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Table S1 Some features of four packages for comparison. 

 Filtering Smoothing Covariates Test Combining p-

values 

Window 

basedc
 

Analyzing 

non-CpG 

sites 

BiSeq Yes Yes Yes Wald Within each 

cluster 

Yesc1
 Nod

 

DSS Yes Noa
 Noa

 Wald No Yes c2
 Nod

 

MethylSig Yes No No LRTb
 No Yes c3

 
Yes 

RADMeth Yes No Yes LRTb
 Within 

neighborhood 

(default: 200 bp) 

Yes 
c4

 
Yes 

 

a
The original DSS package (used in the current study) does not include smoothing procedure and 

is not able to accommodate covariates. However, smoothing was added in an updated version 

and the revised package, DSS-general, can now take covariates into account. 
bLRT = Likelihood Ratio Test 
c
Although all methods have some window-based feature, they differ on how it is done, as 

described below. 
c1

The first step of Biseq is to search for significant window-based clusters in which the frequently 

covered CpG sites are close to each other. Then, Biseq detects significant CpG sites in each 

window-based cluster. 
c2

DSS may be thought of as window-based in terms of the prior distribution of the dispersion 

parameter. It assumes that the dispersion of methylation level across all the CpG sites follows 

log-normal distribution with group specific mean and variance. 
c3MethylSig estimates the parameters using all information within a window (default size of 

200bp). It also tiles the information of a window (default size 25bp) as units of testing for DMR. 
c4RADMeth pools the raw p-values of neighboring CpGs within a window (default is 200 bp) for 

calculating the final adjusted p-value of a CpG site. 
dAlthough all four methods could be used to detect DMCs with data of context other than CpG, 

DSS and BiSeq were not designed to deal with non-CpG data. In addition, due to low methylation 

level of data of context other than CpG, BiSeq might filter them out and would not analyze them 

even if non-CpG sites were considered. 
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Table S2 The mean and standard error of FPRa under default DMC calling setting of the four 

packages. These are all for simulated dataset. 

  WGBS RRBS 

  R1 R2 R1 R2 

Scenario Package Mean SE Mean SE Mean SE Mean SE 

1 Biseq NA NA 1.06E-02 3.49E-04 NA NA 2.44E-02 1.44E-04 

DSS 1.74E-05 1.13E-06 8.93E-06 6.29E-06 8.81E-07 3.86E-07 0.00E+00 0.00E+00 

MethylSig 0.00E+00 0.00E+00 0.00E+00 0.00E+00 5.85E-05 3.10E-06 1.57E-05 1.32E-06 

RADMeth 3.02E-06 5.81E-07 0.00E+00 0.00E+00 4.28E-05 3.17E-06 3.64E-03 2.54E-05 

2 Biseq NA NA 1.05E-02 4.21E-04 NA NA 3.64E-02 2.67E-04 

DSS 4.41E-05 2.10E-06 1.76E-05 8.65E-06 8.98E-06 1.31E-06 1.09E-06 3.71E-07 

MethylSig 4.31E-07 1.89E-07 0.00E+00 0.00E+00 5.93E-04 1.88E-05 1.64E-04 7.41E-06 

RADMeth 6.47E-06 9.76E-07 0.00E+00 0.00E+00 7.36E-05 5.19E-06 4.16E-03 2.88E-05 

3 Biseq NA NA 2.08E-02 7.80E-04 NA NA 3.68E-01 1.05E-04 

DSS 3.66E-04 6.25E-06 1.76E-04 2.81E-05 5.10E-04 9.88E-06 1.45E-04 4.46E-06 

MethylSig 2.15E-06 3.74E-07 1.68E-05 1.02E-05 5.38E-03 5.26E-05 3.65E-03 2.57E-05 

RADMeth 1.16E-04 5.28E-06 6.30E-05 2.10E-05 1.04E-03 2.94E-05 6.18E-03 4.76E-05 

4 Biseq NA NA 4.42E-02 1.18E-02 NA NA 7.38E-01 8.32E-04 

DSS 1.40E-03 1.16E-05 8.63E-04 5.86E-05 2.75E-03 2.43E-05 1.14E-03 1.21E-05 

MethylSig 3.86E-06 5.37E-07 4.05E-06 4.05E-06 9.42E-03 9.05E-05 8.81E-03 5.81E-05 

RADMeth 5.16E-04 1.58E-05 1.50E-03 2.01E-04 4.80E-03 6.73E-05 9.68E-03 9.15E-05 

a. The default DMC calling criteria are different across the methods. Biseq - no default criteria in its package, but 

the paper used FDR.LOC=0.1. DSS – p-value less than 1e-5. MethylSig - the differentially methylated  cytosines 

(DMCs) is defined by sites with q-values <= 0.05 and the absolute methylation rate difference between two 

tested groups is >= 25%. RADMeth - a CpG site is identified as a DMC if the adjusted p-value is smaller than 

0.01. 
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Table S3 Acute Myeloid Leukemia (AML) Study: The distribution of CpG sites over the 

chromosomes. 

Chromosome #CpG sites Chromosome #CpG sites 

chr1 401279 chr14 143752 

chr2 311446 chr15 137585 

chr3 207219 chr16 247159 

chr4 180776 chr17 279053 

chr5 200528 chr18 93952 

chr6 200309 chr19 329912 

chr7 254604 chr20 148274 

chr8 190359 chr21 71712 

chr9 215798 chr22 146542 

chr10 215495 M 339 

chr11 240947 X 112044 

chr12 202666 Y 7339 

chr13 103215   

M: Denotes the number of CpG sites in the mitochondria. 
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Table S4 Acute Myeloid Leukemia (AML) RRBS Study: Five number summary of the 

lengths of Differentially Methylated Regions (DMRs) inferred from each of the four 

comparison methods. 

 Min 25th Percentile Median 75th Percentile Max 

BiSeq 1 40 92.5 181.2 458 

DSS 51 72 106 195 5832 

MethylSig 25 25 25 25 25 

RADMeth 2 2 27 61 17900 

Table S5 Acute Myeloid Leukemia (AML) Study: Five number summary of the number 

of differentially methylated cytosines (DMCs) within each inferred DMR from each of 

the four comparison methods. 

 Min 25th Percentile Median 75th Percentile Max 

BiSeq 1 5 9 17 35 

DSS 4 6 8 13 124 

MethylSig 0* 1 1 1 8 

RADMeth 1 1 3 7 81 

*Since the analyses for DMRs and DMCs were performed separately, there is no guarantee 

that a DMR will contain at least one DMC. 
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Table S6 Acute Myeloid Leukemia (AML) Study: pairwise overlapping DMRs (%) 

called by each pair* of the four methods. 

 BiSeq DSS MethylSig RADMeth 

BiSeq 252 20 (7.9) 116 (46.0) 151 (59.9) 

DSS 21 (0.93) 2254 2110 (93.6) 2167 (96.1) 

MethylSig 365 (0.95) 7574 (19.6) 38618 20161 (52.2) 

RADMeth 534 (1.8) 5240 (17.6) 14780 (49.7) 29723 

*For the DMRs called by a package, we discerned how many of them overlap with DMRs 

called by another package (the number in the table). The percentage of overlapping (the 

number of overlapping DMRs divided by the number of DMRs called by that package) is 

provided in the parentheses. For example, only 7.9% of the BiSeq DMRs overlap with DMRs 

detected by DSS. Note that a DMR detected by BiSeq is said to be overlapped with DMRs 

detected by DSS if the intersection of the particular BiSeq DMR and any of the DSS DMRs is 

nonempty. One can see that the DMRs detected by BiSeq has smaller overlaps with those 

detected by the other three methods. On the other hand, 93.6 and 96.1% of the DMRs 

detected by DSS overlap with the DMRs detected by MethylSig and RADMeth, respectively, 

showing that MethylSig and RADMeth detected DMRs that are nearly the supersets of DSS. 

Although MethylSig and RADMeth also have significant overlaps, there are also large 

proportions of DMRs detected only by each of the two methods. 
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Table S7 Mouse Brain WGBS Study: The distribution of CpG sites over the chromosomes. 

Chromosome Number Chromosome Number 

chr1 1471973 chr12 961592 

chr2 1521797 chr13 976313 

chr3 1191194 chr14 941621 

chr4 1332331 chr15 869681 

chr5 1351230 chr16 755111 

chr6 1165929 chr17 856605 

chr7 1225166 chr18 722539 

chr8 1128471 chr19 557637 

chr9 1067692 M 287 

chr10 1104300 X 960089 

chr11 1163518 Y 17703 

M: Denotes the number of CpG sites in the mitochondria. 
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Table S8 Mouse Brain Study: Pairwise overlapping DMRs (%) called by each pair* of 

the four methods. 

 BiSeq DSS MethylSig RADMeth 

BiSeq 8842 1677 (19.0) 810 (9.2) 7326 (82.9) 

DSS 1531 (5.3) 29113 10955 (37.6) 29094 (99.9) 

MethylSig 1191 (0.3) 19759 (4.9) 402279 268320 (66.7) 

RADMeth 4746 (0.3) 26204 (3.4) 200775 (26.3) 762536 

*The numbers of DMRs are many times larger than the corresponding ones in the AML RRBS 

study; the fold change in the number of DMRs is especially large for BiSeq. With the larger 

number of DMRs detected by BiSeq, the overlapping percentages are 19.0, 9.2, and 82.9% 

with those detected by DSS, MethylSig, and RADMeth, respectively, compared to 7.9, 46.0, 

and 59.9% for the RRBS data (Table S5). It is interesting to see that there is a large decrease 

in BiSeq’s overlapping percentage with MethylSig while a large increase with RADMeth when 

comparing the results between the WGBS and RRBS data. In contrast, although there are still 

considerable overlaps among the other three methods, the percentage of the DMRs 

detected by DSS overlaping those from MethylSig is now only 37.6%; the percentage of the 

DMRs detected by MethylSig overlaping those from DSS is now only 4.9%; and the 

percentages of the DMRs detected by RADMeth overlaping those from DSS and MethylSig 

are now only 3.4 and 26.3%, respectively. On the other hand, practically all the DMRs 

detected by DSS are also detected by RADMeth (overlapping percentage = 99.9). 
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Table S9 Mouse Brain Study: Five number summary of the lengths of differentially 

methylated regions (DMRs) inferred from each of the four comparison methods. 

 Min 25th Percentile Median 75th Percentile Max 

BiSeq 1 6 46 99 826 

DSS 51 135 227 379 7448 

MethylSig 25 25 25 25 25 

RADMeth 2 35 173 380 50810 
 

Table S10 Mouse Brain Study: Five number summary of the number of differentially 

methylated cytosines (DMCs) within each inferred DMR from each of the four 

comparison methods. 

 Min 25th 
Percentile 

Median 75th 
Percentile 

Max 

BiSeq 1 2 3 5 56 

DSS 4 4 5 7 56 

MethylSig 0* 1 1 1 7 

RADMeth 1 2 3 5 242 

*Since the analyses for DMRs and DMCs were performed separately, there is no guarantee 

that a DMR will contain at least one DMC. 
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Table S11 Program Run Time. 

 
 BiSeq DSS MethSig RADMeth 

Run Time  
(in seconds) 

1273.7 65.8 80 160 

Hardware info: 2x Twelve Core Xeon E5-2690 v3 / 2.6GHz / 128GB 



 

 
 
 
 
OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804041 

 

Table S12 Comparison of average power and standard error (SE) based on 10 simulated 

datasets among four methods when the false positive rate (FPR) is controlled to be 0.05 

with data simulated based on a scheme described in RADMetha. 

Fpr fixed at 
0.05 

 
R1b 

 
R2c 

 Power SE Power SE 

BiSeq NA NA 1.0000 0.0000 

DSS 0.9566 0.0009 0.9483 0.0034 

MethylSig 0.9517 0.0018 0.9464 0.0042 

RADMeth 0.9996 0.0002 1.0000 0.0000 

aWe used the CpG sites and read coverages information from the mouse brain data (6 

control samples and 6 case samples) following the RADMeth paper. We partitioned chr1 

into regions so that neighboring sites within each region (which could contain singleton 

sites) are less than 200 bp. We ensure that we have 1000 regions for which the number 

of CpG sites contained therein is between 10-100. Among the 1000 regions, 100 of them 

were randomly selected and all CpG within them are treated as DMCs while the rest of 

the other sites are treated as non DMSc. This leads to a total of 88831 CpG sites, among 

which there were 1603 DMCs. Methylated reads are then generated from beta and 

binomial distributions according to the specification given in the RADMeth paper. A total 

of 10 simulated data sets were obtained. 

bR1 is the set of CpG sites that were analyzed by all methods except BiSeq. The 

percentage of sites in this set among all sites are (mean (SE)): 97.45% (0.008%). In other 

words, most of the sites are filtered out by BiSeq, similar to results in the other 

simulations. 

cR2 is the set of CpG sites that were analyzed by all methods. The percentage of sites in 

this set among all sites are (mean (SE)): 2.21% (0.003%). For this set, BiSeq performed 

just as well, if not better, as the other methods, it is nonetheless a very small set 

compared to R1, echoing the observations in the other simulations. 
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Scenario1 Scenario2 
 

                    
 

Scenario3 Scenario4 
 

                    

Figure S1 Venn Diagram of %CpGs and %DMCs in partitioned regions (sets) for the 

WGBS simulation data sets (average plus standard deviation over 100 datasets in 

parentheses). Shown are the average percentage of CpGs that were analyzed and the 

average percentage of DMCs that were contained in these CpGs (the corresponding 

standard deviation over 100 datasets is also presented after the average). Four 

scenarios of between-sample variability for each of the two groups are considered: 
Scenarios 1 –(𝜎"#, 𝜎"%) = (0, 0); Scenario2 – (𝜎"#, 𝜎"%) = (0.3, 0.1); Scenario 3 – 

(𝜎"#, 𝜎"%) = (0.7, 0.1); Scenario 4 – (𝜎"#, 𝜎"%) = (1, 0.1). The four sets of CpG sites 

are characterized as follows, noting that MethylSig and DSS were able to analyze all 

CpGs sites (i.e. none were filtered out):  

R1: set of CpG sites analyzed by DSS, MethylSig, and RADMeth; 

R2: set of CpG sites analyzed by all four methods: BiSeq, DSS, MethylSig, and 

RADMeth; R3: set of CpG sites analyzed by BiSeq, DSS, and MethylSig; 

R4: set of CpG sites analyzed by DSS and MethylSig only. 
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Figure S2 DSS results for analyzing the WGBS simulation data sets presented as ROC 

curves. As described in the description of Figure S1, DSS was able to analyze all CpG 

sites. However, since R3 and R4 contain only a very small proportion of the data, we 

only focus on R1 and R2, which also facilitates comparison between the methods. 

The ROC curves, one for each set (R1 or R2) and each of the 100 simulated datasets, 

show considerable variability from replicate to replicate in R2, but almost no 

variability in R1. This is not surprising given that there are many more CpG sites in R1 

than in R2. The four between-sample variability scenarios are as defined in the 

caption of Figure S1. 
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Figure S3 MethylSig results for analyzing the WGBS simulation data sets presented as 

ROC curves. As described in the description of Figure S1, like DSS, MethylSig was also 

able to analyze all CpG sites. However, since R3 and R4 contain only a very small 

proportion of the data, we only focus on R1 and R2, which also facilitates comparison 

between the methods. The ROC curves, one for each set (R1 or R2) and each of the 

100 simulated datasets, show considerable variability from replicate to replicate in 

R2, but almost no variability in R1, similar to the characteristics exhibited in the DSS 

results. The four between- sample variability scenarios are as defined in the caption 

of Figure S1. 
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Figure S4 RADMeth results for analyzing the WGBS simulation data sets presented as 

ROC curves. As described in the description of Figure S1, RADMeth was only able to 

analyze CpG sites in R1 and R2, which constitute more than 98% of the CpG sites. The 

ROC curves, one for each set (R1 or R2) and each of the 100 simulated datasets, 

show considerable variability from replicate to replicate in R2, but almost no 

variability in R1. These results are similar to those for DSS and MethylSig, although 

the variability in R2 is even greater. The four between-sample variability scenarios 

are as defined in the caption of Figure S1. 
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Figure S5 BiSeq results for analyzing the WGBS simulation data sets presented as 

ROC curves. As described in the description of Figure S1, BiSeq was only able to 

analyze data in sets R2 and R3. Since there are very few CpG sites in R3, the results in 

R3 are combined with those in R2 and presented as R2 U R3. The ROC curves, one for 

each type (R2 or R2 U R3) and each of the 100 simulated datasets, show considerable 

variability from replicate to replicate, both for R2 and R2 U R3. The four between-

sample variability scenarios are as defined in the caption of Figure S1. Due to the 

difficulty in setting the two levels of False Discovery Rates (FDR) as described in the 

paper, the ROC curves do not cover the whole range of False Positive Rate, resulting 

in partial ROC curves. 
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Scenario1 Scenario2 

 

            

              
 
 

Scenario 3 Scenario 4 

    

Figure S6 Venn Diagram of %CpGs and %DMCs in partitioned regions (sets) for the 

RRBS simulation data sets (average plus standard deviation over 100 datasets in 

parentheses). Shown are the average percentage of CpGs that were analyzed and the 

average percentage of DMCs that were contained in the CpGs (the corresponding 

standard deviation over 100 datasets is also presented after the average). Four 

scenarios of between-sample variability for each of the two groups are considered: 
Scenarios 1 – (𝜎"#, 𝜎"%) = (0, 0); Scenario2 – (𝜎"#, 𝜎"%) = (0.3, 0.1); Scenario 3 – 

(𝜎"#, 𝜎"%) = (0.7, 0.1); Scenario 4 – (𝜎"#, 𝜎"%) = (1, 0.1). The four sets of CpG sites 

are characterized as follows, noting that MethylSig and DSS were able to analyze all 

CpGs sites (i.e. none were filtered out): 

R1: set of CpG sites analyzed by DSS, MethylSig, and RADMeth; 

R2: set of CpG sites analyzed by all four methods: BiSeq, DSS, MethylSig, and 

RADMeth; R3: set of CpG sites analyzed by BiSeq, DSS, and MethylSig; 

R4: set of CpG sites analyzed by DSS and MethylSig only. 
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Figure S7 DSS results for analyzing the RRBS simulation data sets presented as ROC 

curves. As described in the description of Figure S6, DSS was able to analyze all CpG 

sites. However, since R3 and R4 contain only a very small proportion of the data, we 

only focus on R1 and R2, which also facilitates comparison between the methods. 

The ROC curves, one for each set (R1 or R2) and each of the 100 simulated datasets, 

show little variability from replicate to replicate in both R1 and R2. The four 

between- sample variability scenarios are as defined in the caption of Figure S6. 
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Figure S8 MethylSig results for analyzing the RRBS simulation data sets presented as 

ROC curves. As described in the description of Figure S6, like DSS, MethylSig was also 

able to analyze all CpG sites. However, since R3 and R4 contain only a very small 

proportion of the data, we only focus on R1 and R2, which also facilitates comparison 

between the methods. The ROC curves, one for each set (R1 or R2) and each of the 

100 simulated datasets, show little variability from replicate to replicate in both R1 

and R2, similar to the characteristics exhibited in the DSS results. The four between-

sample variability scenarios are as defined in the caption of Figure S6. 
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Figure S9 RADMeth results for analyzing the RRBS simulation data sets presented as 

ROC curves. As described in the description of Figure S6, RADMeth was only able to 

analyze CpG sites in R1 and R2, which constitute more than 98% of the CpG sites. The 

ROC curves, one for each set (R1 or R2) and each of the 100 simulated datasets, 

show some variability from replicate to replicate, in particular for the scenarios when 

there are larger dispersion (between-sample variability – scenarios 3 and 4), 

especially in R2. These results are similar to those for DSS and MethylSig, although 

the variability is a bit large. The four between-sample variability scenarios are as 

defined in the caption of Figure S6. 
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Figure S10 BiSeq results for analyzing the RRBS simulation data sets presented as 

ROC curves. As described in the description of Figure S6, BiSeq was only able to 

analyze data in sets R2 and R3. Since there are very few CpG sites in R3, the results in 

R3 are combined with those in R2 and presented as R2 U R3. The ROC curves, one for 

each type (R2 or R2 U R3) and each of the 100 simulated datasets, show some 

variability from replicate to replicate, both for R2 and R2 U R3, especially for scenario 

4 when there is a large variability. The four between-sample variability scenarios are 

as defined in the caption of Figure S1. Due to the difficulty in setting the two levels of 

False Discovery Rates (FDR) for scenarios 1 and 2, the ROC curves for scenarios 1 and 

2 do not cover the whole range of False Positive Rate, resulting in partial ROC curves. 
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Figure S11 Acute Myeloid Leukemia (AML) Study: Venn Diagram of DMCs detected 

by the four comparison methods. In all, BiSeq, DSS, MethylSig and RADMeth 

identified 2854, 49955, 51783, and 167545 DMCs, respectively. 
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Figure S12 Acute Myeloid Leukemia (AML) Study: Pathways enriched by genes 

identified by two or more methods. Genes commonly identified by BiSeq and 

MethylSig(B_M), BiSeq and RADMeth (B_R), DSS and MethylSig (D_M), DSS and 

RADMeth (D_R), and MethylSig and RADMeth (M_R) all lead to several enriched 

pathways; with common ones only between B_R and M_R. On the other hand, the 

genes commonly identified by three methods, DSS, MethylSig, and RADMeth 

(D_M_R), lead to the same enriched pathways as M_R. No other enriched pathways 

were detected by any of the other 3-way combinations or the 4-way combination. 
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Figure S13 Mouse Brain Study: Venn Diagram of DMCs detected by the four 

comparison methods. In all, BiSeq, DSS, MethylSig and RADMeth identified 36699, 

342743, 395136, and 3483609 DMCs, respectively. 
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(a) 
 

 
(b) 

 

Figure S14 (a) Pathways that are enriched with genes identified from the comparison 

methods (BiSeq, DSS, Meth (MethySig), Rad (RADMeth) when applied to the mouse 

brain WGBS data; (b) Pathways enriched by genes identified by two or more 

methods. Genes commonly identified by MethylSig and RADMeth (M_R) led to 

several enriched pathways. The genes commonly identified by three methods, DSS, 

MethylSig, and RADMeth (D_M_R), and those identified by all four methods, have 

led to commonly enriched pathways, which are different from those identified by 

M_R. 
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Figure S15 MethylSig and RADMeth results for analyzing the WGBS simulation data 

sets (presented as ROC curves) without invoking the “smoothing” and other post 

processing procedure in the respective R package. Since the only difference are the 

approximation procedures for estimating the parameters, it is reassuring to see that 

the results between these two methods are very similar for both the set of CpG sites 

in R1 (left column) and those in R2 (right Column). The four between-sample 

variability scenarios are as defined in the caption of Figure S1. 
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Figure S16 MethylSig and RADMeth results for analyzing the RRBS simulation data 

sets (presented as ROC curves) without invoking the “smoothing” and other post 

processing procedure in the respective R package. Since the only difference are the 

approximation procedures for estimating the parameters, it is reassuring to see that 

the results between these two methods are very similar for both the set of CpG sites 

in R1 (left column) and those in R2 (right Column). The four between-sample 

variability scenarios are as defined in the caption of Figure S6. 

 


