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Abstract

DNA methylation is a covalent modification of DNA that plays important role in regulating gene

expression, cell identity, and organism development. Localized changes in DNA methylation

are observed between different cell types, during development and aging, in various disease

states, and under different stress conditions, and are often associated with functionally impor-

tant genomic regions, including promoters and enhancers. The development of whole genome

bisulfite sequencing has made it possible to identify methylation differences at single base

resolution throughout an entire genome. A persistent challenge in DNA methylome analysis is

the accurate identification of differentially methylated regions (DMRs) in the genome between

samples. Sensitive and specific identification of DMRs between different conditions requires

accurate and efficient algorithms, and while various tools have been developed to tackle this

problem, they frequently suffer from limitations in sensitivity and accuracy. Here, we present

a novel Histogram Of MEthylation (HOME) based method that exploits the inherent difference

in distribution of methylation levels between DMRs and non-DMRs to robustly discriminate

between the two via a linear Support Vector Machine. HOME produces accurate DMR bound-

aries, few spurious DMRs, and provides the ability to determine DMRs in time-series data.

HOME can identify DMRs among any number of treatment groups in experiments with or with-

out replicates at high accuracy. We demonstrate that HOME produces more accurate DMRs

than the current state-of-the-art methods on both simulated and biological datasets, and pro-

vide a user-friendly implementation of the tool.

Introduction

DNA methylation plays an important role in the regulation of various cell functions including

genomic imprinting, X-chromosome inactivation and cellular differentiation (Richardson 2002;

Khavari et al. 2010; Messerschmidt et al. 2014). However, analysis of DNA methylation

presents various challenges as the modification is highly dynamic in space and time (Jones
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2012; Lister et al. 2013). DNA methylation levels vary between distinct genomic features

such as promoters, enhancers, gene bodies, transposable elements, and repeat elements

(Kass et al. 1997; Jones 1999; Meissner et al. 2008; Lister et al. 2009; Law and Jacobsen

2010; Stadler et al. 2011; Bogdanovic et al. 2016). Furthermore, widespread variation in

the distribution of DNA methylation has been observed between different cell types, cell lines,

tissues, individuals and species (Heyn et al. 2013; Roadmap Epigenomics et al. 2015; Schultz

et al. 2015; Eichten et al. 2016; Kawakatsu et al. 2016; Niederhuth et al. 2016). Moreover,

the distribution of DNA methylation is not uniform across all cytosines in the genome. In

mammals, DNA methylation predominantly occurs in the CG dinucleotide context, however

multiple studies have uncovered the presence of non-CG (CH, where H=A, T, or C) methylation

in certain cell types including embryonic stem cells and brain cells (Lister et al. 2009; Xie et

al. 2012; Lister et al. 2013; Varley et al. 2013). In contrast, DNA methylation in plants occurs

in all sequence context, namely CG, CHG, and CHH (Law and Jacobsen 2010). Furthermore,

CH methylation is often found at much lower levels compared to CG methylation, as measured

by the proportion of reads displaying methylation, making the accurate analysis of CH DNA

methylation more challenging given the typical sequencing depth of experiments to date.

High-throughput sequencing methods such as whole genome bisulfite sequencing (WGBS)

have been developed to provide detection and quantitative measurement of DNA methylation

at single base resolution throughout whole genomes (Cokus et al. 2008; Lister et al. 2009).

Sodium bisulfite treatment of genomic DNA converts cytosines, but not methylcytosines, into

uracils, and during subsequent PCR amplification of the bisulfite treated DNA the uracils are

replaced by thymines. High-throughput sequencing of bisulfite converted DNA and alignment

to a reference genome enables the methylation level of any covered cytosine to be computed

by counting the number of methylated and unmethylated bases in reads that cover that cyto-

sine position. Sensitive and accurate DMR detection from such data is important in charac-

terization of the differences and dynamics of DNA methylation state, exploration of potential

roles in genome regulation, and as disease biomarkers (Guo et al. 2017). However, accurate
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DMR detection remains a significant challenge. Most of the existing DMR identification meth-

ods such as bsseq (Hansen et al. 2012), RADMeth (Dolzhenko and Smith 2014), MACAU

(Lea et al. 2015) and GetisDMR (Wen et al. 2016) are more appropriate to identify DMRs

when two or more replicates are available for each of the treatment groups (Shafi et al. 2017).

Other methods such as Comet (Saito et al. 2014) and swDMR (Wang et al. 2015) have

been developed to identify DMRs for single replicate treatment groups. Two of the recently

developed methods, DSS and DSS-single (Feng et al. 2014; Wu et al. 2015) (referred to as

DSS hereafter), and Metilene (Juhling et al. 2016) can be used for single or multiple replicate

treatment groups and have been shown to outperform the aforementioned methods. However,

both of these methods are limited to DMR identification between two treatment groups rather

than more complex experimental designs with multiple groups and/or time points. Moreover,

multiple characteristics need to be considered for accurate prediction of DMRs, including spa-

tial correlation present between neighboring cytosine sites, sequencing depth that takes into

account sampling variability that occurs during sequencing, and biological variation among

replicates of treatment groups (Eckhardt et al. 2006; Hansen et al. 2012; Jaffe et al. 2012;

Shafi et al. 2017). Most of the DMR identification tools described above do not consider either

all or some of the characteristics required for accurate prediction of DMRs.

To overcome these limitations we have developed HOME, a novel DMR finder that takes

into account important characteristics such as cytosine spatial correlation, sequencing depth,

and biological variation between replicates for predicting accurate DMRs for both single and

multiple replicate treatment groups. Moreover, HOME is computationally very efficient for pre-

dicting DMRs in the CH context, where the number of potential sites of methylation in the

genome are significantly greater than in the CG context. Furthermore, HOME has the func-

tionality to identify DMRs in time-series data to accurately identify temporal changes in DNA

methylation state. A detailed comparison of HOME with the most commonly used method,

DSS, and a recently developed method, Metilene, demonstrates that HOME achieves high

performance on both simulated and biological data. HOME outperforms both DSS and Meti-
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lene by predicting more accurate DMR boundaries and having lower false positive and false

negative rates.

Results

Algorithm summary

The algorithm developed here approaches the problem of DMR identification from the per-

spective of binary classification in machine learning, classifying a region as DMR or non-DMR

using a Support Vector Machine (SVM) classifier (Cortes 1995), as described below. The

classifier is trained separately for the CG and CH contexts, as they show different methylation

characteristics. Due to the lack of real-world truth data for DMRs and non-DMRs, we gener-

ated a training dataset using publicly available DNA methylome datasets. For the CG context,

WGBS datasets of neuronal and non-neuronal cell types isolated from the frontal cortex of 7

week old male mouse prefrontal cortex (Lister et al. 2013) was used. For the CH context, the

classifier was trained on methylation data from two neuronal cell types: excitatory pyramidal

neurons (EX) and vasoactive intestinal peptide-expressing interneurons (VIP) (Mo et al. 2015).

To generate the training data, different DMR finders such as DSS, bisulfighter and Metilene

were used, with default parameters, on the processed methylome data. The DMRs identified

by two or more algorithms were further analyzed to confirm the presence of methylation level

differences. Among these, the DMRs with an average methylation level difference >0.3 were

inspected visually for contiguous methylation level differences and were selected as robust

DMRs. The regions not identified as DMRs by all of the DMR finders were randomly selected

as potential non-DMRs. Among these, the regions with low average methylation level dif-

ferences (<0.2) were visually inspected for consistent methylation level differences and were

selected as robust non-DMRs. Thereafter, HOME computes the methylation level difference

between treatment groups and estimates the significance of methylation level difference (mod-

eled by p-value) for each cytosine site in DMRs and non-DMRs. The p-values were computed
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using weighted logistic regression for replicated data, and z-score test for non-replicated data

(see Methods). The algorithm accounts for biological variation present between the replicates

and uneven read coverage through weighted logistic regression while computing the p-value.

The salient information, including the methylation level difference and the measure of signif-

icance for the difference in methylation level, is combined to generate a bin value for each

cytosine site in DMRs and non-DMRs (see eq.1 in Methods). To account for the spatial cor-

relation between the neighboring cytosines, moving average smoothing is performed on the

computed bin values for each cytosine site in DMRs and non-DMRs. The smoothed bin val-

ues, ranging from 0 to 1, are then binned into a histogram of 10 bins with the bin size of 0.1, to

generate the proposed novel histogram based features for each cytosine, which are then used

to train the SVM classifier. Briefly, the histogram features are computed for each cytosine site

in DMRs and non-DMRs for a window of fixed size. For a given window, the bin values are

binned using a weighted voting approach such that for a given cytosine, its contribution to the

bin is computed as a weighted distance from the center cytosine, which is normalized by the

maximum allowed distance (eq. 2 in Methods). The use of weighted voting for computation

of histogram based features also captures the spatial correlation present among neighboring

cytosine sites.

The schematic of the feature generation process described above is illustrated with an ex-

ample DMR and non-DMR selected from the training dataset in Figure 1 (A-H). The proposed

histogram based features (Figure 1D and 1H) show a clear demarcation between DMRs and

non-DMRs. In particular, the distributions of non-DMRs show low mean values for the bins

representing the higher difference in methylation level (>0.3), indicating low number of votes

falling in the bins that correspond to higher methylation differences (Figure 1I). In contrast,

DMRs exhibit higher differences in methylation level and have consistently higher mean for

bins that correspond to higher methylation differences (Figure 1I). This indicates that the his-

togram based features are highly discriminative between treatment states, which makes the

problem of DMR detection suitable for machine learning analysis.
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Figure 1. Feature generation overview. (A) Methylation level of sample 1 (S1) and sample 2 (S2) for a
DMR from the training set. (B) Extracted features: p-value and difference in methylation level for each CG site.
(C) Histogram of scores computed from the extracted features and (D) histogram of normalized scores. (E)
Methylation level of S1 and S2 for a non-DMR from the training dataset. (F) Extracted features: p-value and
difference in methylation level for each CG. (G) Histogram of scores computed from the extracted features and
(H) histogram of normalized scores. (I) Mean and standard deviation of histogram features for complete training
data for DMRs (blue) and non-DMRs (pink).

Once the SVM has been trained, the histogram based features for new methylomes can

be computed, and HOME scans the entire methylome to provide a prediction score (between

0 and 1) from the SVM classifier for each cytosine site. Then, the individual cytosine sites

are grouped together into DMRs based on the user defined prediction score cutoff (default:

>0.1) and the distance between neighboring cytosines (default: <500bp). A lower prediction

score (<0.1) from the classifier for a cytosine site indicates low confidence in the site being

differentially methylated and a higher prediction score (>0.1) indicates high confidence in a site
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being methylated. Here, we independently applied HOME to both CG and CH contexts, and

compared its performance to two other DMR finders, Metilene and DSS, using both simulated

and biological data. Furthermore, we also show that HOME can be used for time-series DMR

analysis on biological data.

Analysis of simulated DNA methylation data

The DMRs were simulated with the assumption that the methylation level of cytosine sites

follows a beta binomial distribution. DMRs and non-DMRs were simulated with three distinct

beta binomial settings, each increasing in their difficulty for identification. For each setting two

treatment groups were simulated, each with three replicates. The read coverage for replicates

was taken from WGBS datasets of neuronal and non-neuronal cell types (Lister et al. 2013).

For all settings, the methylation level of cytosine sites in DMRs were generated from a beta dis-

tribution of (6,1.5) and a beta distribution of (1.5,6) for the two treatment groups, respectively.

For the first setting (class 1), the non-DMR portion of the genome displayed a fixed methyla-

tion level (0.7), with only DMRs showing variation from this value. In the second setting (class

2), non-DMR cytosine methylation level was simulated from beta parameters (2,2), such that

the methylation level was not fixed for either DMRs or non-DMRs. The final setting (class 3)

was similar to class 2, however use of the non-DMR beta parameters of (1.5,1.5) provided an

overall broader distribution under which DMR methylation states can exist by random chance.

Therefore, in these simulated datasets it is expected that correct DMR classification will be

easiest for class 1 and hardest for class 3. The simulation method described above is simi-

lar to approach taken previously (Dolzhenko et al 2014). For class 1, we generated additional

data with two treatment groups with single replication to test the efficacy of HOME in the cases

where replication is not available.

The performance of HOME, DSS and Metilene were evaluated in terms of the Jaccard

index, positive predictive value (PPV), true positive rate (TPR), F1-score and boundary detec-

tion accuracy. The Jaccard index is the measure of similarity between simulated and predicted
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DMRs, where a Jaccard index of 1 indicates the perfect identification of DMRs and 0 repre-

sents complete misidentification of simulated DMRs.
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Figure 2. Comparison of DMR identification methods (HOME, DSS and Metilene) on simulated data. (A)
Jaccard index for predicted DMRs by HOME (orange), DSS (green) and Metilene (purple) with single and multiple
replicates in the treatment groups. (B) Percent reciprocal overlap ranging from 50-100% between simulated and
predicted DMRs by HOME (orange), DSS (green) and Metilene (purple) with single and multiple replicates in the
treatment groups.

Because the default settings of the various DMR finders might not produce the best pos-

sible results for each method, an extensive parameter search (Supplementary Materials) for

each method was performed to identify the settings for each DMR finder that resulted in the

best performance based on the aforementioned evaluation criteria. HOME outperforms DSS

and Metilene in terms of the Jaccard index for both replicated and non-replicated data (Figure

2A). The Jaccard index of HOME for replicated and unreplicated data was 0.996 and 0.995,

respectively, indicating a high level of identification compared to the known truth. Furthermore,

HOME outperformed both DSS and Metilene in all other metrics (PPV, TPR and F1-score),

for all classes with distinct biological settings (Supplementary Figure 1A and Supplementary

Table 1).

Precise DMR boundary identification is essential to any analysis that follow DMR detec-

tion. Imprecise definition of DMR boundaries may lead to inaccurate biological findings, such

as when DMRs are linked to promoters or enhancers to understand the connection between

methylation changes and phenotype. Therefore, we evaluated the DMR boundary accuracy
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for all three DMR finders. To measure the boundary accuracy, we calculated the fraction of CG

overlap between simulated and predicted DMRs (see methods). The accuracy was tested for

a comprehensive range of reciprocal overlap from 50-100% between simulated and predicted

DMRs. HOME produced more accurate DMR boundaries than DSS and Metilene for replicated

and non-replicated data (Figure 2B). For example, in the range of 50-80% reciprocal overlap

between simulated and predicted DMRs, HOME correctly predicted 99% of simulated DMRs.

The fraction of correctly predicted DMRs by HOME decreased slightly to 98% for the range of

80-90% reciprocal overlap, and 90% for the range of 90-100% reciprocal overlap. This means

that the 90% of predicted DMRs perfectly matched the boundary of the simulated DMRs. In

contrast, for DSS and Metilene the fraction of predicted DMRs decreased with an increasing

requirement in the percentage overlap between the predicted and simulated DMRs. This indi-

cates that HOME is highly accurate in predicting the boundaries of the DMRs, outperforming

both DSS and Metilene for all three classes with replicates and without replicates (Figure 2B

and Supplementary Figure 1B).

Analysis of performance on biological datasets

1. Pairwise differential methylation analysis

We compared the performance of HOME with DSS and Metilene for the CG context on pub-

lished WGBS data (Mo et al. 2015) for two neuronal cell types: excitatory pyramidal neu-

rons (EX) and parvalbumin-expressing fast-spiking interneurons (PV), each with two repli-

cates. Among the DMR finders that were compared, DMRs identified by HOME appeared to

be less fragmented than the DMRs produced by other finders (Figure 3A), despite equivalent

DMR merging parameters being used for each finder (Supplementary Materials). The number

of DMRs with inter-DMR distance <500bp was lower for DMRs predicted by HOME as com-

pared to DSS and Metilene (Figure 3B), even though a merge distance of 500bp was utilized

for both DSS and HOME. Note that there is no parameter to control the merge distance in
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Figure 3. Quality assessment of CG-DMRs predicted in mammalian WGBS data by HOME, DSS and Meti-
lene. (A) Browser representation showing the quality and boundary accuracy of predicted CG context DMRs for
the parvalbumin-expressing fast-spiking interneuron (PV) specific gene Syt2. EX, excitatory pyramidal neurons;
R1, replicate 1; R2, replicate 2. Methylated CG sites (blue) are marked by upward (Watson strand, W) and
downward (Crick strand, C) ticks. (B) Distribution of inter-DMR distance for predicted CG-DMRs. The length of
DMRs, shown on X-axis, are in the range (bin -100, bin]. (C) Heatmap of absolute methylation level difference
for all predicted DMRs, and (D) uniquely predicted DMRs. DMRs are arranged in descending order of number of
CGs. (E) Mean and standard deviation of absolute methylation difference for all predicted CG-DMRs for 5 CGs
upstream and downstream of the DMR start (left) and stop (right) marked as 0, respectively.
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Metilene. HOME predicted DMRs with a consistently higher methylation level difference (>0.3)

for CG sites when compared to the other finders (Figure 3C). A more detailed comparison of

the DMRs uniquely predicted by each finder showed that DMRs uniquely identified by HOME

consistently had a higher methylation level difference (>0.3) for the CG sites located within the

DMRs (Figure 3D). In contrast, DMRs uniquely predicted by DSS and Metilene consistently

had a lower methylation difference (<0.2) for the CG sites within the DMRs. Furthermore, a

one-to-one comparison of the overlapping and uniquely predicted DMRs of DSS and Meti-

lene with HOME showed that for the overlapping DMRs between HOME and DSS, DMRs

predicted by HOME had consistently higher methylation level differences as compared to DSS

(Supplementary Figure 2A). DMRs uniquely predicted by DSS compared to HOME had low

methylation level differences (Supplementary Figure 2B). On the contrary, DMRs uniquely pre-

dicted by HOME compared to DSS exhibited consistently higher methylation level differences,

indicating that these DMRs, although short, display reasonably high differences in methyla-

tion (Supplementary Figure 2B). Similar trends were observed between DMRs identified by

Metilene and HOME (Supplementary Figure 3A and 3B).

Given the importance of accurate boundary detection, we next compared boundary pre-

cision at high resolution among the three finders. The boundary detection accuracy for all

DMRs predicted by HOME, DSS and Metilene was represented by the mean and standard

deviation of the absolute methylation level difference between analyzed samples for the 5 CG

sites immediately inside and outside the DMR boundary, for each end of the DMR (Figure

3E). The mean methylation level difference for the boundary CG site and CG sites inside the

DMRs is higher for HOME than DSS and Metilene (Figure 3E), while the mean methylation

level difference for the CG sites immediately outside the DMR boundaries is lower for HOME

as compared to DSS and Metilene. This demonstrates the higher DMR boundary detection

precision of HOME on real biological datasets, as also observed for the simulated WGBS data

(Figure 2B). One-to-one comparisons of the boundary detection accuracy of DSS or Metilene

with HOME follow a similar trend for the overlapping predicted DMRs (Supplementary Figure
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4A and 4B). However, for the DMRs predicted uniquely by each finder (Supplementary Figure

5A and 5B), the mean methylation level difference between CGs within the DMR and CGs

outside the HOME DMR boundaries were higher than for the DMRs identified by other finders.

Overall, this indicates that HOME provides more accurate DMR boundary prediction.

To investigate the incidence of false positive DMRs predicted by each finder, we permuted

the labels among the EX and PV WGBS samples to generate two artificial datasets: (1) EX

replicate 1 and PV replicate 1 comprising treatment group 1 vs EX replicate 2 and PV replicate

2 comprising treatment group 2 and (2) EX replicate 1 and PV replicate 2 vs EX replicate 2

and PV replicate 1, comprising treatment groups 1 and 2 respectively. Due to randomness in

the shuffled data, there will be shorter regions with contiguous methylation level differences

occurring by chance, and these short regions will be identified by the algorithms as DMRs.

However, it is expected that there will be significantly fewer long DMRs in the shuffled data, as

long DMRs will be unlikely to occur by random chance. These shuffled datasets were analyzed

with HOME, DSS and Metilene, and as expected the number of DMRs predicted by all algo-

rithms in comparison to the unshuffled data was significantly reduced (Supplementary Figure

6A and 6B). In addition, DMRs identified by HOME in the shuffled data were smaller and con-

tained low number of CGs as compared to DSS and Metilene (Supplementary Figure 6A and

6B). Moreover, DMRs identified by HOME exhibited higher methylation level differences (0.2

- 0.3, Supplementary Figure 6C). The DMRs identified by DSS and Metilene tended a higher

number of CGs per DMR and had a very low methylation level difference (Supplementary

Figure 6C), and therefore are more likely to be false positive DMRs.

To test the performance of HOME for the CH context, we used the same two neuronal cell

type (EX and PV) as used for the CG context. A genome browser view of a representative

genomic region (Figure 4A) shows that HOME predicts CH-DMRs where there are regions of

contiguous methylation level difference at CH sites between EX and PV. High absolute methy-

lation level difference (>0.2) was observed in all of the predicted DMRs (Figure 4B). CH-DMRs

predicted by HOME have accurate boundaries with higher mean inter-sample methylation level
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difference at and within DMR boundaries, and low mean methylation level difference immedi-

ately outside the DMR boundaries (Figure 4C). Furthermore, quantitative analysis for HOME

CH-DMR features showed that 36% of the predicted DMRs are longer than 1 kb (Figure 4D).

In addition, the distribution of the number of CH cytosines in predicted DMRs showed that 70%

of the DMRs contain >50 cytosines (Figure 4E).
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Figure 4. Quality assessment of CH-DMRs predicted in mammalian WGBS data. (A) Genome browser
representation of the quality and boundary accuracy of HOME predicted CH context DMRs for the PV interneuron
specific gene Lhx6. (B) Heatmap showing the absolute methylation difference for HOME CH context DMRs.
DMRs are arranged in descending order of number of CHs. (C) DMR boundary precision analysis for all HOME
predicted CH-DMRs. (D) Distribution of the length of HOME predicted CH-DMRs. (E) Distribution of the number
of CHs in the CH-DMRs predicted by HOME.
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Figure 5. Qualitative and quantitative analysis of all DMRs predicted by HOME in plant WGBS data. (A)
Genome browser representation of all HOME predicted DMRs and the underlying methylation difference (black),
(B) length distribution, and (C) average methylation difference distribution for Arabidopsis columella root cap
(CRC) and epidermis (EP), for CG, CHG and CHH contexts. (D) Heatmap showing the absolute methylation dif-
ferences, and (E) DMR boundary precision analysis for HOME predicted DMRs for CG, CHG and CHH contexts.
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Figure 6. Qualitative and quantitative analysis of uniquely predicted DMRs by HOME in plant WGBS data.
(A) Genome browser representation of DMRs predicted by HOME and published DMRs predicted by Methylpy
for CRC and EP for CH (top panel) and CG context (bottom two panels). (B) Average methylation difference
distribution, and (C) length distribution of uniquely predicted HOME DMRs for CG and CH context. (D) Heatmap
of the absolute methylation difference, and (E) DMR boundary precision analysis for uniquely predicted HOME
DMRs for CG and CH contexts.
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The performance of HOME was also tested on plant data using published WGBS DNA

methylomes of columella root cap (CRC) and epidermis (EP) cell types of the Arabidopsis root

meristem (Kawakatsu et al. 2016). Note that we used the same model that is trained on the

mammalian dataset for predicting the DMRs in the plant WGBS datasets, highlighting the fact

that the model generalizes effectively. HOME separately identified the regions with contiguous

methylation level differences for CG, CHG and CHH contexts (Figure 5A). HOME identified a

total of 30,930 DMRs, of which 16%, 44% and 40% were identified in the CG, CHG and CHH

contexts, respectively. Analysis of the length and average methylation level difference of the

predicted DMRs showed that CG-DMRs are shorter and have higher methylation level differ-

ences compared to CHG and CHH-DMRs (Figure 5B and 5C). These results are consistent

with the results presented in the published study (Kawakatsu et al. 2016). To investigate the

quality of predicted DMRs by HOME, we plotted the methylation level difference for all three

contexts (Figure 5D). The plots show that the DMRs predicted by HOME for all three contexts

exhibit consistently high (>0.2) methylation level differences. The mean and standard devi-

ation of 5 cytosines upstream and downstream of the predicted DMRs start and stop sites,

respectively, showed that the methylation level difference is high within the DMR and low just

outside the DMRs (Figure 5E), indicating accurate boundary prediction in all contexts in plant

data, despite the SVM being trained on mammalian data.

We further compared DMRs predicted by HOME with the published DMRs predicted by

Methylpy in Kawakatsu et al. (Kawakatsu et al. 2016). Note that the published DMRs were

predicted between five distinct cell types. Whereas, for this experiment, we perform a pairwise

comparison between only two cell types (CRC and EP) for DMR prediction by HOME. There-

fore, our comparison of HOME and Methylpy is not exact for overlapping DMRs. Nonetheless,

87% of CG-DMRs and 10% of CH-DMRs are uniquely predicted by HOME (Figure 6A). The

uniquely predicted DMRs exhibit high methylation level differences for both CG and CH con-

texts (Figure 6B). Furthermore, the distribution of the length of the DMRs uniquely predicted

by HOME for both CG and CH contexts shows a large number of DMRs with the length greater
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than 500 bp (Figure 6C), indicating that these uniquely predicted DMRs are long and highly

likely to be true DMRs. Moreover, the methylation level difference is consistently high within

the DMRs for both CG and CH contexts (Figure 6D), and the DMRs uniquely predicted by

HOME exhibit accurate boundary identification (Figure 6E).

2. Time-series differential methylation analysis

A unique feature of HOME is the ability to predict DMRs in time-series data. The HOME time-

series analysis algorithm can be successfully used for identification of DMRs in datasets where

DNA methylation varies with development stages, for example, seed germination (Narsai et al.

2017), epigenomic reprogramming (Lister et al. 2011; Lee et al. 2014) and mammalian brain

development (Lister et al. 2013). To the best of our knowledge, no other published DMR

identification method can be directly used to predict DMRs in time-series WGBS data. The

performance of HOME on time-series data was tested using human brain frontal cortex devel-

opment WGBS data (Lister et al. 2013) with four time points: fetal, 2 years, 12 years and 25

years (Figure 7). The processed data with methylated and unmethylated read counts per CG

context cytosine was used as an input for HOME. DMRs identified by HOME included expected
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Figure 7. Browser representations of CG-DMRs predicted by HOME in time-series WGBS data with four
time points: fetal, 2, 12 and 25 year old mammalian brain.
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regions, such as genes related to neuronal development (Figure 7). This added functionality of

HOME to predict DMRs in time-series data provides an easy and convenient way to compare

many time points. Moreover, the DMRs can be traced through time to determine their stability

or stochasticity.

Discussion

Here we present a novel histogram of methylation based method to detect DMRs from single

nucleotide resolution DNA methylation data. The method can be used to accurately identify

DMRs with precise boundaries for comparison of treatment groups with single or multiple

replicates. The key features of HOME are: (i) novel histogram based features which combines

important information such as methylation level difference, measure of significance for the

difference in methylation, and distance between neighboring cytosines; (ii) robustly trained

model that is effective for a wide variety of species; (iii) a flexible method that can be used for

prediction of DMRs in both CG and CH contexts with high border accuracy; and (iv) a tool that

can identify DMRs in time-series data.

The most important qualities of any DMR finder are accurate prediction of DMR bound-

aries and low number of spurious DMRs (false positives). HOME outperforms both DSS and

Metilene in both of these measures. One of the reasons underlying the low false positive rate

of HOME is the use of biological training data for DMRs and non-DMRs to train the classi-

fier. In addition, the histogram based features can robustly discriminate between DMRs and

non-DMRs, thereby reducing the probability of detecting spurious DMRs. Histogram based

features are also able to capture the information present around each cytosine site with the

use of weighted voting, thereby, enabling accurate location of the DMR boundaries.

HOME accounts for biological variation present between the replicates and uneven read

coverage through weighted logistic regression while computing the p-value. The spatial cor-

relation present among neighboring cytosine sites is captured by moving average smoothing
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and the use of weighted voting for histogram based features. We demonstrate that HOME can

be used to predict accurate DMRs in both CG and CH sequence contexts for both mammalian

and plant WGBS methylome data by using the same training data. Although the classifier was

trained on mammalian WGBS data for CG and CH contexts, HOME can accurately predict

DMRs in other species and for specific non-CG contexts (CHG and CHH), demonstrating its

versatility.

Finally, another standout feature of HOME is the prediction of DMRs in time-series data.

Time-series DNA methylation experiments are commonly used to study a wide range of bio-

logical processes such as development (Lister et al. 2013) and stress responses (Dowen et

al. 2012). HOME provides an efficient algorithm to directly predict accurate DMRs in studies

with multiple timepoints. This added functionality of HOME will greatly facilitate and expand

the study of epigenome dynamics in numerous biological systems and disease models. Taken

together, HOME is a highly effective and robust DMR finder that accounts for uneven cytosine

coverage in WGBS data, accounts for biological variation present between the samples in the

same treatment group, predicts DMRs in various genomic contexts, and accurately identifies

DMRs among any number of treatment groups in experiments with or without replicates.

Methods

Algorithm availability and use

HOME is written in python. Documentation and source code are freely available in the form

of a user friendly package at https://github.com/ListerLab/HOME. All the analysis performed in

this paper utilized the default parameters for HOME (version 0.1). The default parameters for

HOME are set to be relatively permissive. The user can fine tune the frequently used param-

eters such as merge distance (–mergedist), minimum length of reported DMRs (–minlength),

minimum average methylation difference (–delta) and minimum number of Cs (–minc) in a

DMR.
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Data acquisition

WGBS data for EX, PV and VIP neuronal cell types were downloaded from NCBI GEO (GSE63137).

Arabidopsis root WGBS data were obtained from NCBI GEO repositories GSM2101445 and

GSM2101440, respectively. WGBS data from fetal, 2 year, 12 year and 25 year old human

brain were obtained from GEO accessions GSM1163695, GSM1167005, GSM1164630 and

GSM1164632, respectively.

Training data generation

To generate the training data for the CG context, publicly available methylome data from neu-

ron (GSM1173786) and non-neuron (GSM1173787) cell types isolated from the frontal cortex

of 7 weeks old male mouse brain (Lister et al. 2013) was used, considering chromosome 2

only. For the CH context, the published methylation data for chromosome 2 from two neuronal

cell types, excitatory pyramidal neurons (EX) with two biological replicates and vasoactive in-

testinal peptide-expressing interneurons (VIP) with two biological replicates (Mo et al. 2015)

were used. The raw data were processed as described previously (Lister et al. 2013) to obtain

the number of methylated reads (mc) and total reads (t) for each cytosine. Watson and Crick

strand counts were combined for mc and t for CG sites, as the methylation is usually symmetric

on both strands (Laurent et al. 2010; Hardcastle 2013; Guo et al. 2014). The strand combi-

nation was not performed for CH sites because methylation of the CH sites is strand-specific

(Lister et al. 2009; Guo et al. 2014). Thereafter, three existing DMR finders (DSS, bisulfighter

and Metilene) were used with default parameters to produce preliminary DMRs. DMRs iden-

tified by two or more finders were further analyzed for differences in methylation level, and

DMRs with an average methylation level difference >0.3 were visually confirmed and selected

as the training set of DMRs. When necessary, boundaries were adjusted by trimming until

three consecutive cytosines had the value of the b (Eq.1) > 0.1, to assure accurate boundary

cutoff.
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The regions not identified as DMRs by all of the DMR finders were randomly selected as

potential non-DMRs. Among these, the regions with small average methylation level differ-

ences (<0.2) were further analyzed for methylation level differences and visually inspected for

consistent methylation level difference and were selected as robust to confirm as non-DMRs.

Histogram computation from training data

HOME uses novel histogram based features for identification of DMRs. The algorithm starts

by combining the Watson and Crick strand counts for mc and t for the CG context. For the CH

context, no strand combination is performed. Next, the algorithm computes the methylation

level difference between the two samples and estimates the p-value for the difference at each

cytosine. For CH training data, which has biological replicates within each treatment group, p-

values are computed using weighted logistic regression to model methylation levels in relation

to the treatment groups and variation between replicates. Since the CG training data has only

one sample per treatment group, a z-score test was used for p-value computation. The null

hypothesis for modeling p-values for both tests described above is that methylation levels are

the same among treatment groups for a given cytosine. The alternative hypothesis is that

there is a difference in the methylation levels among the treatment groups. To account for

uneven read coverage, a logistic function was used to compute the weight for weighted logistic

regression from t, such that the range of weight is between 0 and 1 when calculating the p-

value. Thereafter, the absolute difference in methylation level at each cytosine is weighted by

its p-value (p) to compute a bin value (b) as shown in Equation 1 below.

b = |m1 −m2| · e(1−p) (1)

where, m1 and m2 are the methylation levels of treatment groups under comparison and

exponentiation of the (1 − p) allows smaller p-values to contribute more to the produced bin

value than larger (insignificant) p-values. To account for the spatial correlation between the
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neighboring cytosines, moving average smoothing (default: 3 cytosines) is performed on val-

ues of b to compute final bin value bs. The histogram feature is computed for every individual

cytosine present in each DMR and non-DMR training data. For a given cytosine, to compute

the histogram feature, a fixed window of size w centered around it is used where w is the num-

ber of cytosines in a window (w is set to 11 for CG and 51 for CH context). For each window,

the bin values bs are binned using a weighted voting approach such that for a given cytosine,

its contribution v to the bin is computed as a weighted distance from the center cytosine which

is normalized by the maximum allowed distance as shown in Equation 2 below.

v =

 1− |l − lc|
d

if |l − lc| < d,

0 otherwise.
(2)

where, l is the location of the cytosine being binned, lc is the location of the center cytosine

of w, and d (default: 250bp) is the normalization constant signifying the maximum allowed

distance from the center cytosine. Consequently, the cytosines close to the center cytosine

will have higher weights and will contribute more to the histogram feature. On the other hand,

if the distance between the cytosine being binned and the center cytosine of the window is

larger than d, then that cytosine will have zero contribution.

Next, for a given cytosine, a histogram feature is computed by using bs and v for each

cytosine in the window. More specifically, bs defines the bin of the histogram in which the

contribution will be placed and v defines the value of that contribution. Subsequently, the

histogram feature vector is normalized such that the feature vector sums to unity.

Training via SVM

The algorithm then uses the normalized histogram feature vectors described above to train a

support vector machine (SVM) that predicts the label (DMR or non-DMR) for each individual

cytosine. The scikit-learn implementation of SVM (Pedregosa et al. 2011) with linear kernel

(with default parameters) was used for training because it is computationally very efficient
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and shows comparable performance to the more computationally expensive non-linear RBF

kernel (Pedregosa et al. 2011) and random forest classifier (Breiman 2001; Karpievitch et al.

2009; Pedregosa et al. 2011). The F1-scores for linear, RBF and random forest after 5-fold

cross-validation on the training dataset were 0.860, 0.864 and 0.860, respectively.

Testing and DMR prediction on new datasets

HOME requires input files containing basic information of methylation, including chromosome

numbers, genomic coordinates, type of cytosine (CG, CHG, CHH), and mc and t for cytosines.

1. Pairwise

HOME can be used to predict DMRs from methylomes of two treatment groups with single

or multiple replicates. To predict the DMRs, the normalized histogram features are computed

for each cytosine on a particular chromosome, which are then provided to the trained SVM

model to obtain the prediction scores that are normalized using the logistic function from the

generalized linear model (GLM) to lie in the range [0,1]. Individual cytosines are grouped

together into preliminary DMRs based on the prediction scores (default: >0.1) and the distance

between neighboring cytosines (default: <500bp). To produce the final DMRs, the algorithm

performs a boundary refinement of the preliminary DMRs such that boundaries are trimmed

until k consecutive cytosines (default: 3) have the value of the b (Eq.1) greater than or equal

to the defined threshold (default: 0.1).

2. Time-series and multi-group comparisons

HOME can be used to predict DMRs from time-series and multi-group studies. Given a number

of time points or treatments, n, a total of nC2 pairwise combinations are possible. HOME

computes SVM prediction scores for each of these pairwise combinations in the same manner

as for pairwise method described above. The prediction scores are then normalized to lie in
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the range [0,1] using the logistic function from the generalized linear model (GLM) to allow

further analysis among all pairwise comparisons. The scores are summed for each cytosine

to get a final score. The cytosines are then grouped into DMRs in the same manner as for

pairwise method described above.

Boundary accuracy measurement

To measure the boundary accuracy, the fraction of CG overlap between simulated and pre-

dicted DMRs was calculated using BEDtools intersect (Quinlan and Hall 2010) with fraction of

overlap (-f) and reciprocal overlap (-r) features. As defined by BEDtools, -r feature require that

the fraction of overlap be reciprocal for A and B. That is, if -f is 0.90 and -r is used, this requires

that B overlap at least 90% of A and that A also overlaps at least 90% of B. In our case A was

simulated DMR and B was predicted DMR.
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