
 

SUPPORTING INFORMATION 

For Takuno and Gaut, “Gene-body methylation is conserved between plant orthologs 
and is of evolutionary consequence” 
 
SUPPORTING METHODS 
 
Generating BS-seq data in Brachypodium distachyon. Briefly, approximately two 
micrograms of genomic DNA was sonicated to ~100 bp using the Covaris S2 System.  
Sonicated DNA was purified using Qiagen DNeasy mini-elute columns (Qiagen) and 
each sequencing library was constructed using the NEBNext DNA Sample Prep Reagent 
Set 1 (New England Biolabs, Ipswich, MA) according to the manufacturer’s instructions 
but with methylated adapters used in place of the standard genomic DNA adapters.  
Ligation products were purified with AMPure XP beads (Beckman, Brea, CA).  DNA 
was bisulfite treated using the MethylCode Kit (Invitrogen, Carlsbad, CA) following the 
manufacturer’s guidelines and then PCR amplified using Pfu Cx Turbo (Agilent, Santa 
Clara).  Libraries were sequenced using the Illumina HiSeq 2000 (Illumina) as per 
manufacturer’s instructions.  Image analysis and base calling were performed with the 
Illumina pipeline version RTA 2.8.0. 
 
Methylation analysis and designation of genes as BM, IM or UM.   As mentioned in 
the Main Text, we mapped BS-seq reads to reference genomes using BRAT software (1), 
allowing mismatches at only potentially methylated sites.  We assessed methylation at 
individual cytosine sites by first assessing the average level of converted to non-
converted reads across all cytosine sites.  The averages were remarkably similar between 
tissues; for example over the entire genome, the average cytosine in the CG context had 
54.3% non-converted reads, on average, in leaf tissue and 53.9% non-converted reads in 
floral tissue.  These values were identical to those within coding regions.   

We next constructed a histogram of the proportion of non-converted reads for 
each cytosine site against the number (frequency) of cytosine sites (Fig. S1).  The 
distribution was notably bimodal, allowing clear designation of ‘methylated’ and ‘non-
methylated’ sites.  However, rather than rely on an arbitrary cut-off to designate as 
methylated, we employed the binomial test suggested by Lister et al. (2).  This binomial 
test employs the estimated error rate (Table S1) to test for significant evidence of 
methylation at each site.  We employed the test at a P-value of < 0.01 significance; the 
results correlated nicely with the bimodal distribution in Fig. S1.  Given that this 
binomial approach has substantial precedence in the methylation literature (e.g., 3-5), we 
used it to define individual cytosines as methylated or non-methylated.   

Given identification of cytosine residues as methylated or non-methylated, we 
then classified genes into one of three methylation classes:  BM (body-methylated), IM 
(intermediately-methylated) and UM (under-methylated).  To classify a gene, we first 
denoted a P-value for the CG, CHG and CHH contexts as PCG, PCHG and PCHH, 
respectively (6).  For example, the probability of the null hypothesis of CG methylation 
at the level of the genomic average was given by  



 

 

where pcg is the proportion of methylated CG sites in the genome, ncg is the number of 
cytosine residues at CG sites with enough coverage of BS-seq, and mcg is the number of 
methylated cytosine residues.  Using the same approach, PCHG and PCHH were calculated 
for CHG sites and CHH sites, respectively.  The lower these statistics, the more densely 
methylated a local region relative to the genomic average. 
 PCG, PCHG and PCHH were calculated for each annotated region from translation 
start to the stop codon. We only considered genes with sufficient CG information (ncg 
≥20) and genes for which ≥ 40% and 60% of cytosine residues were covered by at least 2 
reads for rice and B. distachyon, respectively (Fig. S6).  Within bona fide genes, body 
methylation is enhanced at only CG sites (2, 7), so we discarded genes with high CHG 
and/or CHH methylation (i.e., with PCHG < 0.05 and/or PCHH < 0.05).   This step resulted 
in the exclusion of 1,967 of 23,051 annotated genes in B. distachyon with sufficient 
methylation information and 1,501 of 26,505 annotated genes in rice. We then classified 
the remaining genes into three categories: BM (PCG < 0.05), IM (0.05≤ PCG ≤0.95) and 
UM (PCG > 0.95). 
 
Identifying orthologs and calculating evolutionary rates.  We calculated substitution 
rates between A. thaliana-A. lyrata ortholog pairs and between O. sativa-B. distachyon 
ortholog pairs.  The list of 18,330 orthologs for A. thaliana-A. lyrata pair was provided 
by J. A. Fawcett (The Graduate University for Advanced Studies, Hayama, Japan) (8), 
with the BM genes in A. thaliana previously defined (6).  For O. sativa-B. distachyon, we 
inferred orthologous relationships following (8) with slight modifications.  First, BlastP 
analyses [version 2.2.17 (9)] were performed with E < 10-5.  Homologous gene pairs 
whose alignments covered ≥ 50 % of both genes for both directions were retained.  
Second, synonymous divergence (denoted by KS) was calculated for all gene pairs using 
the Nei and Gojobori method (10) after alignment by ClustalW version 1.83 (11).  The 
major peak of KS distribution was 0.35 to 0.40; we discarded gene pairs with KS > 0.7 to 
enhance our further queries to bona fide orthologs as opposed to paralogs.   
 Homologous pairs were retained as queries for i-ADHoRe version 3.0 (12) to assess 
collinearity.  i-ADHoRe was applied with gap size set to 10 genes, the minimum number 
of homolog anchors set to 10 genes, and the P-value cutoff set to 0.001.   Duplicated 
genes may lead to ambiguous inference of orthologs.  To avoid misassignment of 
tandemly duplicated genes, we excluded tandem duplications with KS < 0.7 from the i-
ADHoRe query.  We ultimately detected 9,531 orthologs between rice and B. distachyon 
under these homology and collinearity parameters.  These 9,531 orthologs were further 
pared to 7,826 orthologs based on two criteria: sufficient levels of methylation data (Fig. 
S6) and exclusion of genes with PCHG < 0.05 and/or PCHH < 0.05. 
 For the remaining orthologs, we calculated KA and KS using the Nei and Gojobori 
method after alignment with ClustalW, limiting our analyses to ortholog alignments that 
included ≥100 bp of synonymous change sites in alignment sequences.  We also 
calculated CG [O/E] (13) from the ortholog data.  



 
Analysis of maize BS-seq data and identification of maize orthologs.  To assess gbM 
in maize, we employed three sets of data: i) the B73 maize genome sequence RefGen 
version 2 (14), ii) the filtered gene set for annotations (version 5bFGS), retrieved from 
MaizeSequence.org, and iii) BS-seq data generated from the outer layer of mature maize 
ears prior to fertilization in the reference inbred line B73 (15). 
 The BS Seeker software program was used to map the BS-seq short reads to the 
maize B73 reference genome (16), using default settings.  BS Seeker was used for 
mapping because the BRAT software (1) mapped few reads uniquely within the maize 
genome, probably reflecting the polyploid history of the genome and the abundance of 
repetitive DNA(14, 17, 18).  We note, however, that mapping with BRAT and BS Seeker 
resulted in < 0.058% differences in methylation calls within B. distachyon and also 
performed well with A. thaliana data (6) relative to the original BS-seq analyses (2).   
Thus, the limitations of mapping by BRAT applied only to the maize genome, which is 
substantially more repetitive than A. thaliana, rice or B. distachyon (19).  Once reads 
were mapped, we applied the binomial method (2) at p < 0.01 to classify each cytosine 
residue with sufficient data as methylated or un-methylated. 
 We then assessed levels of cytosine methylation within the filtered gene set.  
Because BS-seq coverage was low for the maize data, we screened genes such that ≥20% 
of cytosines were covered by at least 2 reads and that ≥10 cytosines at CG sites were 
covered by at least 2 reads (Fig. S6).  

Finally, the proportion of methylated cytosines within CG dinucleotides was 
plotted for orthologs to our set of 7,826 rice-B. distachyon orthology pairs.  Maize 
orthologs to these pairs were retrieved from the quartet database of (20).  Note that maize 
has two subgenomes, such that there were the possibility of two orthologs for maize 
relative to any of our rice and B. distachyon orthology pairs.  We reported methylation 
correlations to orthologs from maize subgenome 1, simply because we identified more 
orthologs from this subgenome (n = 914) than from subgenome 2 (n = 864).  However, 
pairwise correlations between rice/B. distachyon and subgenome1/subgenome2 were all 
highly significantly positive (P < 10-5 by permutation test).  Note also that the low 
coverage of maize BS-seq data results in substantial noise, undoubtedly weakening the 
observed correlations between maize orthologs relative to rice/B. distachyon orthologs.    

 
Analysis of the distance from genes to methylated transposons.  To investigate 
whether BM genes are typically within a chromatin environment defined by transposable 
element (TE) methylation, we identified TEs in B. distachyon using RepeatMasker 
(www.repeatmasker.org), with default parameters set to the B. distachyon 
genome.  Sequence hits were further screened to retain hits > 100 bp in length that 
encompassed at least 70% of the reference TEs.  By this method, 8,680 TEs were 
identified in the B. distachyon genome (version 1.0.)  Given these TEs, we first quantified 
their level of DNA methylation, based on CG and CHG methylation, focusing on TEs for 
which 60% of CG and CHG sites had ≥2X coverage.  Following a previous study (21), 
TEs with ≥10% methylation were denoted as methylated.  Ultimately, the vast majority 
of assayable TEs were deemed to be methylated by this method – i.e., 5,861 methylated 
TEs and 179 unmethylated TEs.  Given these designations, the distance between UM or 
BM genes to the nearest methylated TE was tallied.  If the closest TE to a gene did not 



have sufficient coverage of BS-seq to designate its methylation status – i.e., it was one of 
the ~2640 such TEs – then the gene was removed from the analysis.   
 
Simulations of the mutation process at equilibrium. Methylated cytosines deaminate 
spontaneously, leading to high mutation rates and the preferential replacement of cytosine 
(C) with thymine (T).   This mutation pressure reduces the observed number of CG 
dinucleotides relative to those expected based on the G+C content of a gene.  A measure 
of this deviation, CG [O/E], has been used as a proxy to assess methylation content.     
 The question remains as to how genes can remain methylated over long 
evolutionary periods in the face of the mutation pressure that removed the very sites - CG 
dinucleotides – that are methylated.  To study this process, we simulated DNA sequence 
evolution under a simplified model of nucleotide substitution. 
 We specified a simplified model of nucleotide substitution, following 
observations in reference (22) (Fig. S7).  We assumed that the mutation rate of two types 
of transitions (i.e., C  T or G A) is α times higher than the mutation rate of other 
nucleotide changes, µ, where µ is the rate of mutation to a specific nucleotide per site per 
generation (i.e., the rate of total mutations per site is 3µ). Once a substitution model is 
specified, the expected G+C content can be calculated by equation [3] in (23).  Let µ1 and 
µ2 be the rate of mutation from G or C to A or T and the rate of mutation from A or T to 
G or C, respectively.  The expected G+C content at equilibrium is calculated by 
µ2/(µ1+µ2).  In our model (Fig. S6), µ1 = (2+2α)µ and µ2 = 4µ.  Thus, the expected G+C 
content under this model is calculated by 2/(3+α).  The genomic average of G+C content 
for coding regions was about 40% in A. thaliana, rice and B. distachyon (including both 
exons and introns).  And therefore, we use α = 2 because 2/(3+2) = 0.4. 

We further incorporated the effect of methylation at CG sites into the model, such 
that the C  T and GA  mutation rates at CG sites are β times higher than αµ.  We also 
assumed all mutations are neutral, so that the mutation rate is equal to the substitution 
rate.  
 Given this model of nucleotide substitution, we simulated sequence of length L = 
1000 bp with a given µ, α (=2µ) and a wide range of β values = 
{1,2,4,6,8,10,12,14,16,18,20}.  We employed an interval of m = 100/µ generations as a 
time standard.  To reach equilibrium, the simulation was run initially 2,000m generations.  
After this initial run, the CG [O/E] of the sequence was calculated every m generations.  
The simulation ran continuously, up to 105 observations, from which the average CG 
[O/E] was calculated. We do not specify µ itself because G+C content and CG [O/E] are 
independent from µ, which was verified by simulation. 
 The results are shown in Fig. S7.  With α = 2 and β = 5, the CG [O/E] at 
equilibrium ~ 40%, which is consistent with A. thaliana, B. distachyon and rice coding 
regions of BM genes (both exons and introns) (Figs. 3 & S5).   The main interpretation is 
that when the deamination rate is at a reasonable level of β = 5 (24), then the level of 
CG[O/E] found in some plant species can be maintained indefinitely within a DNA 
sequence.  This maintenance is not because the CG sites are themselves maintained 
indefinitely but rather because there is enough contravening mutation to create enough 
CG dinucleotides to maintain methylation.    
   



 
SUPPLEMENTAL TABLES and FIGURES  
 

Supplementary Table 1. Coverage of BS-seq in B. distachyon leaf and flower bud. 

 Tissue 

Biological  

replicate 

Number of  

uniquely mapped short reads Coverage Error rate a 

Leaf 1 49,640,480 17.8X 1.06% 

 2 44,466,382 15.9X 1.33% 

  3 48,287,167 17.3X 1.12% 

Flower bud 1 50,250,104 18.0X 0.94% 

 2 47,322,329 17.0X 0.89% 

 3 43,761,321 15.7X 0.98% 
a Error rate is estimated from the proportion of non-converted reads that maps to the 

chloroplast genome. 

 



Supplementary Table 2. Correlation between methylation level and the density of genes and 

TEs. 

 Tissue 

Biological  

replicate a 

Sequence  

context 

Correlation to 

TE density b 

Correlation to 

Gene density b 

Leaf 1 CG 0.511 −0.692 

  CHG 0.539 −0.788 

  CHH −0.303 0.303 

Flower bud 1 CG 0.513 −0.696 

  CHG 0.541 −0.789 

  CHH −0.207 0.171 
a We obtained qualitatively identical results using other replicate samples. 
b Correlation between methylation level and the density of genes or TEs in non-

overlapped 100-kb sliding windows. 

 

 

 



 
Supplementary Table 3. DNA methylation-related genes in A. thaliana a and B. distachyon. 

Gene  

name 

A. thaliana 

Gene ID 

 

Activity 

Sequence  

context 

B. distachyon 

best-hit ID 

MET1 At5g49160 DNA methyltranferase CG Bradi1g55290 

CMT3 At1g69770 DNA methyltranferase CHG, CHH Bradi3g21450 

DRM1 At5g15380 DNA methyltranferase CHH Bradi4g05680 

DRM2 At5g14620 DNA methyltranferase CHH Bradi4g05680 

HOG1 

 

At4g13940 

S adenosyl homocysteine  

hydrolase CG, CHG, CHH Bradi4g19460 

DDM1 

 

At5g66750 

Chromatin remodelling  

ATPase CG, CHG, CHH Bradi1g10360 

DRD1 

 

At2g16390 

Chromatin remodelling  

ATPase CHH Bradi3g19890 
a The genes are excerpted from Table 1 in reference (25). 
b Genes identified in B. distachyon relative to the A. thaliana query, with BlastP E<10-100 

(9) (version 2.2.17) 

 



Supplementary Table 4.  Methylation differentiation between leaf and immature floral tissues 

across the entire genome. 
 

Sequence context 

Avg. difference between 

tissues (%) 

Avg. difference among replicates within 

tissues (%) 

CG 1.10  1.04 

CHG 1.33 1.31 

CHH 0.43 0.39 

 

 

 



 

 

 

 
 

Fig. S1.  The number of cytosines in B. distachyon (y-axis) vs. the proportion of non-

converted reads at each site (x-axis).  Blackened bars represent significantly methylated 

cytosine residues by the binomial test suggested by Lister et al. (2), which relies on the 

estimated error rates.  In this study, the test was applied at the p < 0.01 level.   The graph 

also shows that the vast majority of sites are non-ambiguous with respect to methylation 

status.  



 
Fig. S2. Distribution of DNA methylation in chromosome 2-4 of B. distachyon.  The first 

row shows methylation level at CG (red), CHG (black) and CHH (blue).  The second row 

and third row show the density of TEs and genes, respectively.  The size of non-

overlapped windows is 100 kb. 

 



 
Fig. S2. (continued) 



 
Fig. S2. (continued) 

 



 
Fig. S2. (continued) 

 

 

 

 

 



 

 
 

 

Fig. S3. Correlations in CG methylation across orthologs of maize and orthologs of either 

rice or B. distachyon, based on n=914 orthologs.  Maize has two subgenomes (20). The 

correlations for maize vs. rice was r = 0.510 and for maize vs. B. distachyon was r = 

0.541 (P < 10-5 for both, based on permutation tests).  We report analyses to orthlogs 

from maize subgenome 1, but procured qualitatively similar results from subgenome 2.    

 



 

 

 

 
 

 

Fig. S4. The frequency distribution of PCG, a significance test for body-methylation.  Red 

and blue bars represent body- (BM) and under-methylated (UM) genes. 

 

 

 

 

 



 

 

 

 

 

 
 

Fig. S5. Evolutionary analysis of BM (red) versus UM (blue) genes in A. lyrata orthologs 

of A. thaliana Col-0.  Box plots show that BM genes are longer (left graph), have lower 

CG [O/E] ratios (middle graph), and diverge more slowly on average as measured by 

nonsynonymous divergence (KA) (right graph).  
 



 

 

 

 
Fig. S6. The proportion of cytosine residues with ≥2 coverage of bisulfite short reads in 

rice, B. distachyon, A. thaliana and maize (Z. mays).  For all graphs, the x-axes represents 

the proportion of cytosine residues that has ≥2-fold coverage. The y-axes represents 

frequencies of genes with given cytosine coverage.  Based on these distributions, for 

analyses we included genes with ≥40% cytosines with ≥2-fold coverage for rice and with 

≥60% cytosines ≥2-fold for B. distachyon. Using similar arguments, we used genes with 

≥60% ≥2-fold coverage for the A. thaliana MA lines (for which an example of one of the 

8 MA lines is shown) and genes with ≥20% ≥2-fold coverage for the maize data, which 

had lower coverage.   

 

 

  



 

 
 

Fig. S7.  A schematic diagram of the nucleotide substitution model (left) and simulation 

results (right). The nucleotide substitution model includes a separate parameter (α) for 

two types of transition (C->T and G->A) mutations, as well as a separate mutation 

parameter (β) at CG dinucleotide sites.  The results in the graph on the right show that 

when transitional mutation rates at CG dinucleotides are ~5x higher than elsewhere in the 

sequences, then the equilibrium CG[O/E] level is about ~40%, which is similar to the 

observed level of CG[O/E] in rice, B. distachyon and A. thaliana BM genes.  
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