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DNA methylation is a chromatin modification that is frequently associated with epigenetic regulation in plants and mammals.
However, genetic changes such as transposon insertions can also lead to changes in DNA methylation. Genome-wide profiles
of DNA methylation for 20 maize (Zea mays) inbred lines were used to discover differentially methylated regions (DMRs). The
methylation level for each of these DMRs was also assayed in 31 additional maize or teosinte genotypes, resulting in the
discovery of 1966 common DMRs and 1754 rare DMRs. Analysis of recombinant inbred lines provides evidence that the majority
of DMRs are heritable. A local association scan found that nearly half of the DMRs with common variation are significantly
associated with single nucleotide polymorphisms found within or near the DMR. Many of the DMRs that are significantly
associated with local genetic variation are found near transposable elements that may contribute to the variation in DNA
methylation. Analysis of gene expression in the same samples used for DNA methylation profiling identified over 300 genes with
expression patterns that are significantly associated with DNA methylation variation. Collectively, our results suggest that DNA
methylation variation is influenced by genetic and epigenetic changes that are often stably inherited and can influence the
expression of nearby genes.

INTRODUCTION

Heritable information is most commonly found as genetic variation
between individuals and populations. However, recent studies
have restored interest in epigenetic variation, heritable variation
that is not directly connected to DNA sequence polymorphisms
(Bird, 2007). Epigenetic variation is often associated with a vari-
ety of chromatin marks, such as histone tail modifications, small
RNAs, and methylation of cytosine in genomic DNA (Jablonka
and Raz, 2009). The methylation of cytosines in genomic DNA is
one of the best-studied examples of chromatin variation with
a large body of work investigating the mechanisms of heritability
as well as the actions of chromatin-modifying enzymes on
particular methylation states (Stroud et al., 2013).

DNA methylation often suppresses the expression of trans-
posable elements, pseudogenes, repetitive sequences, and in-
dividual genes (Chan et al., 2005; Slotkin and Martienssen 2007).
DNA methylation variation has been implicated in stable phenotypic

variation in plants and animals (Rasmusson and Phillips, 1997;
Richards, 2006, 2008; Feinberg, 2007; Jirtle and Skinner, 2007;
Vaughn et al., 2007; Johannes et al., 2008). Well-characterized
examples of natural variants displaying differing DNA methyla-
tion patterns, deemed epialleles, include Lcyc, a cycloidea ho-
mologue, (Cubas et al., 1999), Colorless Nonripening (Manning
et al., 2006), CmWIP1 (Martin et al., 2009), FOLT1 (Durand et al.,
2012), and PAI (Luff et al., 1999; Melquist et al., 1999). There are
also examples of natural variation for epigenetic state associ-
ated with paramutation at several loci in maize (Zea mays ssp
mays) (Chandler et al., 2000). Many examples of natural variation
for DNA methylation exhibit occasional changes of methylation
state, suggesting the possibility of semistable heritability for
this epigenetic information (Vaughn et al., 2007; Gutzat and
Mittelsten Scheid, 2012). There is increased interest in epige-
netic phenomenon within plant systems as a possible source for
previously unassessed heritable variation for improving pheno-
typic predictions and breeding methods. In order to fully eval-
uate the potential of epigenetics for understanding phenotypic
variation, it is important both to characterize epigenetic variation
and to understand the association between genetic and epige-
netic changes at particular loci.
Genome-wide profiling of DNA methylation abundance in

several plant species has documented variation among geno-
types or mutant strains. In Arabidopsis thaliana, DNA methyl-
ation is frequently associated with repetitive DNA sequences,
such as transposable elements and heterochromatic regions
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(Lippman et al., 2004; Vaughn et al., 2007; Zilberman et al.,
2007; Miura et al., 2009), although there is also evidence for
intermediate levels of CG methylation within some gene
bodies. Mutations in genes involved in chromatin modification
or small interfering RNA generation and processing can have
global or locus-specific effects on DNA methylation (Stroud
et al., 2013). Several studies that generated epiRILs, geno-
types that segregate for differences in DNA methylation with
limited genetic changes (due to transposon mobilization),
provide evidence that alterations in DNA methylation patterns
have the potential to influence quantitative traits in Arabi-
dopsis (Johannes et al., 2009; Reinders et al., 2009). The
analysis of spontaneous mutation accumulation provided
evidence that changes in DNA methylation at single nucleo-
tides occurs at a much higher rate than mutations in nucle-
otide sequence (single nucleotide polymorphisms, or SNPs)
but that changes in regional methylation levels (differentially
methylated regions [DMRs]) occur at frequencies roughly
similar to the single nucleotide mutation rate (Becker et al.,
2011; Schmitz et al., 2011).

Comparison of DNA methylation levels in different ecotypes
reveals relatively stable inheritance of DNA methylation that is
associated with repetitive sequences but less stable inheritance
of gene body methylation (Vaughn et al., 2007; Schmitz et al.,
2013b). Detailed profiling of DNA methylation in 152 Arabidopsis
ecotypes revealed many examples of single nucleotide differ-
ences in DNA methylation as well as examples of regions that
are highly methylated in some ecotypes but lack methylation in
other ecotypes (Schmitz et al., 2013b). Association mapping of
these DMRs shows that many of these are locally (cis) controlled
with some examples of trans-acting effects on DNA methylation
(Schmitz et al., 2013b). Similar results were found by assessing
DNA methylation variation in rice (Oryza sativa) and looking at
allele-specific DNA methylation and expression in the F1 hybrid
(Chodavarapu et al., 2012). The analysis of nearly 80 soybean
(Glycine max) recombinant inbred line (RILs) found that the
majority of variable DNA methylation was controlled by local
methylQTL (quantitative trait loci) (Schmitz et al., 2013a). In
maize, the comparison of DNA methylation in two genotypes
revealed that some DNA methylation appears to be purely epi-
genetic (Eichten et al., 2011), whereas other regions of DNA
methylation likely result from transposon insertion variation
(Eichten et al., 2012). While many examples of DNA methylation
variation are stably inherited in maize, there are examples of
regions that have altered DNA methylation levels in offspring
(Regulski et al., 2013).

DNA methylation is often considered to be an epigenetic
mark. However, DNA methylation is specifically a chromatin
modification that can be the result of genetic or epigenetic
influences. Richards (2006) provided a classification scheme to
consider the relative influence of genetics and epigenetics
upon chromatin state at epialleles. Obligatory epialleles rep-
resent examples in which the chromatin state is directly cor-
related with a genetic change, such as a transposon insertion
or a structural variant. Facilitated epialleles occur when a ge-
netic change leads to a poised allelic state that could exist in
either a silenced or active form. Pure epialleles describe in-
stances in which there are no genetic changes that influence

chromatin state. There is evidence that each of these types of
epialleles exist in plant populations. Many of the known loci
showing DNA methylation variation (Luff et al., 1999; Melquist
et al., 1999; Martin et al., 2009; Durand et al., 2012) are located
near sequence variation or transposable element insertions
that could be causal factors determining the methylation state.
Indeed, the hypermethylation of certain retrotransposon ele-
ments has been shown to spread DNA methylation to low copy
regions flanking the element (Hollister et al., 2011; Eichten
et al., 2012) and could lead to obligatory epiallele formation.
Other methylation variants have been connected to structural
variation for related sequences located in other areas of the
genome in which small interfering RNAs may play a role in
directing the methylation state at the observed loci (Luff et al.,
1999; Melquist et al., 1999; Durand et al., 2012). By contrast,
epialleles such as the Lcyc, a cycloidea homologue, locus, the
Colorless Nonripening locus, and the SUPERMAN/clark kent
alleles, do not display any sequence variation within 10 kb of
the gene between lines displaying different methylation states
(Jacobsen and Meyerowitz, 1997; Cubas et al., 1999; Manning
et al., 2006). Similarly, some examples of differential DNA
methylation in maize exist in genomic regions without genetic
differences and are not influenced by other genomic regions
(Eichten et al., 2011).
Understanding the relative contribution of these three classes

of epialleles (obligatory, facilitated, and pure) is important for
several reasons. First, if the majority of DMRs are obligatory,
then it is possible that SNPs will be in linkage disequilibrium (LD)
with the genetic change and could be used to predict or infer
DNA methylation state. By contrast, facilitated and pure epi-
alleles have information content that would not be captured by
DNA genotyping approaches. Second, these different types of
epialleles are expected to exhibit differences in stability and
heritability. If the chromatin state is programmed by genetic
features, then the chromatin state should be stable and re-
producible across generations. By contrast, facilitated or pure
epialleles might be much less stable and exhibit reversions in
chromatin state at much higher frequencies.
In this study, we investigate the diversity of DNA methylation

states and their association to genotype and gene expression in
51 diverse maize inbred lines. Maize is a highly diverse species
(Buckler et al., 2006; Messing and Dooner, 2006; Chia et al.,
2012) that provides a useful model to study the role of epige-
netic variation due to the interspersed nature of genes and re-
petitive sequences that may create abundant opportunities for
epigenetic variation (Rabinowicz and Bennetzen, 2006; Baucom
et al., 2009; Schnable et al., 2009). Thousands of DMRs were
found in these diverse maize lines, and many of these can be
confirmed using MethylC-Seq (Lister et al., 2008). The com-
parison of DNA methylation levels and genotypes provides ev-
idence that a substantial portion of DMRs are associated with
local genotype. This heritability of the DNA methylation patterns
for many of the DMRs was confirmed by analysis of methylation
levels in RILs. The genes located near DMRs include a number
of genes with very tissue-specific expression patterns, and there
are over 300 genes located near DMRs that have expression
patterns that are strongly correlated with the methylation state
among genotypes.
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RESULTS

Thousands of Differentially Methylated Regions Are
Detected in Diverse Maize Inbred Lines

Genome-wide profiling of DNA methylation abundance using
methylated DNA immunoprecipitation (meDIP)-chip profiling
was performed on the B73 reference genome along with 19
diverse inbred genotypes of maize selected from the nested
association mapping (NAM) population (process outlined in
Figure 1A). The 19 genotypes include representatives of different
heterotic groups as well as tropical germplasm and were se-
lected to represent maize diversity (McMullen et al., 2009). Im-
munoprecipitation of methylated DNA was performed on DNA
samples of each genotype from three biological replicates using
a 5-methylcytosine antibody that allows for enrichment of DNA
fragments that contain DNA methylation in any sequence con-
text (CG, CHG, or CHH). The immunoprecipitated DNA and input
total DNA were hybridized to a custom long-oligonucleotide
microarray platform containing 2.1 M probes spaced every 200
bp across the low-copy portion of the maize genome sequence
(Eichten et al., 2011). This meDIP-chip method allows for the
analysis of DNA methylation abundance across the genome but
does not provide information about the sequence context of
DNA methylation.

The genomes of maize inbreds have high levels of structural
variation, including copy number variation and presence-absence
variation (Swanson-Wagner et al., 2010). A twofold approach was
used to mitigate the influence of structural variation on the anal-
ysis of DNA methylation levels (see Methods for details). Any
probes with more than twofold difference in hybridization intensity
for genomic DNA of a genotype relative to the genomic DNA of
the reference genotype (B73) were omitted from DNA methylation
analysis for that genotype. For the remaining probes, the esti-
mates of DNA methylation levels were normalized to account for
slight differences in the hybridization intensities of genomic DNA
between samples. The DNA methylation profile for each of the 19
genotypes was compared with the B73 DNAmethylation profile in
order to identify DMRs. The DNAcopy algorithm (Venkatraman
and Olshen, 2007) was used to find regions consisting of multiple
probes that exhibit at least twofold variation in the level of DNA
methylation relative to B73 and resulted in 415 to 804 DMRs in
each genotype relative to B73. The DMRs discovered for all 19
samples were condensed to a nonredundant list of 9899 DMRs
that are detected in at least one genotype relative to B73 (see
Supplemental Data Set 1 online).

In order to better survey the frequency of DNA methylation
variation and to assess potential causes or consequences of this
variation, the level of DNA methylation at these DMRs was as-
sayed in a single biological replicate of 31 additional genotypes.
These additional genotypes were part of a recent resequencing
study (Chia et al., 2012) and include eight inbred lines derived
from teosinte and 11 inbred lines developed from landraces (see
Supplemental Table 1 online). The average per-probe DNA
methylation level for each DMR was calculated for each of these
genotypes. As only a single replicate of these 31 genotypes was
profiled, we did not attempt to discover DMRs presented in
these genotypes that were not also present in the original 20

genotypes. DMRs were validated in independent biological repli-
cates by quantitative PCR (qPCR) (see Supplemental Figure 1
online), bisulfite sequencing (see below), and profiling in a re-
combinant inbred population (see below).
A series of filtering criteria were applied to the 9899 DMRs

from the 19 original genotypes in order to identify a robust set of
common and rare variants (Figure 1A; see Methods for details).
The 1966 common variants include DMRs that have high/low
levels of DNA methylation in at least three of the 51 genotypes
surveyed (example in Figure 1B). The 1754 rare variants only
exhibit altered DNA methylation levels in one or two of the
genotypes (example in Figures 1C and 1D). The common and
rare DMR variants are distributed throughout the maize genome
with no obvious positional enrichments (Figure 1E). Most (2922 /
3720) of the DMRs are located in low-copy intergenic regions,
and only 21% of the DMRs overlap with an annotated gene.
Hierarchical clustering of both rare and common DMRs revealed
that most genotypes have similar frequencies of DMRs (Figure
2A; see Supplemental Figure 2 online). There were not any
particular genotypes that exhibited unique DNA methylation
profiles relative to other genotypes. The relationships between
genotypes based upon varying DNA methylation levels is gen-
erally similar to relationships of these genotypes observed from
SNP data (Chia et al., 2012). The clustering of the rare genotypes
revealed more examples of rare hypomethylation than rare hy-
permethylation (Figure 2A). Further analysis provided evidence
for a significant (P < 0.001) enrichment for hypomethylation
being more common for rare DMRs (see Supplemental Figure
2B online). This suggests that it is more common for methylated
regions to lose DNA methylation in a small number of genotypes
than for generally unmethylated regions to gain methylation in
a small number of genotypes.

DNA Methylation Differences between Maize and Teosinte

Domestication may have resulted in altered DNA methylation
profiles in maize. In order to assess the potential influence of
domestication upon DNA methylation, average methylation
levels in all maize genotypes (excluding landraces) were com-
pared with the average levels in teosinte. There were 172 maize-
teosinte DMRs that met the filtering criteria (see Supplemental
Methods 1 and Supplemental Data Set 2 online). The clustering
of all genotypes based on DNA methylation levels in these re-
gions clearly separate maize and teosinte genotypes (Figure 2B).
The 172 maize-teosinte DMRs are biased toward more exam-
ples of higher methylation levels in teosinte (81%) than in maize
(19%; Figure 2C). Many (87%) of the maize-teosinte DMRs were
not identified as either common or rare DMRs in the 19 repli-
cated maize genotypes (Figure 2D). However, many of the
maize-teosinte DMRs still have examples of both high and low
DNA methylation levels within both maize and teosinte (Figure
2B). Seventeen (10%) of the maize-teosinte DMRs are found in
genomic regions that were recently identified as candidates for
selective sweeps during domestication (Hufford et al., 2012).
This suggests that many maize-teosinte DMRs are not simply
the result of selection on linked genetic variants during do-
mestication. Seven maize-teosinte DMRs are located within 5 kb
of genes that are differentially expressed between maize and
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Figure 1. Identification of DMRs across Diverse Maize Lines.

(A) An outline of the methods to identify DMRs. DMR discovery was performed by contrasting replicated measurements of 19 NAM parental lines
(McMullen et al., 2009) with B73. The methylation levels for these 9899 regions were also determined for a single replicate of 31 additional genotypes
from the HapMap2 panel (Chia et al., 2012). A series of filtering criteria were applied to identify robust common (three or more genotypes with both high
and low methylation) or rare (only one or two genotypes with alternate methylation state) DMRs.
(B) to (D) Examples of common (B), rare methylated (C), and rare unmethylated (D) DMRs are visualized in all 51 genotypes. In each case, the
genotypes are grouped according to DNA methylation state. The red (high) and blue (low) indicate variable methylation with the DMR and probes with
black coloring are outside of the DMR. The genes and repetitive elements annotated in each region are shown at the bottom.
(E) A genome-wide view of DMRs in relationship to other genomic features. Circos (Krzywinski et al., 2009) was used to show (outside to inside tracks)
rare DMRs (purple ticks), common DMRs (brown ticks), gene density in 1-Mb windows based on annotation from Schnable et al. (2009) (green is high),
repeat density in 1-Mb windows based on annotated from Schnable et al. (2009) (orange is high), and recombination rate as centimorgans/Mb from Liu
et al. (2009) (black is high).



teosinte (Swanson-Wagner et al., 2012). In each of these seven
cases, higher expression is associated with lower DNA meth-
ylation levels. The comparison of DNA methylation levels in
maize and teosinte reveals examples of differential methylation,
and these may have been selected on during domestication.
Further studies will be necessary to assess whether these DMRs
are the result of selection during domestication.

DMRs Frequently Result from CG and CHG Methylation

MethylC-Seq (Lister et al., 2008) was performed on independently
grown samples of B73 and Mo17 in order to validate the DNA
methylation differences observed by array-based profiling and to
characterize the sequence context of DNA methylation at DMRs
(see Supplemental Data Set 1 online). There were 248 DMRs with
differences between B73 and Mo17 methylation levels based on
meDIP array estimates that were present in the common or rare
set of DMRs and had at least 80% of their length covered by
reads in both the B73 and Mo17 MethylC-Seq data. The majority
(91%) of these B73-Mo17 DMRs had substantial (>50%) differ-
ence in the level of CG and/or CHG methylation within the DMR
(Figure 3). Similar proportions of common (92%) and rare (89%)
DMRs were confirmed by the bisulfite sequencing data. Most

(84%) of the DMRs that were validated by bisulfite sequencing
data had a substantial difference in DNA methylation in both the
CG and CHG contexts. A small proportion of DMRs only exhibit
differences in levels of either CG (9%) or CHG (7%) DNA
methylation. None of the DMRs exhibit substantial variation in CHH
DNA methylation (see Supplemental Figure 3 online) and they
generally had very low (<10%) CHH methylation (see Supplemental
Data Set 1 online).

DNA Methylation Variation Is Frequently Associated with
Local Genetic Variation

Although DNA methylation is often considered an epigenetic
mark, there is evidence that it can be highly influenced by
genetic changes, such as transposon insertions (Law and
Jacobsen, 2010; Hollister et al., 2011; Eichten et al., 2012). A local
association scan was implemented to determine what pro-
portion of DMRs might be associated with local genetic variation
and represent information content that was already captured by
SNP-based analyses. We did not attempt a genome-wide as-
sociation scan due to the limited number of genotypes (51) that
were sampled. All 51 genotypes with DNA methylation data have
been resequenced and used to identify a set of 56 million SNPs
(Chia et al., 2012). For each of the common DMRs, the SNPs

Figure 2. Hierarchical Clustering of DMRs in All Genotypes.

(A) The DMR state (yellow, hypomethylated; black, hypermethylated) was used to perform hierarchical clustering for the rare DMRs. There is not strong
evidence for single genotypes exhibiting unique DNA methylation profiles relative to other genotypes for common or rare DMRs. The results illustrate
the enrichment for the rare state to reflect hypomethylation in a few genotypes as opposed to hypermethylation in a few genotypes. The rare state can
be observed in any of the genotypes.
(B) Hierarchical clustering of 172 maize and teosinte-specific DMRs across all maize, landrace, and teosinte samples studied. Clear separation of maize
and teosinte lines is visible (coloring on bottom). Landrace samples often appear to have variable methylation state for maize and teosinte-specific
DMRs (center cluster).
(C) Significant enrichment for hypomethylation in rare DMRs.
(D) The overlap between maize-teosinte DMRs and the DMRs discovered among the 19 NAM parents is shown.
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overlapping and within 1 kb of the DMR boundaries were used
to perform an association analysis relative to the DNA methyl-
ation level in each genotype. Per-SNP significance was
estimated using permutation to associate the same DNA
methylation phenotype with random genomic regions, and the
per-DMR significance was determined by comparing the fre-
quency of significant SNPs in the DMRs compared with ran-
domly selected genomic regions (Figures 4A and 4B; see
Methods). This analysis was applied only to the common DMRs
as the rare DMRs did not have statistical power for associating
rare phenotypic variation in DNA methylation with SNPs. A
substantial proportion (1003/1966) of the common DMRs was
significantly associated with local SNPs (Figure 4C; see
Supplemental Data Set 1 online). In some cases, the highly as-
sociated SNPs were located within the DMRs but SNPs were
often outside the DMR itself (see Supplemental Figure 4 online).
The remaining 963 common DMRs did not exhibit significant
associations between the DNA methylation level and local
SNPs. There are several potential reasons for lack of association
including a lack of SNPs in LD with local causative genetic
changes, potential trans-acting factors that influence DNA
methylation level, or purely epigenetic influences on DNA
methylation.

The significant associations of local SNPs with DNA methyl-
ation level for over half of the common DMRs suggests that the
DNA methylation levels can be predicted based upon SNPs for
these regions. The ability to accurately predict DNA methylation
level based upon the associated SNPs was tested by de-
termining DNA methylation levels in 12 additional genotypes
(see Supplemental Table 1 online) that had SNP calls (Chia et al.,

2012). These genotypes were hybridized to a separate micro-
array format that only contained probes to survey DMRs
(methods). There were 535 DMRs assessed by this microarray
platform that exhibit allelic variation for the most significantly
associated SNP (see Supplemental Figure 5 online). In many
cases, only one (205) or two (111) of the 12 inbreds contained
a different SNP allele relative to the other inbreds (see
Supplemental Figure 5B online). The remaining 219 DMRs had
at least three inbreds that contain each of the genotypes at the
most associated SNP. The genotype and methylation state were
compared for each DMR (Figure 4D). For the majority (77%) of
the DMRs, the average DNA methylation state is accurately
predicted by the SNP genotype in the 12 genotypes (Figure 4D;
see Supplemental Figure 5C online). These results indicate that
DNA methylation patterns at DMRs associated to genetic vari-
ation can be predicted solely on genotype data at a high rate.
While there were a number of common DMRs that exhibit

associations with SNPs, it is not likely that SNPs themselves are
causative for differential DNA methylation. Instead, SNPs are
more likely in LD with nearby transposon insertions or structural
variation that impact local DNA methylation profile. A subset of
retrotransposable elements have been identified in maize that
display a spreading of DNA methylation beyond the borders of
the element into the low-copy sequence adjacent to the in-
sertions (Eichten et al., 2012). This phenomenon may contribute
to DNA methylation variation if the specific insertion is poly-
morphic among genotypes. To investigate the relationship be-
tween transposable elements and our identified DMRs, each
DMR was mapped relative to its nearest transposon (Figure 4E).
Each of the common or rare DMRs, as well as nearly 10,000

Figure 3. Validation of Differential Methylation Levels by MethylC-Seq Data on an Independent Sample of B73 and Mo17.

(A) to (C) Examples of DMRs that exhibit differences in CG and CHG (A), CHG only (B), or CG only (C). Weighted DNA methylation levels (Schultz et al.,
2012) were calculated for cytosines in CG, CHG, and CHH contexts and summarized for the DMR. The CG methylation levels are shown in different
shades of purple, and CHG methylation levels are shown in different shades of green for B73 and Mo17. The meDIP array methylation estimates are
shown for both B73 and Mo17 with high methylation indicated by red and low methylation indicated by blue. The annotation of genes and repetitive
sequences for each region is shown at the bottom.
(D) For the 248 DMRs that exhibit significant meDIP array variation and have at least 80% coverage of MethylC-Seq reads in both B73 and Mo17, the
relative levels of CG (y axis) and CHG (x axis) methylation are shown. The color coding of each DMR indicates the meDIP array difference in DNA
methylation levels between B73 and Mo17 (yellow, higher in B73; black, higher in Mo17). The majority of DMRs show substantial differences in both CG
and CHG methylation in the direction predicted by the meDIP array data. A small number of the DMRs only exhibit differences in CG or CHG methylation
or do not show any difference in methylation levels in this independent sample of B73 and Mo17.
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randomly selected control regions, were classified according to
the presence and type of transposable element within 500 bp
(Figure 4E). The common and rare DMRs are both more likely to
be located near a spreading element relative to control regions
(Figure 4E) and are less likely to be in a region in which there is
no transposon within 500 bp.

The proximity to transposons was tested based on transpos-
able element annotation of the B73 reference genome. However,
it is likely that some of these insertions are polymorphic among
the genotypes in this study. We hypothesized that DMRs found
near spreading retrotransposable elements, which where anno-
tated in the B73 reference background, should display a high

level of methylation in the B73 sample. To test this, the B73 CG
methylation level (from MethylC-Seq) across both common and
rare DMRs was determined (Figure 4F). As expected, B73 has
higher levels of DNA methylation for both common and rare
DMRs that are near transposons compared with DMRs not lo-
cated near transposons (Figure 4F). This increase is most pro-
nounced when looking specifically at the spreading elements.
These observations support the potential for obligatory epialleles
to result from polymorphic transposon insertions.
A transposon insertion may be in LD with local SNPs and

therefore may be captured by our local association tests. The
proportion of the common DMRs associated with local SNPs

Figure 4. Many Common DMRs Are Associated with Local Genetic Variation.

(A) An example DMR displaying significant association to local SNPs. Vertical lines indicate DMR boundaries. Horizontal line (red) indicates 1% quantile
P value cutoff based on permutation analysis of other SNPs with the methylation variation for this region. SNPs above this line display significant
association to DMR methylation state.
(B) Example DMR displaying no significance for local SNPs with methylation state.
(C) The proportion of DMRs with and without significant association with local SNPs.
(D) Example relative methylation values [log2(IP/input)] for additional genotypes. Color indicates the predicted high methylation and low methylation
allele based on their genotype calls.
(E) Enrichment for heterochromatin spreading transposable elements near both common and rare DMRs. Common and rare DMRs were mapped to
nearby repetitive elements within 500 bp and classified as having no annotated repeat, nonspreading elements, or heterochromatin spreading elements
(based on genome-wide B73 reference genome annotations from Schnable et al. [2009] and spreading assignments from Eichten et al. [2012]). The
DMRs were compared with a set of 10,000 control regions selected to reproduce features of our experimental DMRs. The common and rare DMRs are
enriched for having spreading transposable elements within 500 bp compared with the control regions. For each of the three groups, the proportion of
common DMRs associated to local SNPs is presented (white text in purple bars).
(F) For each of the three repeat classes in Figure 3E, the proportion of high (>80%) and low (<20%) CG methylation in B73 is presented for both
common and rare DMRs. The total number of DMRs in each class is presented below each chart. An increase in methylation level in B73 is observed for
DMRs near spreading elements.
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was determined for the DMRs with no element, spreading ele-
ments, or nonspreading elements within 500 bp. Only 37% of
the common DMRs that do not have transposon insertions
within 500 bp are significantly associated with local SNPs. By
contrast, 55% of the DMRs located near nonspreading and 52%

of DMRs located near spreading elements have significant as-
sociations with local SNPs. Collectively, analysis of DMRs rel-
ative to nearby SNPs suggest that some DMRs are associated
with genetic changes and that many of these may be the result
of transposon insertions that influence the DNA methylation
patterns of nearby low-copy sequences.

Heritability of DMRs in RILs

DNA methylation profiling was performed in a biparental RIL
population derived from B73 and Mo17 (Lee et al., 2002) to
study the heritability of DMRs and the potential for paramutation
or trans-acting influences on DNA methylation. A custom 12-
plex microarray that includes a subset of the probes from the full
array was used to profile DNA methylation in 17 RILs (see
Supplemental Table 1 online) as well as independently grown
replicates of B73 and Mo17. There were 401 DMRs that were
discovered in the whole-genome profiling and also displayed
significant (P < 0.05) differences in their methylation state in the
profiling of these independently grown replicates. The estimated
DNA methylation levels of these DMRs were analyzed relative to
the genotype of the chromosomal region containing the DMR in
each RIL. DMRs that are heritable and influenced by cis-acting
genetic or epigenetic change are expected to have DNA meth-
ylation levels that are associated with the genotype (Li et al.,
2013) of the region surrounding the DMR (Figure 5A, cis; see
Supplemental Figure 6 online). If there is some instability in the
inheritance of locally controlled DNA methylation, then it is
possible that the methylation pattern in RILs will appear mostly
associated with local genotype but some switches in epi-
genotype relative to genotype might be observed (Figure 5A,
unstable cis). Trans-acting regulation of DNA methylation will
result in two discrete levels of DNA methylation that are not
correlated with local genotype but instead are correlated with
the genotype of a locus elsewhere in the genome (Figure 5A,
trans). Paramutation-like processes would be expected to result
in all RILs exhibiting DNA methylation states that are similar to
the levels observed in one parent (Figure 5A, para). The majority
(79.6%) of DMRs assayed in the RILs exhibit local (cis) control of
DNA methylation with 244 showing a complete association with
local genotype and 75 showing some instability of the in-
heritance of DNA methylation (Figure 5A). There are relatively
few examples of trans-acting control (24) or paramutation (5)
among these 401 DMRs (Figure 5A). The remaining 53 DMRs
exhibit complex patterns that resemble quantitative variation in
DNA methylation levels that may be the result of multilocus
control of DNA methylation. Alternatively, the DMRs classified as
“complex” could be the result of hypervariability for DNA
methylation levels in this region or the result of technical varia-
tion in the estimates of DNA methylation.
The DMR patterns in RILs were compared with the results

from the local association scan for these 401 DMRs (Figure 5B).
The 401 DMRs surveyed in RILs included 201 common DMRs
with significant associations with local SNPs, 101 common
DMRs without significant local association, and 99 rare DMRs
(which were not tested for association). The common DMRs that
exhibit significant association with local SNPs would be ex-
pected to show cis-acting inheritance of DNA methylation levels

Figure 5. DMRs Appear Heritable across Diverse and Recombinant In-
bred Lines.

(A) Examples of five classes of DMR stability across 17 B73-Mo17 RILs
are shown. These are divided into locally inherited “cis” patterns, locally
inherited “unstable cis” patterns with occasionally methylation state shift,
remote “trans” inheritance of methylation state by nonlocal region of the
genome, DMRs displaying paramutation-like states in which all lines
regardless of local genetic content appear like one parent, and complex
DMRs that display methylation state instability or multi-region control.
The total number of DMRs for each category is displayed below.
(B) The proportion of each RIL inheritance class is presented based on
DMR association class. Few changes in inheritance states were ob-
served due to DMR class (common associated, common nonassociated,
and rare).
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if they are indeed under local genetic control. They also might be
expected to be relatively stable as they were significantly as-
sociated with local SNPs in populations of diverse lines. Com-
mon DMRs without significant local SNP associations might be
expected to include more examples of trans- or complex genetic
control. Indeed, common DMRs that are significantly associated
with nearby SNPs are enriched for cis-acting patterns in the RILs
and have few examples of paramutation-like patterns or trans-
acting control (Figure 5B). The DMRs that lacked significant
associations had more examples of paramutation-like or trans-
acting patterns of inheritance. However, DMRs that lack local
SNP associations still include a large number of loci with rela-
tively stable cis-acting inheritance. This may be due to assayed
SNPs not in LD with causative genetic changes or that these are
purely epigenetic variants. The rare DMRs exhibit frequencies of
the different types of inheritance patterns in RILs that are similar
to those observed for common DMRs (Figure 5B). These ob-
servations indicate the value of a biparental RIL population for
studying the inheritance patterns of DMRs as the increased al-
lele frequency for DMRs/SNPs provides an opportunity to study
inheritance patterns for all DMRs.

Functional Consequences of DMRs

DNA methylation can impact gene expression and may lead to
a change in phenotype. To investigate the functional con-
sequences of DNA methylation variation, genes located adjacent
to DMRs (the closest gene in each direction from the DMR) were
identified (see Supplemental Data Set 3 online). The location of
DMRs relative to genes was analyzed to assess whether DMRs
are enriched near genes (see Supplemental Figure 7A online).
Both common and rare DMRs are more likely to be located near

(within 5 kb) genes than expected by chance, but DMRs are not
often found overlapping the coding regions (see Supplemental
Figure 7 online). DMRs were equally likely to be located 59 or 39 of
the gene, reflecting the potential for low-copy sequences near
genes to have variablemethylation. Sequences that are located far
away from genes tend to have uniformly high methylation, while
sequenceswithin genes have lowmethylationor have intermediate
levels of DNA methylation that are not detectable by meDIP.
Comparing the 2375 genes that are located within 10 kb of a DMR
to all maize genes suggests that DMRs occur at equal frequency
in both subgenomes of maize (the products of the recent whole-
genome duplication event) and are not enriched for inserted or
syntenicgenes (seeSupplemental Figures7Band7Conline; based
on annotations from Schnable et al., 2012). In addition, the DMRs
occur at similar frequency in the high-recombination, gene-rich
arms of chromosomes and in the central, gene-poor low re-
combination portions of chromosomes (see Supplemental
Figure 7D online).
The DMRs may influence phenotypic variation by affecting

expression of nearby genes. In order to determine possible
consequences of variable methylation state, RNA-seq was
performed on the same tissue samples that were used for DNA
methylation profiling (see Supplemental Table 1 online). The
transcript abundance for the gene nearest each DMR was
compared with the DNA methylation level for all genotypes. The
analysis of the 1966 common DMRs identified 277 genes with
expression significantly correlated to DNA methylation levels
(both rank-sum and Kendall’s tau q < 0.05) (example shown in
Figure 6A). For the 1754 rare DMRs, 111 significant correlations
of transcript abundance and nearby DMR (significance calcu-
lated by z-score and Kendall’s tau; example shown Figure 6B).
The use of different statistical tests allowed for the identification

Figure 6. DMRs Associated with Gene Expression State.

(A) and (B) Examples of common (A) and rare (B) DMRs showing correlation to nearby gene (within 5 kb) expression state. The y axis displays log (reads
per kilobase per million reads) values for the individual gene across 50 genotypes compared with array relative methylation value across 50 genotypes.
(C) DMR-gene associations were grouped by the location of the DMR relative to the associated gene. DMRs were classified as being upstream (>5 kb or
between 0 and 5 kb of a gene transcription start site), 59 overlapping (DMR overlaps gene transcription start site), within (DMR falls completely within the
borders of a gene), 39 overlapping (DMR overlaps end of annotated gene), or downstream (0 to 5 kb or >5 kb from gene end). The position of DMRs in
relationship to their associated gene is displayed for both positive (gray) and negative (black) correlations. An enrichment for negative methylation
expression correlations for DMRs overlapping the 59 end of genes is present.
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of either qualitative or quantitative associations of expression
and DNA methylation in both the common and rare DMRs. As
expected, there was enrichment for significant negative (as
opposed to positive) associations of DNA methylation with gene
expression for both common (70%) and rare (73%) DMRs
(Figure 6C). DNA methylation appears to be correlated with on/
off states in gene expression for 26% of the DMRs that are
negatively associated with DNA methylation levels (exemplified
in Figure 6B). In other cases, the DNA methylation state is as-
sociated with quantitative differences in gene expression (Figure
6A). The DMRs for which methylation level is negatively corre-
lated with gene expression are more likely to be located near or
overlapping gene boundaries (Figure 6C) as opposed to DMRs
that are located >5 kb from genes. In particular, the DMRs that
overlap the transcription start site are most enriched for signif-
icant negative correlations with gene expression levels. The
genes that have a negative association between gene expres-
sion levels and DNA methylation state are slightly depleted for
syntenic genes and show some enrichment for inserted se-
quences or genes without homologs in other grass species (see
Supplemental Figure 7C online). However, over 45% of the
genes that have expression variation associated with nearby
DMRs are conserved in other grasses and located in syntenic
positions, which would suggest that at least a portion of the
genes associated with variable DNA methylation and expression
are not simply misannotated transposons.

DISCUSSION

Characterization of DMRs in Diverse Maize Lines

The profiling of DNA methylation in 51 diverse maize inbred lines
identified 1966 common DMRs and 1754 rare DMRs. There are
likely additional DMRs that did not meet our filtering criteria,
were only present in one of the 30 lines not used for the DMR
discovery, or that are present in regions of the genome not
targeted by the microarray platform. However, the number of
DMRs found among these maize genotypes are similar to the
numbers identified in recent studies of Arabidopsis (Schmitz
et al., 2013b) and rice (Chodavarapu et al., 2012). In Arabidopsis,
it was noted that hypermethylation is the rare state for most
DMRs that are within genes while for DMRs in transposons
hypomethylation is the rare state (Schmitz et al., 2013b). In our
sample of maize genotypes, hypomethylation is the rare state for
most DMRs (see Supplemental Figure 2 online). Our profiling of
maize focused on low-copy regions of the genome and there-
fore did not test most transposons. The majority (79%) of the
maize DMRs identified in this study is located in intergenic re-
gions and is often located near transposons, while the other
21% of the DMRs at least partially overlap an annotated gene.
The DNA methylation levels for DMRs were highly consistent in
different samples of the same genotypes. All three biological
replicates of a genotype that were profiled for the 20 NAM
parents exhibit very similar methylation profiles. In addition, the
bisulfite sequencing of an independent replicate of B73 and
Mo17 (seeds from a different plant) confirmed the majority of
DMRs. It is worth noting that while many DMRs were identified
in this study, the majority of the maize genome exhibits DNA

methylation levels that are quite similar and reproducible even in
diverse genotypes; in other words, the majority of methylated
regions appear to be conserved within maize.
In Arabidopsis (Schmitz et al., 2013b) and rice (Chodavarapu

et al., 2012), DMRs were classified based on the sequence
context of DNA methylation (CG, CHG, or CHH). The DMRs that
only exhibit differences in CG DNA methylation in Arabidopsis
often occurred in genes, showed high levels of variation, and
rarely were associated with low levels of gene expression
(Vaughn et al., 2007, Schmitz et al., 2013b). By contrast, DMRs
associated with methylation in contexts beyond just CG (termed
C-DMRs) were more stable and were often associated with lower
levels of expression. The protocol that we used for profiling
should have the potential to discover either CG or C-DMRs.
However, the bisulfite sequence analysis of B73 and Mo17 (Figure
3) reveals that the majority of maize DMRs exhibit both CG and
CHG differences. Previous studies (Gent et al., 2013) found rela-
tively few sites with high levels of CHH methylation in maize.
Recent studies in Arabidopsis suggest two independent path-
ways for de novo methylation (Zemach et al., 2013), but maize
appears to lack orthologs of the CMT2 gene that is implicated in
the sRNA-independent CHH methylation pathway. There were
few examples of CG- or CHG-specific differences in DNA
methylation. It is worth noting that some types of DMRs that
might exist in maize are not likely to be detected with the
assay we employed. For example, the partial differences in
DNA methylation (i.e., 20% versus 60% DNA methylation)
often found at CG-DMRs are likely not strong enough to be
detected by our approach. In addition, CHH-specific DMRs
that have DNA methylation in all three contexts (CG, CHG,
and CHH) in one genotype but lose CHH methylation due to
loss of active targeting of de novo methylation in the other
genotype likely would not be detected as both alleles would
still have substantial DNA methylation. It is likely that deep
bisulfite sequencing coverage may allow differences in CHH
methylation among maize genotypes to be properly identified.
The most likely mechanism for differential DNA methylation

levels to alter phenotype is via effects on gene expression. The
general view is that DNA methylation within gene promoters or
regulatory elements can result in repression of gene expression.
However, there is evidence that gene body methylation is as-
sociated with moderately expressed genes (Zilberman et al.,
2007; Law and Jacobsen, 2010). We found that DMRs were
associated with variable gene expression in matched seedling
tissue for 11.5% of the common DMRs and 6.3% of the rare
DMRs. The majority (70%) of associated genes exhibit expres-
sion levels that are negatively associated with the DNA meth-
ylation levels, suggesting that a portion of gene expression
variation among maize genotypes is attributable to differences in
DNA methylation. It is possible that the expression of additional
genes is affected by variable DNA methylation and might be
detected by analysis of gene expression in other tissues.

Potential Causes of DNA Methylation

DNA methylation is often considered to be an epigenetic mark,
and there is certainly evidence that DNA methylation can be
a major contributor to epigenetic regulation at some loci (Cubas
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et al., 1999; Manning et al., 2006; Jacobsen and Meyerowitz,
1997). However, there is also strong evidence that certain ge-
netic features can lead to DNA methylation. We are interested
in understanding the causes of variable DNA methylation in
maize in order to understand how to capture this information in
breeding programs. Richards (2006) classified three major types
of epialleles based on the interaction of genetic and epigenetic
influences. We propose further nuances to these classifications
and define six potential subtypes of DMRs: epigenetic-stable,
epigenetic-unstable, paramutation, genetic-local, genetic-remote,
and genetic-polygenic (Figure 7).

The first two types of DMRs are both classified as purely
epigenetic and are distinguished based on whether they are
highly stable (epigenetic-stable) or include some instability
(epigenetic-unstable). Paramutation would define another type
of epigenetic DMR in which one allele could influence the
methylation state of the other when present together in a het-
erozygote (Erhard and Hollick, 2011). This type of DNA methyl-
ation pattern is likely a subtype of one of the other classes but is
expected to show unique behavior in populations and is there-
fore separately classified. The remaining three groups are clas-
sified as genetic as they are all affected by the genetic content of
the individual. Genetic-local DMRs are influenced by cis-acting
genetic changes, such as structural rearrangements or trans-
poson insertions, and could result in stochastic DNA methyla-
tion variation in the presence of the genetic change or could
show complete agreement between DNA methylation and
genetic state. Genetic-remote DMRs exhibit changes in DNA
methylation that are influenced by a trans-acting region of the
genome. It is most likely that this trans-acting signal is based on
small RNAs that are generated by related sequences elsewhere
in the genome, such as in the well characterized example of PAI
silencing (Bender and Fink, 1995). The third type of genetically

influenced DMR has polygenic influences on the DNA methyl-
ation state. This could be due to influences from multiple trans-
acting sites or a combination of a cis-acting and trans-acting
feature. It is useful to separate these potential types of DMRs in
order to address which types are most prevalent and to consider
how to most efficiently capture this methylation variation when
predicting phenotype in large populations.
We evaluated the heritability of DNA methylation variation

both in an association panel of 51 genotypes as well as in 17
RILs from a biparental population. A major goal was to identify
the proportion of DMRs that are associated to the local ge-
netic content (i.e., SNPs). In order to detect a significant as-
sociation in the panel of 51 genotypes, it would be necessary
to have relatively stable inheritance of DNA methylation levels
and to have a SNP in LD with either the causative genetic
change or the altered DNA methylation level. The finding that
approximately half of the common DMRs had significant as-
sociations with local SNPs (Figure 4) suggests either stable
epigenetic DMRs or genetic-local DMRs are relatively com-
mon. The analysis of DNA methylation levels in the RILs
provides further support for these two classes. The genetic-
remote and paramutation types of DMR patterns are expected
to have unique patterns in the RILs compared with genetic-
local or epigenetic DMRs. However, there were few examples
of DMRs that exhibit patterns that would reflect paramutation
or simple trans-acting control (Figure 5). There is evidence for
paramutation-like patterns or trans-chromosomal DNA meth-
ylation in rice (Chodavarapu et al., 2012) and Arabidopsis
(Greaves et al., 2012), but these seem to be rare. A recent
study in maize found that as many of 10% of DMRs had
switches in DNA methylation state and suggested that many
of these may be the result of paramutation (Regulski et al.,
2013), although some of these may also be the result of

Figure 7. Diagram of Potential Causes of DNA Methylation.

DNA methylation variation may act as either an epigenetic mark independent from genetic variation (left) or as a heterochromatin mark linked to genetic
variation (right). Epigenetic-stable variation acts independently of genetic context and is stable through generations. Epigenetic-unstable acts in
a similar fashion; however, the instability of methylation states allows for reversion of methylation state at some frequency. Paramutation acts through
a unique mechanism due to the activity of differently methylated alleles in the same nucleus of a hybrid. DNA methylation linked to genetic variation can
be separated into three distinct categories. Genetic-local is where DNA methylation may be either controlled or facilitated by a local genetic variation
such as a transposon insertion. Genetic-remote is where a genetic variant in trans acts to change the methylation state at the observed loci. The final
class, genetic-polygenic, involves the actions of both local and trans-acting factors to initiate a DNA methylation change at the observed loci. This
mechanism is expected to be complex in nature, requiring the knowledge of all controlling site genotypes in order to predict DNA methylation state.
[See online article for color version of this figure.]
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trans-control of DNA methylation. Our somewhat more restrictive
classification of paramutation finds fewer examples of para-
mutation. Of the five DMRs identified in this study showing
a paramutation inheritance pattern, all display differences in
the CG and CHG contexts but not in CHH methylation levels.
Many of the examples that we classified as “trans” or “com-
plex” may have been classified as “paramutation-like” in
Regulski et al. (2013). In both studies, the term “paramutation”
is used to describe a certain type of pattern, but we have not
actually tested for specific allelic interactions or compared
other properties that would be necessary for actual evidence
of true paramutation. A common theme to emerge from
analysis of DNA methylation inheritance in maize (Regulski
et al., 2013; this study) and soybean (Schmitz et al., 2013a)
RILs is that the majority of DNA methylation variation in two
parents is faithfully inherited in offspring. A small portion of
the DNA methylation variation is not under stable, local control
and may exhibit other patterns indicative of remote control or
paramutation-like processes.

The finding that some RILs have altered DNA methylation
levels relative to their genotype (unstable cis) suggests some
stochastic behavior for DNA methylation levels relative to ge-
notype and may highlight the potential for either epigenetic-
unstable behavior or the genetic local influences that result in
a stochastic change. It is important to note that highly unstable
behavior for a DMR may result in patterns that we have classi-
fied as “complex” or even “trans” and understanding the in-
stability of inheritance for DNA methylation levels is quite
important. Schmitz et al. (2013b) performed a genome-wide
association study to map the factors that influence DNA meth-
ylation for DMRs in Arabidopsis. They found evidence for local
effects on some DMRs and found that a number of these had
nearby insertion/deletions. However, they also found a number
of cases with complex control by more than one genomic re-
gion. Examples of DMRs that are influenced by multiple genomic
regions may be reflected by the DMRs that exhibit “complex”
patterns in the RILs.

In contrast with both Arabidopsis and rice, the maize genome
has a much higher number of transposable elements and many
maize genes are located near transposons (Schnable et al.,
2009). It has been hypothesized that a significant function of
epigenetic regulation is the control of transposons (Hollister
et al., 2011). Studies in maize have found that some retro-
transposons exhibit spreading of heterochromatin to neighbor-
ing sequences, while other retrotransposon are marked by DNA
methylation that does not spread beyond their borders (Eichten
et al., 2012). We found that DMRs are more likely to be located
near retrotransposons that exhibit spreading of heterochromatin
than is expected by chance (Figure 4D). This suggests that
a number of the DMRs are influenced by local variation for the
presence of these elements. As these retrotransposons have
been annotated only in the B73 reference genome, it is possible
that many DMRs that do not appear near an annotated retro-
transposon may have retrotransposon insertions across in other
genotypes. It is unclear whether the insertion of one of these
spreading retrotransposons results in an obligatory change in
DNA methylation levels or simply facilitates the potential to ac-
quire higher levels of DNA methylation.

For crop improvement, a major question is how to fully capture
the heritable information in populations in order to improve pre-
dictions of phenotypes. It is relatively inexpensive to collect dense
SNP genotypes, but collecting data on DNA methylation profiles
is currently more expensive and complex. Therefore, there is in-
terest in understanding what proportion of DNA methylation
variation might be captured by genotype information. Our results
suggest that a substantial portion of the DMRs might be sig-
nificantly associated with local SNPs. Our results also suggest
that we could improve our ability to predict DNA methylation
state if genotyping information provided the ability to survey the
presence-absence of specific transposon insertions throughout
the genome. The potential for certain retrotransposons to spread
heterochromatin to flanking sequences suggests that being able
to identify the genomic positions of these elements might improve
our predictions of DNA methylation variation at low-copy se-
quences among individuals.

METHODS

Biological Materials

Three replications of the 20 NAM parental genotypes and single replicates
of the additional 31 maize (Zea mays) and teosinte HapMap2 genotypes
(see Supplemental Table 1 online) were grown in a randomized block
design with a single replicate in each block. Similar experimental designs
were used for the growth of 17 IBM RILs (Lee et al., 2002) and for 12
additional HapMap2 genotypes that were grown to assess heritability of
DMRs (Supplemental Table 1 online). For each replication, four seedlings
of each line were grown in a single pot that was randomly assigned to
a location within the block. Seedlings were grown under controlled
conditions with 15 h light:9 h dark at the University of Minnesota Agri-
cultural Research station, Saint Paul, MN. Seedlings were watered daily.
After 18 d of growth, the 3rd leaf (L3) of each plant was harvested and
pooled with other plants from the same pot/replication or harvested in-
dependently and immediately frozen in liquid nitrogen. DNAs were iso-
lated using the CTAB method (Doyle 1987) from frozen leaf tissue as
described by Eichten et al. (2011). RNAs were isolated using Trizol (In-
vitrogen) per the manufacturer’s protocol.

meDIP-Chip Epigenomic Profiling

Methods were adapted from Eichten et al. (2011). Briefly, methylated DNA
was immunoprecipitated with an anti-5-methylcytosine monoclonal an-
tibody from 400 ng sonicated DNA using theMethylated DNA IP Kit (Zymo
Research). To serve as a negative control, water was substituted for the
monoclonal antibody on B73 sonicated DNA. For each replication and
genotype, whole-genome amplification was conducted on 50 to 100 ng
immunoprecipitated DNA and 50 to 100 ng of sonicated DNA (input
control) using the Whole Genome Amplification kit (Sigma-Aldrich). For
each amplified immunoprecipitation input sample, 3 mg amplified DNA
was labeled using the Dual-Color Labeling Kit (Roche NimbleGen) ac-
cording to the array manufacturer’s protocol (Roche NimbleGen Meth-
ylation User Guide v7.0). Each immunoprecipitation sample was labeled
with Cy5, and each input/control sonicated DNA was labeled with Cy3.
Samples were hybridized to the custom 2.1 M, 1.4 M, or 270k probe
array, depending on sample set, for 16 to 72 h at 42°. Slides were
washed and scanned according to NimbleGen’s protocol for the
GenePix4000B (2.1 M platform) and NimbleGen MS200 (1.4 M and 270k
platform) scanner. Images were aligned and quantified using NimbleScan
software (Roche NimbleGen), which produced raw pair reports
containing fluorescence intensity readings for each probe on the array.
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For details on normalization and DMR discovery, see Supplemental
Methods1 online. The methods for the comparison of DMRs with other
genomic features, such as genes and repetitive elements, are available
in the supporting online text.

Bisulfite Sequencing and qPCR DMR Validation

Whole-genome bisulfite sequencing was performed adapting methods
from Schmitz et al. (2011). Briefly, 14-d-old whole-seedling genomic
DNA was isolated from B73 and Mo17 inbred lines planted independently
from samples used in meDIP analysis. Samples were fragmented, and
TruSeq-methylated adapters were ligated to DNA fragments. Five
hundred nanograms of adapter-ligated DNA underwent bisulfite con-
version using the MethylCode bisulfite conversion kit (Life Technolo-
gies) per the manufacturer’s protocol. Converted DNAwas split into four
reactions and amplified using Pfu Turbo Cx DNA polymerase (Agilent)
for four cycles and subsequently pooled. Libraries were sequenced on
the HiSequation 2000 (Illumina) for 100 cycles, paired end. Sequencing
reads were processed to identify and filter poor 39 quality and in-
complete conversion. Sequenced were aligned using the Bismark
aligner (v0.7.2; Krueger and Andrews, 2011) against the B73 RefGen v2
genome under the following parameters (-n 2, -l 50). Methylated cy-
tosines were extracted from aligned reads using the Bismark methyl-
ation extractor under standard parameters. The proportion of CG, CHG,
and CHH methylation was determined as weighted methylation levels
(Schultz et al., 2012) in 100-bp windows across the genome. The
methylation levels across DMRs were created by averaging methylation
levels from intersecting 100-bp windows using BEDTools (Quinlan and
Hall, 2010). qPCR validation of DMRs was adapted from Eichten et al.
(2011). Details on the 10 DMRs selected and methods are available in
the supporting online text (see Supplemental Table 2 and Supplemental
Figure 1 online).

DMR/SNP Association Analysis

In order to identify DMRs that display significant association to local genetic
variation, a custom-designed pipeline was developed. SNPs from the
maize HapMapv2 project (Chia et al., 2012) were extracted for all DMRs and
flanking 1 kb of genomic sequence. The 36 DMRswith no SNPs among the
51 genotypes were not tested, and SNPs present in less than three
genotypes were not tested. For each DMR and regional SNP pairing,
genotypes with ambiguous SNP calls were omitted and a two-tailed t test
was performed for each SNP call and methylation values [log2(IP/input)] for
the DMR region. Given the number of tests performed, it is important to
define a threshold of significance and control for false associations. A set of
100 regions of 1000 SNPs were randomly selected throughout the maize
genome and were used to test for random associations between these
control SNPs and the methylation values for each DMR. For each test of
control SNPs and genotype methylation states, a significance value was
determined. The threshold for significance was set at the 1% of all control
t test P values, and a DMRwas identified as putatively associatedwith local
genetic state if at least three SNPs in theDMR region displayed significance
based on the 1% cutoff. In order to further define a false discovery rate for
the classification of DMRs as a whole, the proportion of SNPs passing the
1% threshold for all 100 control regions was calculated. The rank for the
experimental DMR relative to all control regions was evaluated, and only
experimental DMRs in the top 5% of all regions were classified as asso-
ciated with local genetic state.

DMR Profiling in RILs and Additional HapMap2 Genotypes

DNA isolated from 17 IBM RILs and 12 additional HapMap2 genotypes
(see Supplemental Table 1 online) were hybridized to a custom 12-plex
microarray format (GPL17181) that contains 270,000 of the same probes

present in the array used above that detect DMRs and can be used to
differentiate B73 and Mo17 genotypes. meDIP, hybridization, and nor-
malization protocols were the same as described above. Prior high-
density genotypes for each RIL (Li et al., 2013) were used to impute the
genotype for each DMR in each genotype, and RIL genotypes were
validated with a subset of array probes selected to show differential
hybridization between B73 and Mo17 (Springer et al., 2009). The details
on the classification of inheritance patterns for DMRs in the RILs are
available in Supplemental Method s 1 online. For the analysis of meth-
ylation state of DMRs in the 12 additional HapMap2 genotypes, only
DMRs that contain allelic variation (Chia et al., 2012) for the SNPs as-
sociated with DMRs were assessed. Inbreds were separated into two
groups based on the genotype of the SNP. Average methylation levels
between those two groups were contrasted. If the same allele showed
association with high-methylation state as in the panel used to identify the
association, the association was called “confirmed” in the new panel;
otherwise, “not confirmed” was assigned.

RNA-Seq and Expression Analysis

RNA isolated from 50 genotype seedling L3 leaf samples used for meDIP
profiling was prepared for sequencing at the University of Minnesota
Genomics Center in accordance with the TruSeq library creation protocol
(Illumina). Samples were sequenced on the HiSequation 2000 developing
8 to 24 million reads per replicate. Raw reads were filtered to eliminate
poor-quality reads using CASAVA (Illumina). Transcript abundance was
calculated by mapping reads to the maize reference genome (AGPv2)
using TopHat (Trapnell et al., 2009) under standard parameters. Reads per
kilobase per million reads’ values were developed using “BAM to Counts”
across the exon space of the maize genome reference working gene set
(ZmB73_5a) within the iPlant Discovery Environment (www.iplantcollaborative.
org). Common and rare DMRs were profiled separately for significant
association to their nearest gene expression state. The significant DMR
gene pairs from the common data set were chosen based on the union
between rank sum (q < 0.05) and Kendall’s tau (q < 0.05) significance
tests corrected for multiple testing using Storey’s false discover rate
approach (Storey, 2002). The pairs from the rare data set were selected
based on the union between z-score (q < 0.05) and Kendall’s tau (q <
0.05) after false discover rate control.

Accession Numbers

All processed data files formatted for the Integrative Genomics Viewer are
available for download from http://genomics.tacc.utexas.edu/data/
dmr_genetic_influences/. The meDIP microarray pair files (platforms
GPL13499, GPL5621, and GPL17181) are deposited with the National
Center for Biotechnology Information (NCBI) Gene Expression Omnibus
under accession number GSE46949. RNA-seq reads are deposited with
the NCBI Short Read Archive under accession number SRP018088.
Whole-genome bisulfite reads are deposited with the NCBI Short Read
Archive under accession number SRP022569.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Validation of DMRs by Methylation-Sensitive
qPCR.

Supplemental Figure 2. Hierarchical Clustering of DMRs in All
Genotypes.

Supplemental Figure 3. MethylC-Seq Levels for CHH Methylation
across DMRs.

Supplemental Figure 4. Assessment of associated SNP position
relative to DMRs.
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Supplemental Figure 5. Prediction of Methylation State Based on
Genotype.

Supplemental Figure 6. IGV View of RIL Lines Displayed in Figure 5C.

Supplemental Figure 7. Analysis of Genes Located Near DMRs.

Supplemental Table 1. Summary of Lines and Data Collected for
Analysis.

Supplemental Table 2. Primers for qPCR Validation.

Supplemental Data Set 1. List of High-Confidence DMRs and Their
Association Test Results.

Supplemental Data Set 2. List of Maize and Teosinte-Specific DMRs.

Supplemental Data Set 3. DMRs Associated to Nearest Maize Gene.

Supplemental Methods 1. Normalization, Validation, and Analysis of
DMRs.
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