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DNAmethylation is a common feature of eukaryotic genomes and is
especially common in noncoding regions of plants. Protein coding
regions of plants are oftenmethylated also, but the extent, function,
and evolutionary consequences of gene body methylation remain
unclear. Herewe investigate genebodymethylationusing anexplicit
comparative evolutionary approach. We generated bisulfite se-
quencing data from two tissues of Brachypodium distachyon and
compared genic methylation patterns to those of rice (Oryza sativa
ssp. japonica). Gene body methylation was strongly conserved be-
tween orthologs of the two species and affected a biased subset of
long, slowly evolving genes. Because gene body methylation is con-
served over evolutionary time, it shapes important features of plant
genome evolution, such as the bimodality of G+C content among
grass genes. Our results superficially contradict previous observa-
tions of high cytosinemethylation polymorphismwithinArabidopsis
thaliana genes, but reanalyses of these data are consistent with
conservationofmethylationwithin gene regions. Overall, our results
indicate that the methylation level is a long-term property of indi-
vidual genes and therefore of evolutionary consequence.
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Cytosine methylation is a heritable modification of DNA that
is associated with additional epigenetic markers, including

histone modification (1) and nucleosome positioning (2). To-
gether these epigenetic modifications regulate transcription, pro-
viding aflexiblemechanism to adjust expressionduring development
and stress (3, 4). In plants, DNA methylation is especially pervasive
in intergenic regions, where it acts to limit transcription and pro-
liferation of transposable elements (TEs) (5). Cytosines within TEs
are typically methylated in three sequence contexts: CG, CHG, and
CHH, where H = A, C, or T.
Cytosines are also methylated within protein-coding regions

(i.e., between start and stop codons), but typically gene body
methylation (gbM) is limited to the CG context (6–8). The mo-
lecular mechanisms that produce gbM are not yet fully charac-
terized, but studies suggest it is under different mechanistic and
regulatory controls than TE methylation (9–11). As a result, TE
and gene body methylation demonstrate different evolutionary
distributions. Although TE methylation has been acquired in-
dependently in several evolutionary lineages, gbM is a basal
evolutionary feature of eukaryotes (12, 13). Nonetheless, gbM
may be evolutionary labile in plants, based on two observations.
First, it is wholly absent from a fern and a moss (12, 13), sug-
gesting that there is variation in the presence and extent of gbM.
Second, it is “highly polymorphic” (14) between accessions of
Arabidopsis thaliana (8, 15). These methylation polymorphisms
can accrue rapidly. For example, 60% of 2,485 differentially
methylated regions among A. thaliana mutation accumulation
(MA) lines are located within genes (16, 17).
The uncertain evolutionary dynamics of gbM are matched by

uncertainty in function. Because gbM tends to be associated with
genes of intermediate expression (18, 19), one hypothesis is that
gbM is a functionless byproduct of transcription (20, 21). Al-
ternative hypotheses include the ideas that gbM increases the
accuracy of splicing (22–24) or prevents aberrant transcription
within genes (19, 25). If gbM is indeed functional, one expects its

distribution to be nonrandom among genes. This expectation holds
in A. thaliana, where body-methylated genes are expressed at in-
termediate levels (18, 19), but are longer, evolve more slowly, and
are more apt to exhibit phenotypic effects when knocked out (26).
These observations are consistent with a gbM function related to
transcription efficiency or accuracy, but this conclusion is at odds
with the lability and polymorphism of gbM in plants.
If gbM does indeed play a crucial functional role, we postulate

that it should be constrained, and thus highly correlated, between
orthologs across species. However, there have been no detailed
comparisons of gbM patterns among orthologous genes, largely
because existing methylome data are too taxonomically distant.
To make such a comparison, we generated bisulfite sequencing
(BS-seq) data for Brachypodium distachyon from two tissues
(leaves and immature floral buds) to compare gbM patterns both
between B. distachyon tissues and between B distachyon and rice
(Oryza sativa ssp. japonica) (12). These two species represent
separate subfamilies of the economically important grass family
(Poaceae). They last shared a common ancestor 40–53 million
years ago (27) but are closely enough related to permit molecular
evolutionary comparisons.
With BS-seq data from B. distachyon, rice, and A. thaliana, we

address questions central to understanding the evolutionary dy-
namics of gene body methylation. Do methylated genes in the
grasses exhibit biases similar to those of A. thaliana? Is gbM con-
served between orthologs of highly diverged grass species? If so,
what might be the long-term evolutionary consequences of gbM
for these genes, and how might observations of long-term gbM
conservation be synthesized with previous observations of high
gbM polymorphism? Finally, what do the answers to these ques-
tions imply about the evolutionary forces that act on gbM?

Results and Discussion
B. distachyon Methylome. We generated B. distachyon BS-seq data
from three biological replicates and two tissues (leaf and immature
flower buds), resulting in ≥15 times coverage for each replicate of
each tissue (SI Appendix, Table S1). Based on comparisons to
unmethylated chloroplast DNA, the data had a low, 1.05% aver-
age error rate of conversion error across replicates. We used these
error rates to infer whether a particular cytosine site was methyl-
ated, based on the binomial test of Lister et al. (7) (Materials and
Methods). This approach provides a reasonable assignment of
methylation status relative to the proportion of nonconverted
reads at each site (SI Appendix, Fig. S1).
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Based on this approach, we found that cytosine methylation dif-
ferences were low among our replicate samples, with 2.44% dif-
ferences on average, for entire chromosomes. We also found that
the B. distachyon methylome is typical of higher eukaryotes in at
least three respects (6, 7, 18, 19, 28): (i) levels of cytosine methyl-
ation are highest in the CG (56.5%) and CHG (35.3%) contexts
relative to the CHH context (1.8%); (ii) the total level of methyl-
ation is highest near centromeres (Fig. 1; SI Appendix, Fig. S2); and
(iii) CG and CHGmethylation levels are correlated negatively with
gene density (r = −0.692 for CG; r = −0.788 for CHG; P < 10−5)
and positively with TE density (r= 0.511 for CG; r= 0.539 for CHG;
P < 10−5; Fig. 1; SI Appendix, Table S2).
However, both the pattern and level of CHHmethylation differs

between species. B. distachyon CHH levels are 5- to 10-fold lower
than those of rice (12, 13). Unlike other plant species (29),
B. distachyon CHH levels are lowest near centromeres (Fig. 1; SI
Appendix, Fig. S2) and positively correlated with gene density (SI
Appendix, Table S2), despite the lack of CHH methylation within
gene bodies (Fig. 1). This unexpected difference in pattern be-
tween species cannot be ascribed to the loss of homologs to
known CHH-methylating genes, such as DRD1, DDM1, or
HOG1, in B. distachyon (SI Appendix, Table S3). It does suggest,

however, that the pathways that mediate CHH methylation differ
in targeting, regulation, or mechanism between species. The un-
expected pattern of CHH methylation illustrates that there is
much to discover about the differences between, and significance
of, methylation patterns among plant species (30).
gbM patterns in B. distachyon are also broadly similar to those

of other plant species. For example, methylation in CHH and
CHG contexts are low within genes, and CG levels are low near
transcription start sites but peak within the protein coding region
(12, 13) (Fig. 1). These patterns are conserved between tissues.
Only 0.77% of genic cytosines differ in methylation status be-
tween leaf and flower buds, compared with an average of 0.74%
among replicates within tissues; thus, over entire chromosomes,
there is little evidence of gbM differentiation between tissues (SI
Appendix, Table S4), just as there is little divergence in total
levels of methylation between tissues.

Gene Body Methylation Is Conserved Between Orthologs. To com-
pare gbM between species, wemapped existing BS-seq data (12) to
the rice genome and identified 7,826 colinear orthologs with suf-
ficient methylation data for comparison (Materials and Methods).
Levels of CG methylation were highly positively correlated across
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Fig. 1. DNA methylation in B. distachyon. (A) The pattern of CG (black), CHG (red), and CHH (blue) methylation (Top), gene density (Middle), and TE density
(Bottom) across chromosome 1 (see SI Appendix, Fig. S2 for other chromosomes). (B) The pattern of DNA methylation within and around TEs. (C) The pattern
of DNA methylation within and around genes. For this figure, we used only genes for which 5′ and 3′ untranslated regions were annotated. In B and C, the
colors represent cytosine sequence contexts as in A), and the x axes represent length along TEs and genes, respectively. For TEs, the zeros represent element
boundaries; for genes, the zero on the left corresponds to the transcription-start sites and that on the right to the 3′ end of transcripts.
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the 7,826 ortholog pairs (r = 0.755, P < 10−5; permutation test; Fig.
2). This correlation indicates that the gbM characteristics of
orthologs are typically conserved between B. distachyon and rice.
Although our study focuses on comparisons between rice and B.

distachyon, we also extended the contrast to maize (Zea mays ssp.
mays) orthologs to assess conservation of gbM across a broader
evolutionary expanse. Comparisons to maize were complicated by
the fact that maize has two subgenomes (31) and also by the fact
that fewer genes had sufficient BS-seq coverage for comparison
(32) (SI Appendix). Despite these limitations, we identified ∼900
orthologs for comparison with rice and B. distachyon. There were
again significant (P < 10−5) and strongly positive correlations
across orthologs between species (maize vs. rice, r = 0.510; maize
vs. B. distachyon, r = 0.541; SI Appendix, Fig. S3). These correla-
tions suggest that the gbM characteristics of orthologs are typically
conserved throughout the grass family.
For rice and B. distachyon, we also tested the null hypothesis

that a gene had a methylation level equal to the genomic aver-
age. The purpose of this test was to identify genes with high CG
methylation but without correspondingly high CHG and CHH
methylation levels, because the latter could be indicative of ei-
ther mis-annotation of repetitive DNA or genes that have het-
erochromatic properties. After removing annotated genes with
high CHG and CHH methylation, the probability distribution of
CG methylation (PCG) was strikingly bimodal for both rice and
B. distachyon, indicating that the distribution of CG methylation
is both nonrandom and autocorrelated (6, 7) (SI Appendix, Fig.
S4). After defining body-methylated (BM) and undermethylated
(UM) genes as PCG < 0.05 and PCG >0.95 (26), respectively, we
identified 3,712 BM and 18,787 UM genes in O. sativa and 3,564
BM and 15,739 UM genes in B. distachyon. In addition, both
species contained genes intermediate (IM) between the two well-
defined categories, with 2,505 IM genes in rice and 1,781 in B.
distachyon. The three classifications (BM, IM, and UM) were
conserved between species; 76% of the 7,826 ortholog pairs
retained their classification, a proportion far higher than random
(P < 10−5; permutation tests). To sum, both correlative (Fig. 2)
and probabilistic approaches suggest that gbM is a conserved
property of grass orthologs.

Implications of gbM Conservation. These comparisons paint an
overarching picture of conservation of gbM levels among ortho-
logs, even after ∼100 My or more of evolutionary divergence.
This conservation may be driven either by functional require-
ments to methylate particular genes or by sequence character-
istics such as shared CG sites between orthologs. Although the
latter may contribute, we believe the former is predominant for

two reasons. First, only 27% of CG sites were conserved between
B. distachyon and rice orthologs; in fact, the proportion of shared
CG sites between orthologs was negatively correlated with meth-
ylation levels (r = −0.593, P < 10−5; permutation test). In other
words, highly methylated orthologs share fewer CG dinucleotides,
on average, than lowly methylated genes (Fig. 2).
Second, gbM affects a nonrandom subset of genes in both rice

and B. distachyon. As a group, BM genes are biased for longer
lengths, lower evolutionary rates (KA), and lower CG [O/E] ra-
tios (Fig. 3). The CG [O/E] ratio is a measure of the observed
number of CG dinucleotides relative to that expected given the
overall G+C content of a gene; it has been used as a proxy for
methylation, with low values consistent with heavy methylation
(33). In this context, it is interesting to note that the subset of
nonconserved genes (i.e., genes that are not conserved as either
BM or UM between species) exhibit intermediate values for all
three characteristics: length, KA, and CG [O/E] (Fig. 3). We note,
however, that BM and UM genes are not biased with respect to
their location near methylated TEs (SI Appendix). For example,
in the B. distachyon genome, BM genes are 23.0 kb from the
nearest annotated and methylated TE, whereas UM genes are
22.2 kb from the nearest such TE (P > 0.10; permutation test).
BM genes also represent a biased set of functions relative to

UM genes. Based on GO analyses, BM genes are enriched for
eight categories, including critical functions like nucleic acid,
nucleotide, and protein binding (Table 1). Analyses from
A. thaliana (26) and invertebrate genomes also suggest that
methylated genes are enriched for critical functions (34). This
bias toward methylation of critical, long, and conserved genes is
consistent with hypothesized functional roles for body methyla-
tion. For example, long genes are more likely than short genes to
have either aberrant transcription sites or complex structures
that are prone to mis-splicing.
Given that gbM status is evolutionarily conserved between

orthologs, it has the potential to influence the evolutionary prop-
erties of genes. One such property is the bimodality of G+C con-
tent among grass (andmonocot) genes (35), which ismost apparent
in the third codon position (36). The cause of this pattern has been
much debated, and three hypotheses are commonly invoked: se-
lection on codon use, neutral mutational heterogeneity, and biased
gene conversion (37). Although all of these may contribute to bi-
modality—particularly to the broader isochore structure of grass
genomes (35)—BM and UM genes also demonstrate marked bi-
modality. G+C content across coding regions and at fourfold de-
generate sites are much reduced in BM relative to UM genes for
both species (Fig. 4), consistent with cytosine deamination leading
to C->T transitions (33). Thus, gbMmay cause theG+Cbimodality
of grass genes. This explanation makes sense only because it is now
clear that gbM is evolutionarily conserved, such that mutational
heterogeneities between BM vs. UM genes can become apparent
over time. Also note that gbM effects may contribute to the fact
that G+C content within grass genomes are correlated between
introns and codons but not with flanking sequences (38).

Resolving the Paradox of Polymorphism Data. Our grass compari-
son, which reveals gbM conservation for orthologs, superficially
contradict those from A. thaliana, in which genes are highly
polymorphic for cytosine methylation (14–17). On reanalysis,
however, Arabidopsis may not differ from rice and B. distachyon.
Two observations support this statement. The first is based on
analysis of A. lyrata orthologs to the BM genes of A. thaliana
Col-0 (7, 26). These 3,492 A. lyrata orthologs also represent
a biased gene set with respect to high length, low evolutionary
rate (KA), and low CG [O/E] ratio (SI Appendix, Fig. S5), con-
sistent with the maintenance of gbM over ∼26 My of divergence
between the two Arabidopsis sister species (39).
The second observation is based on reanalysis of BS-seq data

from eight A. thaliana MA lines (16). We defined BM, IM, and
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Fig. 2. Comparisons between rice and Brachypodium ortholog pairs. (A)
Distribution of CG methylation level of 7,826 ortholog pairs. (B) The corre-
lation between the differentiation of CG dinucleotide sites between rice and
B. distachyon orthologs (y axis) and the level of CG methylation in B. dis-
tachyon genes (x axis).
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UM genes for each of the eight lines and then classified genes by
the number of lines in which they were designated in different
classifications (i.e., from zero to eight; Table 2). Categories were
well conserved across the eight lines; 82% of genes held con-
sistent categories (P < 10−5 based on permutation). Less than
0.3% of genes varied between the BM and UM categories in one
or more of the eight lines (Table 2).
These categories follow a now-familiar trend: genes conserved

as BM across all eight lines are longer, have lower CG [O/E]
ratios, and evolve more slowly than other genes. Moreover, the
remaining genes follow a gradation in these three statistics: IM
genes are intermediate between BM and UM genes in length,
CG [O/E], and KA (Table 2). Interestingly, as a group, the 72
genes that include at least one accession with a BM allele and
another accession with a UM allele most closely approximate
genes that are consistently UM (Table 2). In other words, the 72
genes with alleles that vary between UM and BM do not have the
structural and evolutionary signatures of other BM genes.
Of course, the conservation of gbM status among accessions

could simply be a function of the recent, ∼30-generation di-
vergence among the eight A. thaliana MA lines. However, 22.4%
of all CG sites are polymorphic for methylation among the 2,633
genes classified as BM in all eight lines. Thus, BM genes are
highly polymorphic for individual cytosine methylation, but not
to the extent that it affects the classification of genes that are
significantly highly methylated.

Evolutionary Questions Raised by gbM Conservation. Our compar-
ative analyses between B. distachyon and rice reveal at least four
patterns that impact our understanding of the evolution, preva-
lence, and consequences of gbM. First, patterns of CHH meth-
ylation differ substantially between B. distachyon and the other
plant species for which methylome data are available. We know
neither the cause nor the taxonomic extent of this atypical pat-
tern. Second, gbM does not differ substantially among B. dis-
tachyon leaves and floral buds. We do not know whether this is
a general trend, because surprisingly few papers have compared

gbM among plant tissues, particularly with robust biological
replication to measure error. Those few studies that have ex-
amined different tissues detect few differences except for highly
specialized tissues like the endosperm (40). One exception is
Populus trichocarpa, which has high gbM differentiation among
tissues (30). Third, gbM affects a biased subset of genes typified
by longer length, higher numbers of exons, and slower evolu-
tionary rates, on average (Fig. 3; SI Appendix, Fig. S5). Many BM
genes have transcriptional levels similar to UM genes (26);
hence, it seems unlikely that gbM is just a byproduct of tran-
scription (20, 21). It seems more likely that gbM plays a func-
tional role that has yet to be fully elucidated. Finally, gbM levels
are well conserved between orthologs (Fig. 2), indicating that
methylation is of evolutionary consequence.
These series of observations raise two interesting evolutionary

issues. The first is the apparent paradox between high gbM poly-
morphism vs. long-term conservation. Assuming gbM is func-
tional, its extent and distribution must be shaped by natural
selection. We conjecture that three features characterize this se-
lection. First, it is primarily a property of regions rather than in-
dividual methylated sites. Second, regions are subjected to site-to-
site stochasticity in the methylation process and also a threshold
effect caused by natural selection. Under this model (Fig. 5), in-
dividual cytosine polymorphisms may vary without functional
consequence as long as someminimal (or maximal) level of gbM is
maintained throughout a genic region. In theory, a threshold effect
resolves the paradox of high polymorphism but strong conserva-
tion. Finally, selection for gbM applies to a subset of genes,
probably because gbM is metabolically costly and thus maintained
only for those genes for which transcriptional disruption confers
an even greater cost.
If our threshold model is correct, it implies that many, and

perhaps most, of the gbM polymorphisms characterized in
A. thaliana lack functional consequences. This idea is consistent
with our observation that methylation polymorphisms amongMA
lines rarely affects the gbM status of the entire gene (Table 2), but
it also requires further testing through functional analyses. We
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Fig. 3. Evolutionary analysis of BM (red) vs. UM (blue) genes. Gene sets are defined by their category in B. distychon and rice, respectively. Box plots show
that gene designated BM in both species are longer (A) and have lower CG [O/E] ratios (B) in each species relative to UM genes. BM genes also diverge more
slowly as measured by nonsynonymous divergence (KA) (C). Letters above box plots denote significance groups at P < 0.001.

Table 1. GO categories enriched for BM vs. UM genes

Function Proportion in BM genes Proportion in UM genes P value* Corrected P value†

Nucleic acid binding 0.2750 0.1854 <10−12 <10−11

Nucleotide binding 0.1042 0.0517 <10−11 <10−9

Protein binding 0.2021 0.1509 <10−5 <10−3

Nucleobase-containing
compound metabolic process

0.0174 0.0079 <0.01 NS

Cytoplasm 0.0451 0.0306 <0.01 NS
Kinase activity 0.0069 0.0029 <0.05 NS

NS, not significant.
*P values by Fisher’s exact test.
†P values after Bonferroni correction.
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also note that some cytosine methylation polymorphisms are
correlated with functional effects, such as responses to stress (4,
41). However, thus far, these polymorphisms have been shown to
lie primarily within promoter and intergenic regions rather than
within gene bodies (4, 8). The ratio of consequential vs. non-
consequential cytosine methylation polymorphisms within genes
remains an open question.
The second evolutionary issue is that of themaintenance of gbM

over evolutionary time, because deamination removes CG dinu-
cleotides sites via spontaneous C->T mutation. Because of this
mutation pressure, it is not surprising that highly methylated
orthologs share fewer CG sites in common than less methylated
genes (Fig. 2). However, how is gbM maintained against this
mutation pressure?A key factor is the C->Tmutation rate relative
to the rate of mutation to cytosines. Recent studies suggest these
mutation rates differ by less than fivefold (42), a difference that
may be low enough to maintain equilibrium CG [O/E] values
similar to those observed in methylated grass and Arabidopsis
genes (SI Appendix, Fig. S6). Another possibility is that weak
positive or negative selection maintains CG sites when the number
of sites becomes too low tomaintain a threshold gbM level (Fig. 5).
These possibilities require further theoretical modeling, coupled
with additional evolutionary analysis of DNA methylation data
from throughout the plant kingdom.

Materials and Methods
Generating BS-seq Data in Brachypodium distachyon. Three B. distachyon
plants of the reference Bd21 line (16) were grown under identical green-
house conditions, including 20-h days to induce rapid flowering. Spikes and
leaves were harvested at the beginning of anthesis. BS-seq libraries were
generated for each plant and each tissue, for six total libraries, following ref.
16. Additional details are provided in the SI Appendix.

Analyzing BS-seq Data and Identification of Body-Methylated Genes. We
mapped published and original BS-seq data from B. distachyon, A. thaliana
(7, 16), and O. sativa (12) using previously published methods (26). Briefly,
low-quality reads and bases (q < 20) were filtered, and reads were mapped
with BRAT software (43) to reference genomes, allowing mismatches only at
potentially methylated sites. Uniquely mapping reads were used for analysis,
and clonal biases were removed probabilistically (26). Reference genomes
and gene annotations were retrieved from TAIR for A. thaliana [TAIR9 (44)],
RAP-DB for O. sativa ssp. japonica [build 5 (45)], JGI for A. lyrata [Filtered
Model 6 (46)], and Brachypodium.org for B. distachyon (version 1.0). Al-
though all six B. distachyon replicates (three for leaf, three for flower bud)
were mapped to the reference, we used a single leaf replicate as the basis
for most inferences (replicate 1 in SI Appendix, Table S1).

BS-seq conversion error rates were estimated by mapping reads to the
unmethylated chloroplast DNA (7). Error rates for the B. distachyon data
ranged from 0.89% to 1.33% among the six replicates (SI Appendix,
Table S1) and from 0.6% to 2.8% for the A. thaliana MA lines. The error rate
for rice was 0.11%. We used the error rate to test support for methylation of
each nuclear cytosine residue with more than one read after collapsing reads
with clonal bias, following ref. 7. The test was based on binomial
probabilities, and cytosines with P < 0.01 were considered methylated.

A probabilistic approach was then used to identify body-methylated
genes, also following published methods (26). Briefly, we separately assessed
cytosine methylation levels for each of the three sequence contexts, CG,
CHG, and CHH, where H is A, T, or C, using P values that denote the de-
parture from genomic averages. Within bona fide genes, body methylation
is enhanced at only CG sites (6, 7), so we discarded genes that were signif-
icantly enriched for CHG and/or CHH methylation. We then classified the
remaining genes into three categories: BM (PCG < 0.05), IM (0.05≤ PCG ≤0.95),
and UM (PCG > 0.95). We only considered genes with sufficient CG in-
formation (ncg ≥ 20) and genes for which ≥40% and 60% of cytosine resi-
dues were covered by at least two reads for rice and B. distachyon,
respectively (SI Appendix, Fig. S7). Additional details about the analysis and
interpretation of BS-seq data, including those from maize, are provided in SI
Appendix.

Identifying Orthologs and Calculating Evolutionary Rates. We calculated sub-
stitution rates between A. thaliana–A. lyrata ortholog pairs and between
O. sativa–B. distachyon ortholog pairs. The list of 18,330 orthologs for the
A. thaliana–A. lyrata pair was taken from ref. 47, with the BM genes in A.
thaliana being previously defined (26). For O. sativa–B. distachyon, we
inferred orthologous relationships based on both homology and on collin-
earity following ref. 47 with slight modifications (SI Appendix ).

We ultimately detected 9,531 orthologs between rice and B. distachyon.
This set was further pared to 7,826 ortholog pairs based on two criteria:
sufficient levels of methylation data and exclusion of genes with PCHG < 0.05
and/or PCHH < 0.05. The set of 7,826 orthologs was also used as a reference
by which to identify maize orthologs (SI Appendix). For all suitable ortho-
logs, we calculated KA and KS using the Nei and Gojobori method after
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Fig. 4. Frequency distributions of G+C content in rice and B. distachyon
genes for the entire coding region and fourfold degenerate sites (GC4). Red
and blue lines represent BM and UM genes, respectively, which differ for
every comparison (P < 10−5 by permutation test).

Table 2. Methylation classification and statistics for 21,792 A. thaliana genes among 8 MA lines

BM IM UM No. of genes Gene length CG [O/E] KA

8 0 0 2,633 3,779.3 (NC,**)† 0.572 (NC,**) 0.0230 (NC,**)
1–7* 1–7 0 1,571 2,721.0 (**,**) 0.591 (**,**) 0.0235 (**,**)
0 8 0 1,268 2,408.1 (**,**) 0.588 (**,**) 0.0262 (**,**)
0 1–7 1–7 2,111 2,131.2 (**,**) 0.627 (**,**) 0.0267 (**,**)
0 0 8 14,137 1,664.2 (**,NC) 0.784 (**,NC) 0.0312 (**,NC)
1–7 1–7 1–7 72 1,867.1 (**,NS) 0.705 (**,*) 0.0336 (**,NS)

BM, body methylated; IM, intermediate methylated; UM, undermethylated.
*By way of example, this row tallies genes that were classified UM in zero of the eight lines, BM in from one to seven of the eight lines,
and IM from one to seven of the eight lines. Thus, a single gene in this row was classified as both BM and IM among the eight MA lines.
†The two symbols in parentheses represent P values, respectively, of differences vs. the statistics from a configuration of {8,0,0} and of
differences vs. the statistics from configuration vs. {0,0,8}: **P < 10−5; *P < 10−2; NC, no comparison; NS, nonsignificant.
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alignment with ClustalW (48), limiting our analyses to ortholog alignments
that included ≥100 bp of synonymous change sites. We also calculated CG
[O/E] (33) from this set of orthologs.

Gene Ontology Analyses. The plant-specific GO_slim library (goslim_plant.
obo) was retrieved from the Gene Ontology (GO) web site (www.gen-
eontology.org) in July 2012. The GO terms for all rice genes were retrieved
from the RAP-DB database (http://rapdb.dna.affrc.go.jp). We slimmed these
RAP-DB GO annotations using map2slim software, downloaded from http://
search.cpan.org/~cmungall/go-perl/scripts/map2slim, and used the third level
of slimmed GO categories.

Reanalysis of A. thaliana Mutation Accumulation Lines. The data from ref. 16
contain BS-seq information from eight lines of A. thaliana. Using the
methods described above, we filtered and mapped reads to the Col-0 ref-
erence and then calculated PCG values in each of the eight MA lines for
genes with ncg ≥ 20 and for which ≥60% of cytosine residues were covered
by at least two BS-seq reads. We discarded genes with PCHH or PCHG < 0.05
and classified genes as BM, IM, or UM. Sequence statistics (length, KA, and
CG [O/E]) were calculated as above.
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Fig. 5. A schematic of the fitness of alleles within a gene for which gbM is
favored by selection; i.e., a BM gene. Alleles A, B, and C are shown with
circles denoting methylated cytosines within the coding region. Given that
selection is on a region, alleles A and B have similar fitness effects despite
detectable methylation polymorphism, because their overall methylation
exceeds some threshold (vertical dashed line on the fitness graph). In con-
trast, allele C is undermethylated and has lower fitness.
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