated with its own expression, and therefore
with the rest of the genes. Experiments to distinguish between these explanations are planned.
In support of the latter explanation, there is very little little correspondence between SNP and
methylation associations in trans (cf. S2 Fig and Fig 2), as would be expected if a large fraction
of these associations were false positives.

For the rest of the paper, we instead focus on cis effects, which are demonstrably real. Based
on the over-representation of local (i.e., cis) vs. global (i.e., trans) effects, cis-methylation associ-
ations have a false-positive rate of less than 0.5% (Methods), and they also strongly overlap
with SNP-associations. They are not nearly as common, however. As shown in Fig 3, there is at
least an order of magnitude more SNP associations than there are methylation associations,
and 114 of the 177 (64.4%) genes that have a significant methylation association also have a sig-
nificant SNP association (S2 Table). This leaves 63 significant methylation associations without
an accompanying SNP association. Most of these are not associated with any SNP even at less
stringent significance thresholds (Fig 3), and the corresponding genes are thus candidates for
being regulated epigenetically. It is worth that 55 of the 63 have C-methylation, suggesting the
presence of transposable element.

An alternative explanation is that the methylation variation captures extensive allelic het-
erogeneity that is difficult to map [34, 35]. Allelic heterogeneity could also help explain another
interesting finding, namely that methylation associations are typically closer to the gene of
interest than are SNP associations when both are found (Fig 4). Such behavior is expected if
the most significant SNP is a “tag” SNP that serves as a proxy for multiple underlying causal
variants [34, 35].
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Fig 2. Genome-wide associations between expression and DNA methylation variation. For each gene, results are merged in 10 kb
windows and a dot is plotted whenever the window contains at least one significantly associated variant (using a Bonferroni-corrected 5%
threshold). Blue dots indicate CG-only methylation; orange C methylation.

doi:10.1371/journal.pgen.1006141.g002

Additional variance explained by cis methylation

In order to capture additional effects of cis methylation more accurately, we used a nested
model in which we first estimate genetic effects with a combination of random effect terms
(based on local as well as global genetic similarity matrices [27]) and stepwise fixed-effect
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doi:10.1371/journal.pgen.1006141.g003

cofactors for remaining large effect SNPs, then capture any remaining methylation effects as
stepwise fixed effects (See Methods for details).

Across genes, almost all heritable expression variation is due to genetic effects, with cis-
methylation explaining only a small additional fraction of the variance (Fig 5). Nonetheless,
the contribution is significant in a small number of cases. Using a Bonferroni-threshold based
solely on methylation bins, we detected 212 significant associations between expression and
DNA methylation. Of these, 64 remain significant after taking cis-SNP effects into account, 46
of which were already identified as having only cis-methylation in the previous section (52
Table). Using an expanded data set that includes more genes for which a high proportion of
individuals had no detectable expression (potentially due to epigenetic silencing), the corre-
sponding counts are 397 and 148, respectively. Among the genes identified in this extended
data set is QQS, a gene involved with starch metabolism which has been shown to be epigenetic
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Fig 4. Distance of marginal associations in cis. Density plot for distribution of distances between most significant
variant and transcribed part of gene, for SNPs and methylation variants, using only genes with significant association for
both. The respective medians are shown with dashed lines.

doi:10.1371/journal.pgen.1006141.9004

regulated (albeit it in a different population) [36]. The genes with methylation associations
span very diverse biological processes, but we find a significant enrichment for defense genes
(p = 1.2e-06, FDR = 0.001; see Methods).

Testing causality

That methylation is correlated with expression is clear, but whether there is a causal relationship,
and, if so, in which direction it goes, is not. Transposon methylation is generally considered
causally repressive in normal tissues, because disrupting methylation experimentally indeed
often leads to transposon reactivation. However, little is known about gene body methylation,
which is sometimes considered a consequence of transcriptional activity rather than a cause [37,
38]. Because non-disruptive methods to change DNA methylation experimentally are not avail-
able, this has been a difficult question to answer directly, but several attempts have been made
using statistical causal models [16, 20], indirect inference with positional information [18], or
stress induced changes [39]. We took the first approach, using a Bayesian network model-selec-
tion framework. A major challenge in our setting is the strong contribution of polygenic factors,
even for relatively simple traits like expression. We explicitly included these factors in our mod-
els using a novel Bayes’ factor approach that expands upon existing methods [40-42].
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We consider a total of four possible causal relationships between genetic variation, methyla-
tion variation, and expression variation (Fig 6). We are most interested in comparing the case
where methylation regulates expression by mediating all genetic effects (Model I) to the case
where the opposite is true (Model II), but we also consider the possibility that genetic variation
affects both methylation and expression independently (Model III), and a “full model” where
genetic variation affects both methylation and expression, which are also allowed to affect each
other.

For the 297 genes with significant associations among methylation, expression and SNPs,
we calculated the likelihood for each of the four models and compared them using the Bayesian
Information Criterion (BIC). For most genes, Model I is a better fit than Model II, although the
difference is often not significant (Fig 7). This suggests that DNA methylation is affecting
expression rather than the other way around, for CG-only as well as C methylation. However,
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probability of individual measurements, M is the DNA methylation level and E is the expression level. Genetic effect include both fixed and random

whereas the inverse-normal transformation used in this paper seemed to produce more reliable
GWAS results (see Methods), it may dampen effects in our causal model and cause bias. We

therefore repeated the causality tests using untransformed versions of expression and DNA

methylation data. The likelihood for all models increased, as expected given the removal of the
dampening effect, be we also found a much stronger support for Model III (S7 Fig). Thus,
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while the relationship between Model I and II remained, suggesting that methylation is more
likely to affect transcription directly than the other way around, the best-fitting model with
untransformed data is one in which both methylation and transcription are caused by genetic
variation without necessarily affecting each other. Statistics alone is unlikely to resolve this
issue.

Discussion

There is currently great excitement about the potential role of epigenetics in complex trait vari-
ation, both as a regulatory and as an inheritance mechanism. That an important role is in prin-
ciple possible is not in doubt [2, 5], but there is almost no information on whether it actually
matters in practice. This is a clearly a quantitative question and the answer will not be the same
for all traits and populations.

In this paper, we focus on whether knowing the epigenome (in the form of DNA methyla-
tion variation) improves our understanding of expression variation in A. thaliana leaves. The
general answer is: Only marginally (Fig 5). In terms of overall heritability, the genome-wide
pattern of methylation polymorphism does not explain anything beyond the genome-wide
pattern of SNP polymorphism, and while over a thousand expression traits have significant
SNP associations, only about a hundred have associations with methylation variation, and
most of these are also associated with SNPs. Indeed, no more than about sixty show evidence
of a significant methylation association once SNP effects have been taken into account. Thus,
although there are numerous caveats to our results (limited sample size, limited technology for
measuring both expression and methylation, uncertainty about how to quantify methylation
variation, efc.), our overall conclusion is that the effects of methylation variation are marginal
relative to those of genetic variation. However, this does not mean that knowing the methyla-
tion variation is pointless. One interesting finding is that, for expression traits with both meth-
ylation and SNP associations, the former are often physically closer to the gene being
expressed than the latter (Fig 4). This could be because the most highly associated SNPs are in
fact just tagging multiple underlying causal SNPs [34, 43], and suggests methylation polymor-
phism could help with fine-mapping especially in a study with larger sample size. Equally
importantly, we do find a small number of genes with clear evidence for epigenetic regulation,
including several with no significant cis-SNP associations. These merit further investigation.
The same is true for the minority of genes in which promoter methylation is positively rather
than negatively correlated with expression (Fig 1). It should again be emphasized that our defi-
nition of methylation variation (average methylation in windows for different methylation
contexts) is rather crude, and that it may be possible to define more biologically relevant
statistics.

Finally, we address the issue of causality. In particular for gene body methylation, is debated
whether the observed correlation is between methylation and expression is cause, effect, both,
or neither [16, 20]. While we find support for methylation variation being a direct cause of
expression variation, and perhaps even stronger support for both types of variation being influ-
enced by genetics independently, our main conclusion is that is a question that will require
direct experimental evidence to answer.

Methods
Data filtering and transformation

We used previously published polymorphism [44] and transcriptome/methylome data [7],
which are available via the NHI Gene Expression Omnibus (GSE54292, GSE54680, GSE65685,
GSE66017) and from the 1001 Genomes Project website. For the transcriptome/methylome
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data, only the data from the 10°C sexperiment were used. More details about growing condi-
tions, tissues used and sequencing pipelines can be found in the relevant papers. In order to
reduce the number of false associations while maintaining reasonable sensitivity, the three
dataset were processed as follows.

SNPs. We used previously published SNPs [44], but removed all variants for which the
minor allele frequency was less than 0.05. Given our limited sample size, we find that we have
little power to detect effects from these rarer SNPs, while they produce more false positives due
to the sensitivity of parametric linear regression to outliers.

Expression. We used both the filtered as well as raw rpkm values from RNAseq data in
[7]. In addition, all genes whose mean expression level is lower than 3 after Anscombe transfor-
mation are removed. A minimum coefficient of variation of 0.05 is demanded for the remain-
ing set so that only genes showing some variable expression are kept. Expression used is
measured on a per gene level.

Methylation bins. We compared various encodings of DNA methylation data, ranging
from binary individual data to gene averages. We choose to present all analysis performed on
average of cytosine methylation level over all cytosine sites in 200-bp overlapping bins, which
is much less noisy than individual methylation sites but retains a reasonable amount of fine
level signal. We find varying bins both inside and outside of genes.

As mentioned in the main text, we divided those variants bins into four classes: CG where
no non-CG methylation is present, CG where there is non-CG methylation present, CHG and
CHH methylation. The binned methylation variants are computed separately as mCG/CG,
mCHG/CHG, mCHH/CHH, and CG bins are separated into CG-only and CG in C bins by
absence or presence of CHG methylation in the same 200 bp window.

Similar to expression levels, all methylation bins were filtered for a minimum coefficient of
variation of 0.05. We also devised a new filter analogous to the minor allele frequency filter for
SNPs but extended to quantitative data: methylation levels were normalized to 4 = 0 and o* =
1, and the sum of squared distance of the 5 furthest values are calculated. Is this number is
greater than 75, the methylation bin was eliminated from the analysis.

Inverse normal transformation for expression and DNA methylation. Despite stringent
filtering and initial transformation, the remaining expression and DNA methylation data often
diverge heavily from an expected normal distribution. In order to present only the most reliable
associations, we also performed inverse normal transformation on both, effectively only keep-
ing the rank information. This transformation was applied in all association studies involving
marginal effects.

Detecting genome-wide DNA methylation effects

We extended the SNP-based heritability models to include DNA methylation variants, which
are similarly considered to follow independent and identically distributed Gaussian distribu-
tion, but with scale parameter 6. The structure of such effect is dictated by the “epigenetic
similarity matrix” K, calculated analogously to the SNP based genetic relatedness/similarity
matrices [22]. We then perform likelihood ratio test between a model that include this epige-
netic term and one that does not:

Y ~ N(u,Keo: + K, 0%, + 07), (1)

Y ~ N (1, Ko + 02). 2)
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@’PLOS | GENETICS

Limited Contribution of DNA Methylation Variation to Expression Regulation in Arabidopsis thaliana

Marginal and stepwise association mapping

GWAS using both genotype data and DNA methylation bins was performed with linear mixed
models (as implemented in mixmogam: https://github.com/bvilhjal/mixmogam) to correct for
population structure. The model used was

Y ~ N(p+XB, K0 +1Ic7), (3)

where Y is the vector of phenotypes, X is a single vector of SNP or methylation bins, and the f’s
correspond to allelic effect sizes. K, and ¢? are again the genetic related matrix and its corre-
sponding random effect size, while 67 is the residual variance due to unexplained environment
or noise.

Marginal F-statistics were calculated as in ordinary linear model after rotating the pheno-

type Yand X by (Ao + I) 7%QT, where QAQ" is the spectral decomposition of the symmetric
relatedness matrix K and & is the ratio between o; and o,. To simplify calculations, we used the
same approximation as in EMMAX [24], i.e., we only calculate the ratio § once for the null
model without fixed effects. The significance level (p-value) is then obtained by F-tests for
SNPs and methylation bins of all contexts.

A direct extension of the marginal model is to include large effects as cofactors. This is
accomplished in the forward stepwise mixed model [29] which result in a final model as

ng Ny
Y~ N+ > XoBsi+ Y X Buy Koo + 167), (4)
i j

where X; and f; are SNP vectors and their respective effects, whiel X, and S5, are methylation
bin vectors and effects. At each step, the top marginal variant is added to X, until no variants
remains significant at Bonferroni threshold.

Estimating false discovery rate of cis associations

We can derive a conservative upper bound for the false discovery rate for our cis associations,
defined for each expression trait as everything less than 20 kb away from either end of the gene,
by considering the over-representation of associations in cis compared to in trans, and assum-
ing that all the latter are false. This is similar to what was previously done for candidate gene
lists [34].

Mapping methylation effect on top of SNP effects

We perform a association study that explicitly compare variance explained by DNA alone ver-
sus DNA methylation and DNA together. We try to capture large effect loci, effects due to alle-
lic heterogeneity as well as background trans effects by using a linear mixed models that
include an additional variance component for cis SNPs. In particular, the local equivalent of
the global relatedness term is included which would capture most of cis effects from one or
more (heterogeneous) loci. The full models are:

genetics : Y ~ N (u+ X, Ko5 + Ko} +107), (5)
genetics + methylation : Y ~ N (1 + X,B¢ + X, Bu Ks0: + Ko7 + I67), (6)

where K and g7 are the cis SNP kinship and its effect. We do not include a global methylation
kinship since that has been found to exert no influence in most cases.
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Gene ontology enrichment analysis

We used the web tool AgriGo (http://bioinfo.cau.edu.cn/agriGO/) [45] to find functional cate-
gories that is significantly enriched in the subset of cis-methylation associated genes.

Data preparation for causal analysis

We prepared the following set of data for use in causal structure analysis, with the goal being to
identify pairs of associated expression/methylation that also shows evidence of being associated
with the same genetic factors. We first correlated expression level with all cis methylation bins
that is within the gene or within 2000 bp of the transcription start site. If any bin is correlated
with a r* greater than 0.2, the pair of expression and the highest correlated bin is added to a
testing pool. From this pool, mixed model GWAS is performed on each pair of expression/
methylation, and any pair that does not:

1. share associated SNP at the Bonferroni threshold for trans-SNPs (defined as greater than 50
kb away) or at 10~ for cis-SNPs, or;

2. have the genetic kinship component explain at least 5% of variance,

is filtered out. This results in a final set of data from 297 genes.

Causal analysis

We build upon earlier statistical framework [40-42] for causal analysis. Our methods try to
infer causal relationship between three variables: genetic factors (G), or more precisely DNA
sequence; DNA methylation (M); and phenotypic trait, in this context mostly referring to
expression traits (E). Among these, it is assumed that genetic factors (G) are not subject to
influences from the other factors. This is not true in general due to effects of selection and
mutation rates on DNA sequences, but these effects are negligible for data collected in this
study that are at most several generations apart. We thus reduce to the four possible scenarios
in Fig 6.

Here our goal is to distinguish between the four potential models considered. We base our
selection on Bayesian information criteria that are calculated from maximum likelihood of the
respective models. These likelihoods are calculated as:

Modell: L(M,|g,m,e) = p(e|m)p(m|g)p(g)
ModelIl : L(M,|g,m,e) = p(mle)p(elg)p(g)
Model I11 : £(M,|g, m,e) = p(e|g)p(m|g)p(g) (7)
Model IV : L(M,|g, m,e) = p(e|m,g)p(m|g)p(g)
= p(mle, g)p(elg)p(g)

In cases where M is confined to one observation per individual like expression levels, the rela-
tionship between E and M are considered linear with Gaussian noise:

ple[m) ~ N(:“E + mﬁM,IﬂfE”m

8
pmle) ~ Nty + B o2 ). ®)

Whereas the distribution involving genotype would contain both fixed terms for large effects as
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well as random terms for genetic background:
plelg)  ~N(ug + XPyp, K03, + 107,
p(mlg) ~ N (uy + XPy s K3, + IO—SM)lg )
p(e‘m7g) NN(IU’E+XﬁXM+mﬁM7KSO-§‘E+IG§E)|mg
p(mle,g) ~ N (1 + XPy i + efy, Ksag,M + IGEQM”

eg

The maximum likelihood of Eq 8 is calculated by least square estimate of fs, while those of Eq
9 are found by numerical method implemented in mixmogam. Since we are interested in the
likelihood rather than estimates of the variance parameters, the ‘ML’ criteria (instead of
restricted ML) is chosen as the optimization criteria for the latter. After we obtain the maxi-
mum log likelihood for each component, we sum them to obtain the overall log likelihood of
the models minus a constant. Bayesian information criteria is chosen as our model selection
criteria, corresponding to the fact that we already have all potential models chosen. It is calcu-
lated as:

BIC=—-21n £, + k;In135, (10)

where L, are the likelihood for models I-IV and k; the corresponding number of free
parameters.

Simulation study for causal analysis

To investigate performance of our causal model, we performed a simulation study by generat-
ing pairs of traits using the our A. thaliana SNP dataset. Three sets of simulations are run:

1. Model I/Il: M/E is the summation of 0-1 large effect (Xf term), 10000 small effects (Ksa?q
term), and a Gaussian error; Trait E/M is M/E plus another Gaussian error.

2. Model III: Trait E and M are both sum of 0-1 shared large effect, a combination of shared
and private small effects totaling 10000, and a Gaussian error.

3. Model IV: Similar to III, but one of the traits also contain a linear term of the other.

These effects are scaled to achieve various levels of heritability.

Based on the results, when the underlying model is I (II) or III, we can deduce the correct
model most of the time. However, when the real model is IV, it is very hard to capture. These
results are summarized in S9 Fig.

Supporting Information

S1 Fig. QQ plots of SNP and DNA methylation marginal association p-values. SNP-based
kinship correction works for trans effects, and there is the expected inflation of cis p-values.
(TIF)

S2 Fig. Genome-wide associations between expression and SNPs. Similar as the figure for
methylation bins, results are merged in 10 kb windows and a dot is plotted whenever the win-
dow contains at least one significantly associated variant. Here red is a SNP only peak whereas
black means a bin where SNP peak overlaps with methylation peak(s).

(TIF)

S3 Fig. DNA methylation pattern around AGO4 across accessions. Deeper blue means
higher level of methylation. Only CG methylation is plotted, since other types of methylation

PLOS Genetics | DOI:10.1371/journal.pgen.1006141  July 11,2016 14/18


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s003

@’PLOS | GENETICS

Limited Contribution of DNA Methylation Variation to Expression Regulation in Arabidopsis thaliana

are not present. The green and blue horizontal lines are the transcription start and stop sites,
respectively.
(PNG)

$4 Fig. QQ plots of cis variant f-test p-values after removing various cis effects by including
them as cofactors. a) cis SNP p-value distribution changes after adding SNP local relatedness
term and other cofactors. b) cis DNA methylation p-value distribution changes after adding
SNP and DNA methylation cofactors. Most SNP effects are accounted for by the SNP local
relatedness/kinship term. The rest of the methylation effects are considered independent.

(TTF)

S5 Fig. Additional cis methylation effects for genes with significant effects. Showing, for the
genes with significant additional methylation effect, the fraction of variance explained by com-
bined cis methylation bins and SNPs fixed terms versus SNPs alone.

(TIF)

$6 Fig. BIC comparison for model I and II, for methylation in all contexts. a) CG gene body
methylation (Same as figure in text). b) CG methylation in C methylation context. c) CHG
methylation. d) CHH methylation.

(TTF)

S7 Fig. Comparing between methylation being causative versus reactive to expression vari-
ation, untransformed data version. Model III (independent) is the most frequently assigned
with untransformed data. However the relative evidence for Model I and II remain in the same
direction.

(TTF)

S8 Fig. BIC comparison for model I and II, for methylation in all contexts, untransformed
data version. a) CG gene body methylation. b) CG methylation in C methylation context. c)
CHG methylation. d) CHH methylation. Note that the y-scale is much larger than in S6 Fig,
since likelihood for all models are higher with untransformed data.

(TIF)

S9 Fig. Simulation study for causal analysis. On the y-axis is the model from which data is
simulated from, while on x-axis the breakdown of predicted models is shown.
(TTF)

S1 Table. Number of data records used to plot the distribution of pearson’s r for each bin
in Fig 1.

(TSV)

S2 Table. Significant cis DNA methylation associations. The column “any cis SNP significant”

is true when there is a cis SNP association that passes the 5% Bonferroni threshold of 1077,
(TSV)

$3 Table. Genes whose expression is associated with DNA methylation at AGO4.
(TSV)

$4 Table. GO enrichment for genes with cis DNA methylation associations.
(TSV)

Acknowledgments

We sincerely thank Bjarni Vilhjalmsson for valuable input to our statistical analysis.

PLOS Genetics | DOI:10.1371/journal.pgen.1006141  July 11,2016 15/18


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s005
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s006
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s007
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s008
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s009
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s010
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s011
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s012
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006141.s013

@’PLOS | GENETICS

Limited Contribution of DNA Methylation Variation to Expression Regulation in Arabidopsis thaliana

Author Contributions

Conceived and designed the experiments: RMC MN. Analyzed the data: DM MD PZ. Contrib-
uted reagents/materials/analysis tools: EJO OS. Wrote the paper: DM MN.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Weigel D, Colot V. Epialleles in plant evolution. Genome Biol. 2012; 13:249. doi: 10.1186/gb-2012-13-
10-249 PMID: 23058244

Heard E, Martienssen RA. Transgenerational epigenetic inheritance: Myths and mechanisms. Cell.
2014; 157:95-109. doi: 10.1016/j.cell.2014.02.045 PMID: 24679529

Schmitz RJ, Schultz MD, Lewsey MG, O’Malley RC, Urich MA, Libiger O, et al. Transgenerational epi-
genetic instability is a source of novel methylation variants. Science. 2011; 334:369-373. doi: 10.1126/
science.1212959 PMID: 21921155

Becker C, Hagmann J, Miller J, Koenig D, Stegle O, Borgwardt K, et al. Spontaneous epigenetic varia-
tion in the Arabidopsis thaliana methylome. Nature. 2011; 480:245-249. doi: 10.1038/nature10555
PMID: 22057020

Cortijo S, Wardenaar R, Colomé-Tatché M, Gilly A, Etcheverry M, Labadie K, et al. Mapping the epigenetic
basis of complex traits. Science. 2014; 343:1145-1148. doi: 10.1126/science.1248127 PMID: 24505129

Schmitz RJ, Schultz MD, Urich MA, Nery JR, Pelizzola M, Libiger O, et al. Patterns of population epige-
nomic diversity. Nature. 2013; 495:193-198. doi: 10.1038/nature11968 PMID: 23467092

Dubin MJ, Zhang P, Meng D, Remigereau MS, Osborne EJ, Casale FP, et al. DNA methylation varia-
tion in Arabidopsis has a genetic basis and appears to be involved in local adaptation. eLife. 2015; 4:1—
23. doi: 10.7554/eLife.05255

Zemach A, Kim MY, Hsieh PH, Coleman-Derr D, Eshed-Williams L, Thao K, et al. The Arabidopsis
nucleosome remodeler DDM1 allows DNA methyltransferases to access H1-containing heterochroma-
tin. Cell. 2013; 153:193-205. doi: 10.1016/j.cell.2013.02.033 PMID: 23540698

Stroud H, Do T, Du J, Zhong X, Feng S, Johnson L, et al. Non-CG methylation patterns shape the epi-
genetic landscape in Arabidopsis. Nature Struct & Mol Biol. 2014; 21:64—72. doi: 10.1038/nsmb.2735

Kim MY, Zilberman D. DNA methylation as a system of plant genomic immunity. Trends Plant Sci.
2014; 19:320-326. doi: 10.1016/j.tplants.2014.01.014 PMID: 24618094

Takuno S, Gaut BS. Body-methylated genes in Arabidopsis thaliana are functionally important and
evolve slowly. Mol Biol Evol. 2012; 29:219-227. doi: 10.1093/molbev/msr188 PMID: 21813466

Vilhjalmsson BJ, Nordborg M. The nature of confounding in genome-wide association studies. Nature
Rev Genet. 2013; 14:1-2. doi: 10.1038/nrg3382 PMID: 23165185

Zhang X, Yazaki J, Sundaresan A, Cokus S, Chan SWL, Chen H, et al. Genome-wide high-resolution
mapping and functional analysis of DNA methylation in Arabidopsis. Cell. 2006; 126:1189—-1201. doi:
10.1016/j.cell.2006.08.003 PMID: 16949657

Zilberman D, Gehring M, Tran RK, Ballinger T, Henikoff S. Genome-wide analysis of Arabidopsis thali-
ana DNA methylation uncovers an interdependence between methylation and transcription. Nature
Genet. 2007; 39:61-69. doi: 10.1038/ng1929 PMID: 17128275

Bell JT, Pai AA, Pickrell JK, Gaffney DJ, Pique-Regi R, Degner JF, et al. DNA methylation patterns
associate with genetic and gene expression variation in HapMap cell lines. Genome Biol. 2011; 12:
R10. doi: 10.1186/gb-2011-12-1-r10 PMID: 21251332

Gutierrez-Arcelus M, Lappalainen T, Montgomery SB, Buil A, Ongen H, Yurovsky A, et al. Passive and
active DNA methylation and the interplay with genetic variation in gene regulation. eLife. 2013; 2:
€00523—-e00523. doi: 10.7554/eLife.00523 PMID: 23755361

Eichten SR, Briskine R, Song J, Li Q, Swanson-Wagner R, Hermanson PJ, et al. Epigenetic and
genetic influences on DNA methylation variation in maize populations. Plant Cell. 2013; 25:2783-2797.
doi: 10.1105/tpc.113.114793 PMID: 23922207

Banovich NE, Lan X, Mcvicker G, Degner JF, Blischak JD, Roux J, et al. Methylation QTLs Are Associ-
ated with Coordinated Changes in Transcription Factor Binding, Histone Modifications, and Gene
Expression Levels. PLoS Genet. 2014; 10:1-12. doi: 10.1371/journal.pgen.1004663

Wagner JR, Busche S, Ge B, Kwan T, Pastinen T, Blanchette M. The relationship between DNA meth-
ylation, genetic and expression inter-individual variation in untransformed human fibroblasts. Genome
Biol. 2014; 15:R37. doi: 10.1186/gb-2014-15-2-r37 PMID: 24555846

Orozco LD, Morselli M, Rubbi L, Guo W, Go J, Shi H, et al. Epigenome-Wide Association of Liver Meth-
ylation Patterns and Complex Metabolic Traits in Mice. Cell Metabolism. 2015; 21:905-917. doi: 10.
1016/j.cmet.2015.04.025 PMID: 26039453

PLOS Genetics | DOI:10.1371/journal.pgen.1006141

July 11,2016 16/18


http://dx.doi.org/10.1186/gb-2012-13-10-249
http://dx.doi.org/10.1186/gb-2012-13-10-249
http://www.ncbi.nlm.nih.gov/pubmed/23058244
http://dx.doi.org/10.1016/j.cell.2014.02.045
http://www.ncbi.nlm.nih.gov/pubmed/24679529
http://dx.doi.org/10.1126/science.1212959
http://dx.doi.org/10.1126/science.1212959
http://www.ncbi.nlm.nih.gov/pubmed/21921155
http://dx.doi.org/10.1038/nature10555
http://www.ncbi.nlm.nih.gov/pubmed/22057020
http://dx.doi.org/10.1126/science.1248127
http://www.ncbi.nlm.nih.gov/pubmed/24505129
http://dx.doi.org/10.1038/nature11968
http://www.ncbi.nlm.nih.gov/pubmed/23467092
http://dx.doi.org/10.7554/eLife.05255
http://dx.doi.org/10.1016/j.cell.2013.02.033
http://www.ncbi.nlm.nih.gov/pubmed/23540698
http://dx.doi.org/10.1038/nsmb.2735
http://dx.doi.org/10.1016/j.tplants.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24618094
http://dx.doi.org/10.1093/molbev/msr188
http://www.ncbi.nlm.nih.gov/pubmed/21813466
http://dx.doi.org/10.1038/nrg3382
http://www.ncbi.nlm.nih.gov/pubmed/23165185
http://dx.doi.org/10.1016/j.cell.2006.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16949657
http://dx.doi.org/10.1038/ng1929
http://www.ncbi.nlm.nih.gov/pubmed/17128275
http://dx.doi.org/10.1186/gb-2011-12-1-r10
http://www.ncbi.nlm.nih.gov/pubmed/21251332
http://dx.doi.org/10.7554/eLife.00523
http://www.ncbi.nlm.nih.gov/pubmed/23755361
http://dx.doi.org/10.1105/tpc.113.114793
http://www.ncbi.nlm.nih.gov/pubmed/23922207
http://dx.doi.org/10.1371/journal.pgen.1004663
http://dx.doi.org/10.1186/gb-2014-15-2-r37
http://www.ncbi.nlm.nih.gov/pubmed/24555846
http://dx.doi.org/10.1016/j.cmet.2015.04.025
http://dx.doi.org/10.1016/j.cmet.2015.04.025
http://www.ncbi.nlm.nih.gov/pubmed/26039453

@’PLOS | GENETICS

Limited Contribution of DNA Methylation Variation to Expression Regulation in Arabidopsis thaliana

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

Fisher RA. The Correlation Between Relatives on the Supposition of Mendelian Inheritance. Trans R
Soc Edinburgh. 1918; 52:399-433.

Yang J, Benyamin B, McEvoy BP, Gordon S, Henders AK, Nyholt DR, et al. Common SNPs explain a
large proportion of the heritability for human height. Nature Genet. 2010; 42:565-569. doi: 10.1038/ng.
608 PMID: 20562875

Yu J, Pressoir G, Briggs WH, Vroh Bi |, Yamasaki M, Doebley JF, et al. A unified mixed-model method
for association mapping that accounts for multiple levels of relatedness. Nature Genet. 2006; 38: 203—
208. doi: 10.1038/ng1702

Kang HM, Sul JH, Service SK, Zaitlen NA, Kong SY, Freimer NB, et al. Variance component model to
account for sample structure in genome-wide association studies. Nature Genet. 2010; 42:348-354.
doi: 10.1038/ng.548 PMID: 20208533

Yang J, Manolio TA, Pasquale LR, Boerwinkle E, Caporaso N, Cunningham JM, et al. Genome parti-
tioning of genetic variation for complex traits using common SNPs. Nature Genet. 2011; 43:519-525.
doi: 10.1038/ng.823 PMID: 21552263

Gusev A, Lee SH, Trynka G, Finucane H, Vilhjalmsson BJ, Xu H, et al. Partitioning Heritability of Regu-
latory and Cell-Type-Specific Variants across 11 Common Diseases. Amer J Hum Genet. 2014;
95:535-552. doi: 10.1016/j.ajhg.2014.10.004 PMID: 25439723

Sasaki E, Zhang P, Atwell S, Meng D, Nordborg M. “Missing” G x E Variation Controls Flowering Time
in Arabidopsis thaliana. PLoS Genet. 2015; 11:21005597. doi: 10.1371/journal.pgen.1005597 PMID:
26473359

Listgarten J, Lippert C, Kadie CM, Davidson R, Eskin E, Heckerman D. Improved linear mixed models
for genome-wide association studies. Nature Meth. 2012; 9:525-526. doi: 10.1038/nmeth.2037

Segura V, Vilhjalmsson BJ, Platt A, Korte A, Seren U, Long Q, et al. An efficient multi-locus mixed-
model approach for genome-wide association studies in structured populations. Nature Genet. 2012;
44:825-830. doi: 10.1038/ng.2314 PMID: 22706313

Zilberman D, Cao X, Jacobsen SE. ARGONAUTE4 control of locus-specific siRNA accumulation and
DNA and histone methylation. Science. 2003; 299:716-719. doi: 10.1126/science.1079695 PMID:
12522258

Li CF, Pontes O, EI-Shami M, Henderson IR, Bernatavichute YV, Chan SWL, et al. An ARGONAUTE4-
containing nuclear processing center colocalized with Cajal bodies in Arabidopsis thaliana. Cell. 2006;
126:93-106. doi: 10.1016/j.cell.2006.05.032 PMID: 16839879

QiY, He X, Wang XJ, Kohany O, Jurka J, Hannon GJ. Distinct catalytic and non-catalytic roles of
ARGONAUTE4 in RNA-directed DNA methylation. Nature. 2006; 443:1008—1012. doi: 10.1038/
nature05198 PMID: 16998468

Li CF, Henderson IR, Song L, Fedoroff N, Lagrange T, Jacobsen SE. Dynamic regulation of ARGO-
NAUTE4 within multiple nuclear bodies in Arabidopsis thaliana. PLoS Genet. 2008; 4:e27. doi: 10.
1371/journal.pgen.0040027 PMID: 18266474

Atwell S, Huang YS, Vilhjalmsson BJ, Willems G, Horton M, Li Y, et al. Genome-wide association study
of 107 phenotypes in Arabidopsis thaliana inbred lines. Nature. 2010; 465:627—-631. doi: 10.1038/
nature08800 PMID: 20336072

Platt A, Horton M, Huang YS, Li Y, Anastasio AE, Mulyati NW, et al. The scale of population structure in
Arabidopsis thaliana. PLoS Genet. 2010; 6:e1000843. doi: 10.1371/journal.pgen.1000843 PMID:
20169178

Silveira AB, Trontin C, Cortijo S, Barau J, Del Bem LEV, Loudet O, et al. Extensive Natural Epigenetic
Variation at a de novo Originated Gene. PLoS Genet. 2013; 9:1003437. doi: 10.1371/journal.pgen.
1003437 PMID: 23593031

Roudier F, Teixeira FK, Colot V. Chromatin indexing in Arabidopsis: an epigenomic tale of tails and
more. Trends Genet. 2009; 25:511-517. doi: 10.1016/}.tig.2009.09.013 PMID: 19850370

Teixeira FK, Colot V. Gene body DNA methylation in plants: a means to an end or an end to a means?
EMBO J. 2009; 28(8):997-998. doi: 10.1038/emboj.2009.87 PMID: 19384348

Secco D, Wang C, Shou H, Schultz MD, Chiarenza S, Nussaume L, et al. Stress induced gene expres-
sion drives transient DNA methylation changes at adjacent repetitive elements. eLife. 2015; 4:e09343.
doi: 10.7554/eLife.09343

Schadt EE, Lamb J, Yang X, Zhu J, Edwards S, Guhathakurta D, et al. An integrative genomics
approach to infer causal associations between gene expression and disease. Nature Genet. 2005;
37:710-717. doi: 10.1038/ng1589 PMID: 15965475

Millstein J, Zhang B, Zhu J, Schadt EE. Disentangling molecular relationships with a causal inference
test. BMC Genet. 2009; 10:23. doi: 10.1186/1471-2156-10-23 PMID: 19473544

PLOS Genetics | DOI:10.1371/journal.pgen.1006141

July 11,2016 17/18


http://dx.doi.org/10.1038/ng.608
http://dx.doi.org/10.1038/ng.608
http://www.ncbi.nlm.nih.gov/pubmed/20562875
http://dx.doi.org/10.1038/ng1702
http://dx.doi.org/10.1038/ng.548
http://www.ncbi.nlm.nih.gov/pubmed/20208533
http://dx.doi.org/10.1038/ng.823
http://www.ncbi.nlm.nih.gov/pubmed/21552263
http://dx.doi.org/10.1016/j.ajhg.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25439723
http://dx.doi.org/10.1371/journal.pgen.1005597
http://www.ncbi.nlm.nih.gov/pubmed/26473359
http://dx.doi.org/10.1038/nmeth.2037
http://dx.doi.org/10.1038/ng.2314
http://www.ncbi.nlm.nih.gov/pubmed/22706313
http://dx.doi.org/10.1126/science.1079695
http://www.ncbi.nlm.nih.gov/pubmed/12522258
http://dx.doi.org/10.1016/j.cell.2006.05.032
http://www.ncbi.nlm.nih.gov/pubmed/16839879
http://dx.doi.org/10.1038/nature05198
http://dx.doi.org/10.1038/nature05198
http://www.ncbi.nlm.nih.gov/pubmed/16998468
http://dx.doi.org/10.1371/journal.pgen.0040027
http://dx.doi.org/10.1371/journal.pgen.0040027
http://www.ncbi.nlm.nih.gov/pubmed/18266474
http://dx.doi.org/10.1038/nature08800
http://dx.doi.org/10.1038/nature08800
http://www.ncbi.nlm.nih.gov/pubmed/20336072
http://dx.doi.org/10.1371/journal.pgen.1000843
http://www.ncbi.nlm.nih.gov/pubmed/20169178
http://dx.doi.org/10.1371/journal.pgen.1003437
http://dx.doi.org/10.1371/journal.pgen.1003437
http://www.ncbi.nlm.nih.gov/pubmed/23593031
http://dx.doi.org/10.1016/j.tig.2009.09.013
http://www.ncbi.nlm.nih.gov/pubmed/19850370
http://dx.doi.org/10.1038/emboj.2009.87
http://www.ncbi.nlm.nih.gov/pubmed/19384348
http://dx.doi.org/10.7554/eLife.09343
http://dx.doi.org/10.1038/ng1589
http://www.ncbi.nlm.nih.gov/pubmed/15965475
http://dx.doi.org/10.1186/1471-2156-10-23
http://www.ncbi.nlm.nih.gov/pubmed/19473544

@’PLOS | GENETICS

Limited Contribution of DNA Methylation Variation to Expression Regulation in Arabidopsis thaliana

42,

43.

44.

45.

Gagneur J, Stegle O, Zhu C, Jakob P, Tekkedil MM, Aiyar RS, et al. Genotype-Environment Interac-
tions Reveal Causal Pathways That Mediate Genetic Effects on Phenotype. PLoS Genet. 2013; 9:
€1003803. doi: 10.1371/journal.pgen.1003803 PMID: 24068968

Dickson SP, Wang K, Krantz |, Hakonarson H, Goldstein DB. Rare Variants Create Synthetic Genome-
Wide Associations. PLoS Biol. 2010; 8:e1000294. doi: 10.1371/journal.pbio.1000294 PMID: 20126254

Long Q, Rabanal FA, Meng D, Huber CD, Farlow A, Platzer A, et al. Massive genomic variation and
strong selection in Arabidopsis thaliana lines from Sweden. Nature Genet. 2013; 45:884—890. doi: 10.
1038/ng.2678 PMID: 23793030

Du Z, Zhou X, Ling Y, Zhang Z, Su Z. agriGO: A GO analysis toolkit for the agricultural community.
Nucleic Acids Res. 2010; 38:1-7. doi: 10.1093/nar/gkq310

PLOS Genetics | DOI:10.1371/journal.pgen.1006141

July 11,2016 18/18


http://dx.doi.org/10.1371/journal.pgen.1003803
http://www.ncbi.nlm.nih.gov/pubmed/24068968
http://dx.doi.org/10.1371/journal.pbio.1000294
http://www.ncbi.nlm.nih.gov/pubmed/20126254
http://dx.doi.org/10.1038/ng.2678
http://dx.doi.org/10.1038/ng.2678
http://www.ncbi.nlm.nih.gov/pubmed/23793030
http://dx.doi.org/10.1093/nar/gkq310

