
Body-Methylated Genes in Arabidopsis thaliana Are
Functionally Important and Evolve Slowly

Shohei Takuno* and Brandon S. Gaut
Department of Ecology and Evolutionary Biology, University of California, Irvine

*Corresponding author: E-mail: stakuno@uci.edu.

Associate editor: James McInerney

Abstract

DNA methylation of coding regions, known as gene body methylation, is conserved across eukaryotic lineages. The
function of body methylation is not known, but it may either prevent aberrant expression from intragenic promoters or
enhance the accuracy of splicing. Given these putative functions, we hypothesized that body-methylated genes would be
both longer and more functionally important than unmethylated genes. To test these hypotheses, we reanalyzed single-
base resolution bisulfite sequence data from Arabidopsis thaliana to differentiate body-methylated genes from
unmethylated genes using a probabilistic approach. Contrasting genic characteristics between the two groups, we found
that body-methylated genes tend to be longer and to be more functionally important, as measured by phenotypic effects
of insertional mutants and by gene expression, than unmethylated genes. We also found that methylated genes evolve
more slowly than unmethylated genes, despite the potential for increased mutation rates in methylated CpG
dinucleotides. We propose that slower rates in body-methylated genes are a function of higher selective constraint, lower
nucleosome occupancy, and a lower proportion of CpG dinucleotides.
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Introduction
Cytosine methylation is an epigenetic modification that af-
fects both chromatin packaging and transcription. In plants,
DNA methylation occurs in three sequence contexts—CG,
CHG. and CHH (where H5 A, C, or T)—and these contexts
are affected differentially among genomic features. For ex-
ample, all three contexts are methylated within repetitive
elements, but only the CG context is predominantly meth-
ylated within coding regions (Cokus et al. 2008; Lister et al.
2008, 2009).

The function of DNAmethylationmay vary among geno-
mic features as well. Within repetitive DNA, methylation
silences transcription and functions as ahost defense against
transposable elements (Lisch2009). In contrast, the function
of methylation within coding regions (or ‘‘body methyla-
tion’’) is not yet clear. One hypothesis is that body methyl-
ation suppresses expression from cryptic promoters within
coding regions, thus preventing leaky expression that could
bebothenergeticallyandfunctionally costly (Zilbermanetal.
2007;Maunakeaetal. 2010).Asecondhypothesis is thatbody
methylation enhances accurate splicing of primary tran-
scripts (Lorincz et al. 2004; Luco et al. 2010). This idea is sup-
ported by the facts that body methylation, together with
H3K36me, ispredominantlydistributed inexons, asopposed
to introns, and that alternatively spliced exons tend to pos-
sess lower levels ofmethylation (Ball et al. 2009; Hodges et al.
2009;Kolasinska-Zwierz et al. 2009; Schwartz et al. 2009;Choi
2010; Feng et al. 2010).

A third possibility is that body methylation has no func-
tional significance and is, perhaps, a byproduct of transcrip-
tion (Roudier et al. 2009; Teixeira and Colot 2009). This

viewpoint is supported by the observations that body
methylation has only minor but positive effects on levels
of gene expression (Zhang et al. 2006; Zilberman et al.
2007; Zemach et al. 2010) and can be highly polymorphic
among individuals (Vaughn et al. 2007; Zhang et al. 2008).

These hypotheses generate differing predictions about
the types of genes that should be methylated. Under
the first two hypotheses, DNA methylation should be pre-
dominantly associated with essential genes because the vi-
olation of transcription—either via aberrant promotion or
missplicing—would be particularly costly for genes with
large phenotypic effects. Furthermore, body methylation
should also be associated with gene length and exon num-
ber because long genes would have a higher probability of
cryptic promotion and genes with many exons would have
a potentially higher rate of splicing errors. In contrast, if
body methylation has little or no functional consequence,
there is no compelling reason to predict a relationship be-
tween body methylation and either gene essentiality or
gene length.

A byproduct of DNA methylation is the spontaneous
deamination of methyl-cytosine to thymine (Bird 1980;
Pfeifer 2006); this process has been shown to accelerate
evolutionary rates in both animals and plants (e.g., Bird
1980; Messeguer et al. 1991; Buckler and Holtsford
1996). As a consequence, body-methylated genes may
be subjected to higher mutation rates than unmethylated
genes. This possibility leads to conflicting evolutionary hy-
potheses. On the one hand, methylated genes may evolve
quickly due to cytosine deamination. On the other hand,
body-methylated genes may be essential and thus func-
tionally and evolutionarily constrained.
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Here, we examine these conflicting predictions by con-
trasting the structural, functional, and evolutionary charac-
teristics of body-methylated genes against unmethylated
genes. We study methylated genes in Arabidopsis thaliana
because it is a model system for DNA methylation (Zhang
et al. 2006; Zilberman et al. 2007; Cokus et al. 2008; Lister
et al. 2008), gene function (Hanada, Kuromori, Myouga,
Toyoda, Li, et al. 2009; Hanada, Kuromori, Myouga, Toyoda,
Shinozaki, et al. 2009), gene expression (Schmid et al. 2005),
and evolutionary rates (Hu et al. 2011; Yang and Gaut 2011).
We begin the study by reanalyzing A. thaliana bisulfite se-
quencing (BS-Seq) data to discriminate body-methylated
from unmethylated genes in accession Col-0 using a proba-
bilistic approach.We then integratemethylation statuswith
analyses of gene function and evolutionary rates to address
four questions: First, do body-methylated genes, as a group,
differ from unmethylated genes in structural characteristics
like length and exon number? Second, do body-methylated
genes tend to be more functionally important, as measured
by gene knockouts and gene expression? Third, do body-
methylated genes evolve more slowly than unmethylated
genes, as expected if they are under strong constraint or
do they instead evolve rapidly, perhaps as a consequence
of cytosine deamination? Finally, do these analyses provide
any insights into the function of body methylation?

Materials and Methods

Sequence and Methylation Data
The genomic sequences and gene annotation information
for A. thaliana were obtained from TAIR (TAIR9 release;
http://www.arabidopsis.org/). Genomic short-read sequen-
ces of A. thaliana Col-0 with bisulfite conversion were re-
trieved from the SRA (Sequence Read Archive) database
(Lister et al. 2008). We followed a mapping process similar
to that of Lister et al. (2008): using BRAT software (Harris
et al. 2010), short reads with 32 nt were mapped to the
A. thaliana genome without allowing any mismatches ex-
cept for bisulfite conversion. Reads mapping to multiple
positions were discarded. If more than one read mapped
to the same start position, we assumed that it was due
to clonal duplication during library preparation (a phe-
nomenon Lister et al. (2008) called ‘‘clonal bias’’). To avoid
this bias, reads with the same starting location were col-
lapsed into a single consensus in a way that each base
to be retained was randomly chosen.

Following Lister et al. (2008), we estimated the total pro-
portionofunconvertedcytosineresiduesthatmappedtothe
chloroplast genome, wheremethylation does not occur.We
assumed this proportion to be the bisulfite sequencing error
rateandusedthiserrorratetotest support formethylationof
each nuclear cytosine residue with.1 read, after collapsing
reads with clonal bias. The test was based on binomial prob-
abilities, with a P value of 0.01.

Defining Body-Methylated Genes
The level of DNA methylation was quantified for each
protein-coding region, defined as the annotated translation

start to the termination codon. The levels of DNA methyl-
ation inCG, CHG, andCHHcontextswere assessed indepen-
dently. Taking the CG context as an example, let pcg be the
proportionofmethylatedcytosine residuesatCGsitesacross
thewholegenome. Letncg andmcgbe thenumberof cytosine
residues at CG sites with �2 coverage and the number of
methylated cytosine residues at CG sites in a gene, respec-
tively. Assuming a binomial probability distribution, the
one-tailed P value for the departure of CGmethylation level
from genome average was calculated by

PCG 5
Xncg

i5mcg

ð ncg
i

Þpicgð1 � pcgÞncg � i; ð1Þ

where PCG is a proxy of DNA methylation level. If the resulting
PCGwas low, thena coding regionwasmoredenselymethylated
than expected at random. Using the same rationale, we calcu-
lated PCHG and PCHH for CHG sites and CHH sites, respectively.

Gene Characteristics
Once we distinguished methylated genes from unmethy-
lated genes, we examined several features of A. thaliana
genes, including gene expression. Expression analyses were
based on Affymetrix expression data (Schmid et al. 2005)
from 55 microarray conditions that were not based on ei-
ther genetic mutants or overlapping tissues. These 55 were
reanalyzed with the MAS5 method by Matsuda et al.
(2010), which contain information about signal intensity
and corresponding P values to test for expression.

We calculated several additional characteristics for
A. thaliana genes. GC content was measured at both 4-fold
degenerate sites (GC4) and introns (GCint). Codon usage
bias was assessed using the frequency of optimal codons
(FOP) as an index (Ikemura 1985), using CodonW ver.
1.3 (http://www.molbiol.ox.ac.uk/cu/culong.html); optimal
(or preferred) codons for each amino acid in A. thaliana
were retrieved from Wright et al. (2004). The recombina-
tion rate of each gene was estimated by interpolating the
genetic and physical distances from Singer et al. (2006). The
recombination rate (cM/Mb) was estimated using the cu-
bic splines method, implemented in MareyMap (Rezvoy
et al. 2007). We also obtained information about DNA rep-
lication timing on the A. thaliana fourth chromosome (Lee
et al. 2010), dividing regions into replication during the
early-middle S phase or the late S phase.

Finally, we estimated nucleosome occupancy in each
A. thaliana coding region. To estimate occupancy, we re-
trieved the genome-wide nucleosome occupancy data of
Chodavarapuet al. (2010) fromtheSRAdatabase.Thesedata
consist of short Illumina reads, generated frommicrococcal
nuclease-digested nucleosomal DNA. Using the BRAT soft-
warepackage (Harris et al. 2010)without thebisulfiteoption,
the 36nt readsweremapped to theA. thaliana genomewith
atoleranceofuptotwomismatches.Thelevelofnucleosome
occupancy was assessed for each base pair, following Kaplan
et al. (2009). Briefly, we first calculated short-read coverage
for eachposition. Second, for a small fractionof sites the cov-
erage was .10 times larger than the genome median,
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perhapsduetoclonalbias; to reducethisbias,wereducedthe
coverage at these sites to be ten times the genomic median.
Third, sites with nucleosome occupancywere defined as any
site that had higher coverage than the genome average.
Finally,wecalculated theproportionofoccupied siteswithin
each gene and used that measure in analyses.

Divergence Analysis
We analyzed a set of 18,310 Arabidopsis lyrata/A. thaliana
orthologs identified by Hu et al. (2011). The orthologs were
aligned with CLUSTALW version 1.83 (Thompson et al.
1994). Synonymous and nonsynonymous substitution rates
(KA and KS) between A. thaliana and A. lyrata orthologs
were estimated using the Nei and Gojobori (1986) method.
Distances were estimated only for the 16,447 aligned se-
quences having �100-bp synonymous sites. Our align-
ments included introns; intron divergence (KINT) was
estimated by the p-distance when the alignment of concat-
enated introns exceeded �100 bp.

Results

The Identification of Body-Methylated Genes
We identified body-methylated genes in the A. thaliana ge-
nome using previously published BS-Seq data (Lister et al.
2008). After discarding multiply mapping and clonal reads,
we mapped 36,705,379 short (32 nt) reads uniquely (see
Materials and Methods). These reads covered ;73% of cy-
tosine residues (31,464,361) in the A. thaliana genome with
read depth� 2. For these cytosine residues, we applied a bi-
nomial test of support (Lister et al. 2008), assuming that the
background (or error) rate was that detected in the chlo-
roplast genome, which was that 2.42% of cytosines were
falsely inferred to be methylated. Altogether, 2,262,156 cy-
tosine residues were detected as methylated, a number
similar to that of Lister et al. (2008) (2,267,447) using
slightly different mapping criteria.

We calculated PCG, PCHG, and PCHH for each gene; lower
values of these metrics correspond to a smaller probability
that the gene is methylated at random levels, given
genome-wide levels of methylation in each sequence con-
text. We filtered the data by considering only those genes
with sufficient CG information (ncg � 20) and genes for
which �60% of cytosine residues were covered by at least
two reads (supplementary fig. S1, Supplementary Material

online), leaving 24,279 of 27,169 A. thaliana genes. We dis-
carded genes with PCHG, 0.05 and/or PCHH, 0.05 because
genes that are highly methylated in multiple contexts are
atypical for coding regions (Cokus et al. 2008; Lister et al.
2008, 2009) and thus may possess transposons within cod-
ing regions, be located in highly heterochromatic regions or
be misannotated. These procedures resulted in the filtering
of 763 (or 3.1%) of the 24,279 analyzed coding regions.

For the remaining 23,516 genes, we calculated PCG and
used the distribution of PCG as a proxy for the CG meth-
ylation level of a gene (fig. 1A). The distribution of PCG was
notably bimodal, indicating that CGmethylation is not ran-
domly distributed across the genome but is autocorrelated,
as demonstrated previously (Cokus et al. 2008; Lister et al.
2008, 2009). We used PCG to define body-methylated and
unmethylated genes, using the criteria of PCG , 0.05 and
PCG . 0.95, respectively, and discarding genes with inter-
mediate methylation levels (i.e., with 0.05� PCG� 0.95). By
this method, we discarded another 3,402 genes from fur-
ther analysis but identified 4,361 body-methylated genes
and 15,753 unmethylated genes.

Body-Methylated Genes Are Longer than
Unmethylated Genes
If body methylation enhances either transcription accuracy
orsplicingefficiency, thenmethylatedgenesshouldbelonger
and have more exons than unmethylated genes (see Intro-
duction). Our data support these predictions. The mean
lengthof thebody-methylated geneswas 3,349.5 bp, exceed-
ing by more than 2-fold the mean length of unmethylated
genes (1,595.3 bp) (fig. 1B). The difference in average length
was significant at P, 10�5, based on a permutation test of
100,000 trials.Weobtained similar resultswhenassessing the
combined length of exons without introns (2,082.8 bp vs.
1,079.6 bp; P , 10�5) and the number of exons (9.48 vs.
4.15; P, 10�5).

Body-Methylated Genes Are Functionally
Important
If body methylation serves a function, methylated genes
should be more functionally important than unmethylated
genes (see Introduction). While there is no perfect assay to
test ‘‘functional importance,’’ we tested this prediction by
examining two characteristics: the phenotypic effects of
gene knockouts and patterns of gene expression.
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FIG. 1. (A) Frequency distribution of PCG as a proxy of CG methylation level. Lower PCG means higher methylation levels. (B) Frequency
distribution of gene length. Black stars and white diamonds represent body- and unmethylated genes, respectively.
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Knockout Mutants
We tallied gene ‘‘dispensability’’ based on the work of
Hanada, Kuromori, Myouga, Toyoda, Li, et al. (2009) and
Hanada, Kuromori, Myouga, Toyoda, Shinozaki, et al.
(2009), who assembled data for the phenotypic effects
of knockouts from .5,000 Col-0 insertional mutants
(Kuromori et al. 2006). Among mutants, ;55.7% of the as-
sessed body-methylated genes exhibited phenotypic effects
(table 1). In contrast, only;26.2% of the unmethylated genes
disrupted morphology. The difference in proportion was
highly significant by Fisher’s exact test (FET; P , 10�58),
indicating that mutations within body-methylated genes
have greater phenotypic consequences on average.

It is well known, however, that the phenotypic and func-
tional effects of gene knockouts may be buffered by paralogs
(Gu et al. 2003; Hanada, Kuromori, Myouga, Toyoda, Li, et al.
2009; Hanada, Kuromori, Myouga, Toyoda, Shinozaki, et al.
2009). We therefore sought to determine if gene duplication
could be driving the apparent differences between methyl-
ated and unmethylated genes. Under this hypothesis, knock-
outs of unmethylated genes manifest fewer phenotypic
effects because they are more often functionally buffered
by paralagous gene family members. To test this hypothesis,
we performed all-against-all BLASTP analysis. If a gene hit
another gene with a particular E value, we concluded that
the gene belonged to multigene families. For example, using
the E value � 10�50 as a cutoff, 67.7% and 60.2% of body-
and unmethylated genes, respectively, were members of
multigene families (FET; P , 10�19). Using more stringent
criteria, we obtained similar results (P, 10�41 for E� 10�70;
P , 10�69 for E � 10�100). Using less stringent criteria
(E � 10�20 and below), the differences between methylated
and unmethylated genes disappeared, but the difference was
never reversed (data not shown). Thus, methylated genes are
found within gene families more often than unmethylated
genes, and membership within a gene family does not drive
the differences in phenotypic effects between methylated
and unmethylated genes.

Gene Expression
Another, albeit lessdirect,measureof functional importance
is gene expression.We examined gene expression inAffyme-
trix expression data (see Materials and Methods). To test
functionality on the basis of gene expression, we counted
the number of unexpressed genes in all 55 assay conditions
(i.e., all P values � 0.05; table 1). Among the genes on the
Affymetrix chip, the proportion of unexpressed methylated

genes (2.1%) was far lower than that of unmethylated genes
(8.1%) genes (P, 10�34; FET).

We also examined the distribution of gene expression
among genes by assessing both the mean and the breadth
of expression across experiments. Similar to previous reports
(Zhang et al. 2006; Zilberman et al. 2007), the distribution of
mean signal intensity indicated that body-methylated genes
are moderately expressed compared with unmethylated
genes, which exhibit a broader variance in mean expression
level (fig. 2A). This pattern emphasizes that a relatively high
proportion of unmethylated genes have low expression lev-
els, consistent with our inference that a significantly higher
proportion of unmethylated genes are unexpressed. Expres-
sion breadth was measured using entropy as an index; high
and lowentropyvalues indicatebroadand tissue-specific ex-
pressionpatterns, respectively.Figure2B indicatesthatbody-
methylated genes tend to be expressed more broadly than
unmethylated genes, as previously documented by Zhang
et al. (2006).

Body-Methylated Genes Evolve More Slowly, on
Average
DNAmethylation ismutagenic (Bird 1980; Pfeifer 2006), and
cytosines evolve rapidly in the context of CG dinucleotides
(Bird 1980; Messeguer et al. 1991; Buckler and Holtsford
1996). It therefore seems reasonable that genes with the po-
tential for heavy methylation by virtue of the availability of
CG dinucleotides will also be exposed to a high rate of mu-
tation.There is thus apotential paradox:on theonehand,we
have shown that methylated genes are biased toward genes
with phenotypic effects, suggesting that these are likely con-
served genes; on the other hand, they may be subjected to
higher mutation rates and hence evolve more rapidly.

To examine evolutionary rates, we estimated nonsynon-
ymous (KA), synonymous (KS), and intron divergence (KINT)
between A. thaliana and A. lyrata orthologs (table 2). Note
that we do not know methylation status in A. lyrata and
therefore we rely on our methylation definitions in A. thali-
ana. Consistent with the high proportion of genes with phe-
notypic effects (table 1), estimates of KA and the KA/KS ratio
were significantly lower in body-methylated genes than un-
methylated genes (fig. 3 and table 2). However, both KS and
KINT were also significantly lower in the body-methylated
genes (fig. 3 and table 2), with KS and KINT being positively
correlated toeachother (r50.280,P,10�5bypermutation
test with 100,000 trails) and to KA (r5 0.318, P, 10�5 for
KS and r5 0.113, P, 10�5 for KINT). The low average KS in
body-methylated genes is somewhat surprising given that
methylation is expected to increase mutation rates in CG
dinucleotides (Bird 1980; Messeguer et al. 1991; Buckler
and Holtsford 1996).

Correlates with Evolutionary Rates
Why do methylated genes have lower KS and KINT, on av-
erage? Themost obvious explanation is that as a group they
tend to be more essential, as suggested above, and thus are
under stronger selective constraint. While this explanation

Table 1. Gene Indispensability of Body-Methylated Genes.

Morphological Disruption No Effect

Body-methylated gene 476 378
Unmethylated gene 942 2660

P < 10258

Expressed Not Expressed
Body-methylated gene 3686 79
Unmethylated gene 11278 998

P < 10234

NOTE.—P values by FET.
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is satisfactory for nonsynonymous sites, it is not wholly
convincing for intron and synonymous sites. We therefore
examined other genic characteristics that might contribute
to differences in rates between methylated and unmethy-
lated genes.

Several genic properties either did not differ statistically be-
tween the two gene classes or differed in a way inconsistent
with differences in evolutionary rate, including GC content at
both exonic and intronic positions; recombination rate per
base pair; translational efficiency, as measured by the fre-
quency of optimal codons (FOP); and replication timing
(for details, see supplementary fig.S2 at Supplementary Mate-
rial online). However, we found two additional characteristics
that may help explain slower average substitution rates in
methylated genes: CpG content and nucleosome occupancy.

CpG Content
Wemeasured the proportion of CpG sites within genes and
compared it with the expected proportion of CpG sites. The
expected proportion was calculated from base composition
(Bird 1980), and we denoted the ratio of observed to ex-
pected CpG sites as CpG[O/E]. The methylated genes had
a significantly lower proportion of CpG dinucleotides and
a smaller value of CpG[O/E] than unmethylated genes
(2.37% vs. 3.44% for proportion of CpG; 0.585 vs. 0.785 for
CpG[O/E]; fig. 4A and B).We also found that the proportion
of CpG sites was significantly correlated with both KS and
KINT (r5 0.267,P, 10�5 forKS; r50.162, P, 10�5 forKINT),
as was CpG[O/E] (r5 0.296, P, 10�5 for KS; r5 0.246, P,
10�5 forKINT). Inotherwords,methylatedgenes are compar-
atively underrepresented for CpG dinucleotides, even after
correction for base composition. However, this difference
was not sufficient to explain differences in rates between
methylated and unmethylated genes. For example, after

binning the proportion of CpG sites and CpG[O/E], both
KS and KINT were still lower in body-methylated genes (fig.
4C and D for KS, not shown for KINT).

Nucleosome Occupancy
DNA sequence is wrapped around nucleosomes at well-
conserved positions, with linker regions (also known as nu-
cleosome free regions) between nucleosome units (Jiang
and Pugh 2009). Presumably DNA repair machinery is more
easily recruited to linker regions (Thoma 2005; Ataian and
Krebs 2006), leading to lower evolutionary rates at all sites
(nonsynonymous, synonymous, and intron) for genes
within these regions. To investigate the relationship be-
tween nucleosome occupancy and evolutionary rate, we
used the proportion of nucleosome occupancy region in
A. thaliana as an index (see Materials and Methods) and
found that KS and KINT were positively correlated to this
index when all genes were considered (r 5 0.174,
P, 10�5 for KS; r5 0.0372, P, 10�4 for KINT). Moreover,
body-methylated genes differed significantly in nucleo-
some occupancy compared with unmethylated genes
(0.433 vs. 0.491; fig. 5A), in a direction consistent with dif-
ferences in evolutionary rate. We divided nucleosome oc-
cupancy into bins and found that both KS and KINT
remained lower for body-methylated genes in each bin
(fig. 5B for KS, not shown for KINT). Therefore, nucleosome
occupancy, like CpG content, may contribute to differences
in rate but does not fully explain relatively low KS and KINT
in body-methylated genes.

Discussion
We have reanalyzed existing BS-Seq data to classify genes as
either ‘‘methylated’’ or ‘‘unmethylated,’’ using a probabilis-
tic approach. This categorical approach seems reasonable,

A B

Fr
eq

ue
nc

y

Expression level

0 100 1000 10000
0

0.1

0.2

Fr
eq

ue
nc

y

Expression Breadth

< 2.5 3 3.5 4 4.5
0

0.2

0.4

Body-methylated genes Unmethylated genes

FIG. 2. (A) Frequency distribution of expression level (mean signal intensity across 55 tissues). (B) Frequency distribution of expression breadth
(entropy across 55 tissues).

Table 2. The Pattern of Substitution Rate.

KA KS KA/KS KINT

Body-methylated gene 0.0235 (3456) 0.122 (3456) 0.198 (3448) 0.107 (2995)
Unmethylated gene 0.0316 (10223) 0.140 (10223) 0.230 (10142) 0.137 (7811)
P value <1025 <1025 <1025 <1025

NOTE.—Numbers in parenthesis are sample size.
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both because PCG resulted in a strikingly bimodal distribu-
tion of genes (fig. 1A) and because it leads to results similar
to those of Zhang et al. (2006), who identified methylated
genes based on array data. Zhang et al. (2006) concluded
that 33%, or ;8,000, genes were methylated in Col-0. We
estimate that 18%, or 4,361, genes are methylated, but this
number excludes the 3,402 intermediate genes with 0.05�
PCG � 0.95, which could be considered as methylated un-
der less stringent criteria.

Our comparison of methylated and unmethylated
genes has led to two primary observations. The first is that
body-methylated genes in A. thaliana accession Col-
0 tend to be longer, have more exons, and serve more
important functions—as measured by phenotypic effects
of insertional mutants and gene expression—than unme-
thylated genes. The second observation is that body-
methylated genes evolve more slowly, on average, than
unmethylated genes.

Potential Causes of Low Evolutionary Rates
Recent studies have revealed that evolutionary rates are
a complex function of myriad gene and functional charac-
teristics (reviewed in Pál et al. 2006; Gaut et al. 2011). Sev-
eral well-known factors likely contribute to the differences
in evolutionary rate between body-methylated and unme-
thylated genes: 1) higher selective constraint due to gene
essentiality (table 1); 2) differences in gene length, which

are inversely related to substitution rates (e.g., Parsch
2003; Haddrill et al. 2005; Marais et al. 2005; Halligan
and Keightley 2006; Yang and Gaut 2011); and 3) differen-
ces in patterns of gene expression, which can be highly cor-
related with rates of nonsynonymous substitution
(Drummond et al. 2006; Pál et al. 2006; Yang and Gaut
2011).

In addition, we suggest that both lower nucleosome oc-
cupancy and lower CpG[O/E] values contribute to differ-
ences in rates. Regarding the former, it has already been
shown that linker regions have lower mutation rates in
yeast (Washietl et al. 2008), and it is also known that dis-
tribution of methylated genes covaries with nucleosome
occupancy in both animals and plants (Kolasinska-Zwierz
et al. 2009; Schwartz et al. 2009; Chodavarapu et al. 2010;
Choi 2010). Our observations suggest that the links among
methylation, nucleosome occupancy, and evolutionary
rates also pertain to A. thaliana.

With regard to CpG[O/E], our and previous results sug-
gest an interesting dynamic between methylation and the
prevalence of CpG sites (Bird 1980; Saxonov et al. 2006;
Suzuki et al. 2007; Weber et al. 2007). One the one hand,
methylated CpG sites are expected to dissipate rapidly due
to high mutation rates, once methylated. In fact, CpG[O/E]
values should tend to 0 for methylated regions in the ab-
sence of a countervailing force. On the other hand, the
countervailing force might be selection to maintain CpG
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sites (Buckler and Holtsford 1996), so that genes can be
methylated and, as a consequence, either accurately tran-
scribed or accurately spliced. We thus predict that there
exists an equilibrium CpG maintained by the cost of high
mutation rates against the benefits of body methylation.
The dynamics of this equilibrium depends on accurate as-
sessment of the magnitudes of these costs and benefits,
which would be a fitting topic for future studies.

Does Body Methylation Have a Function?
Our analyses of both insertional mutants and gene expres-
sion data suggest that body-methylated genes inA. thaliana
Col-0 aremore functionally important, on average, than un-
methylated genes. These results are consistent with hypoth-
eses suggesting that body methylation has a functional role,
perhaps in transcriptional accuracy or splicing efficiency. It is
therefore tempting to conclude that body methylation is
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indeed functional.Whilewe favor this conclusion, it requires
caution, for at least two reasons.

One reason is thatwehave treatedmethylation as a stable
state, but body methylation is labile among tissues and in-
dividuals (Cedar 1988; Messeguer et al. 1991). For example,
10% of assayed CCGG sites vary between two A. thaliana
accessions (Zhang et al. 2008), and this proportion may be
higher among other accessions (e.g., Vaughn et al. 2007).
Although we do not knowwhich (perhaps all?) genes are la-
bile, it is difficult to envision how polymorphism in body
methylation would lead to the patterns observed in Col-0
without the patterns being consistent across accessions
(i.e., if methylation were random across genes and individu-
als,wewouldexpectnoneof thepatternsdocumentedhere).
Moreover, we anticipate that our conservative definition
represents a sample of genes that is biased for constitutive
(or at least consistent) body methylation across individuals.
A rigorous test of this assumption will require additional
body methylation data at the population level.

The second reason is that it is difficult to disentangle
cause and effect. Body-methylated genes are expressed
more broadly (across tissues), on average, than unmethy-
lated genes (fig. 2B). Hence, if expression breadth affects
bodymethylation, thanmethylation could be a functionless
byproduct of transcription (Roudier et al. 2009; Teixeira
and Colot 2009). Under this scenario, our results may be
explained by arguing that functionally important genes
evolve more slowly due to constraint and due to patterns
of gene expression (Drummond et al. 2006; Pál et al. 2006;
Yang and Gaut 2011), with methylation a byproduct of the
latter.

However, we do not favor this interpretation for at least
three reasons. First, if body methylation is a byproduct of
transcription, then it is a byproduct of expression breadth
(fig. 2B) and not mean expression level (fig. 2A); it is difficult
to envision a mechanism to cause this distinction. Second,
if methylation is a byproduct of expression breadth one
might expect less overlap between the two genic classes
(fig. 2B); the extent of overlap suggests that other factors
play a role in the distinction between genic classes. Finally,
the differences between body- and unmethylated genes are
so consistent across functional (i.e., insertional mutants
and expression) and structural (i.e., length and exon num-
ber) features that the most parsimonious explanation is, in
our view, that body methylation has a functional role that
has been conserved enough over time to be lead to distinct
evolutionary characteristics (i.e., low CpG[O/E] and low
evolutionary rates). Unfortunately, we cannot discriminate
two of the hypothesized roles of body methylation—that is,
suppression of intragenic transcription and splicing effi-
ciency—because our data are consistent with both hypoth-
eses.

Supplementary Material
Supplementary figures S1 and S2 are available at Molecular
Biology and Evolution online (http://www.mbe.oxfordjournals.
org/).
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