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THE BIGGER PICTURE DNA methylation is an essential epigenetic modification responsible for many bio-
logical regulation pathways. Despite the fact that various high-throughput methods have been developed
for base-resolution DNA methylome profiling, DNA methylation data analysis remains a complex and chal-
lenging task. Here, we present Msuite, which has integrated quality control, read alignment, methylation
call, and fruitful data-visualization functionalities, aiming to offer an all-in-one package for most of the cur-
rent DNA methylation profiling assays. Msuite also provides dedicated support for emerging bisulfite-free
protocols and outperforms the current tools in terms of higher accuracy and lower computational resource
requirement. Hence, Msuite could serve as the optimal toolkit for DNA methylation data analysis as well as
facilitating the popularization of emerging bisulfite-free protocols.

Development/Pre-production: Data science output has been
rolled out/validated across multiple domains/problems
SUMMARY
DNA methylation is a pervasive and important epigenetic regulator in mammalian genome. For DNA methyl-
ome profiling, emerging bisulfite-free methods have demonstrated desirable superiority over the conven-
tional bisulfite-treatment-based approaches, although current analysis software could not make full use of
their advantages. In this work, we present Msuite, an easy-to-use, all-in-one data-analysis toolkit. Msuite
implements a unique 4-letter analysis mode specifically optimized for emerging protocols; it also integrates
quality controls, methylation call, and data visualizations. Msuite demonstrates substantial performance
improvements over current state-of-the-art tools as well as fruitful functionalities, thus holding the potential
to serve as an optimal toolkit to facilitate DNA methylome studies. Source codes and testing datasets for
Msuite are freely available at https://github.com/hellosunking/Msuite/.
INTRODUCTION

DNA methylation is an important epigenetic regulator that plays

crucial roles in a broad range of biological processes. In

mammalian genomes, DNA methylation mostly involves the

addition of a methyl group to cytosine nucleotides and is linked

to gene repression.1,2 The cytosinemethylation pattern has been

found to be tissue specific and possesses high biological and

translational values, for example in transcription regulation1–5

and cancer liquid biopsy studies.6–12 As a consequence, DNA
This is an open access article under the CC BY-N
methylation is actively and widely investigated in various

research fields.

Multiple biochemical assays have been developed for

high-resolution DNA methylome profiling in the past years.13

To differentiate methylated cytosines from unmethylated

ones, conventional approaches (e.g., whole-genome bisulfite

sequencing [WGBS]13,14) apply a bisulfite treatment procedure

to DNA molecules, which converts all unmethylated cytosines

into uracil while leavingmethylated cytosines unchanged. During

the subsequent PCR amplifications, uracils are recognized as
Patterns 1, 100127, November 13, 2020 ª 2020 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:sunkun@szbl.ac.cn
https://doi.org/10.1016/j.patter.2020.100127
https://github.com/hellosunking/Msuite/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.patter.2020.100127&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Schematic Workflow DNA Methyl-

ome Profiling

(A) Experimental procedures of current assays. (B)

Msuite data analysis pipeline. The key step in (A) is

to use chemical treatment to differentiate methyl-

ated and unmethylated cytosines (colored in red

and blue, respectively), where various protocols are

available that lead to different modifications to the

genomic DNA.
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thymines, resulting in a cytosine-to-thymine transition to the

original DNA. Emerging bisulfite-free techniques (e.g., TET-

assisted pyridine borane sequencing [TAPS]15–17), however,

introduce opposite modifications to DNA molecules whereby

only the methylated cytosines are converted into thymines while

the unmethylated cytosines are left untouched (Figure 1A). In

mammalian genomes, methylated cytosines mostly appear in

CpG dinucleotides, which account for a very limited proportion

(e.g., ~5% in human) of all cytosines. As a result, DNA libraries

generated by bisulfite-free approaches show a significantly

higher nucleotide complexity (Figure 1A) because only a small

proportion of the cytosines are converted after chemical treat-

ment, which characteristically benefits in lower GC-bias and

even more coverage of the genome in the sequencing

data.15,18,19 However, most of the current mainstream data-

analysis tools only support 3-letter read alignment (i.e., they

convert all the cytosines in both the reference genome and

sequencing reads into thymines);13,20–22 the fundamental

change introduced by the emerging assays thus renders the cur-

rent tools outdated due to their disability to make full use of such

an advantage. Other analysis tools utilize a wild-card mapping

strategy; however, they usually suffer from low speed and unsat-

isfactory mapping efficiency,22,23 or are also optimized for 3-let-

ter alignment.24 In addition, most of the current software focuses

on sequencing read alignment and requires the users to perform

quality control, downstream analysis (e.g., methylation call), and

data visualization. Hence, a user-friendly, multi-functional toolkit

with better support for current bisulfite-free assays is of urgent

demand.

In this study, we present Msuite, a package that supports data

analysis of all the currentmainstreamDNAmethylomeassays. As

a versatile toolkit, Msuite provides various utilitarian functions,

including quality control, a novel 4-letter sequencing read align-

ment algorithm specifically optimized for bisulfite-free protocols,
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methylation call, as well as plentiful data-

visualization utilities. Msuite also outper-

forms current state-of-the-art software in

terms of higher accuracy, faster speed,

and lower computational resource usage.

Msuite thus provides an easy-to-use, all-

in-one solution for DNA methylation data

analysis. Msuite is freely available at

https://github.com/hellosunking/Msuite/.

RESULTS

Overall Design of Msuite
Figure 1 shows the schematic workflow of

current DNA methylation profiling assays
and the Msuite data-analysis toolkit. Typically, the genomic DNA

of interest is first fragmented into small pieces of several hundred

basepairs long (sometimes theDNAmolecules are inherently frag-

mented such as plasma cell-free DNA25), then the short DNAmol-

ecules are treated by various chemistries and several rounds of

PCR cycles to differentiate methylated and unmethylated cyto-

sines. The biochemically treated DNA molecules are then sub-

jected to library preparation and sequencing. Raw sequencing

data directly serve as the input for Msuite. Msuite adapts our

previous sequencing data preprocessing tool, Ktrim,26 to perform

extra-fast, accurate adapter-/quality-trimming, and in silico cyto-

sine-to-thymine conversion of the sequencing reads. Notably,

Msuite supports sequencing data generated from various library

preparation kits and is able to directly handle conventional

WGBS and emerging sequencing protocols such as TAPS,15

5hmC-CATCH,16 and ACE-seq,17 as well as ATAC-me,27 methyl-

ATAC-seq,28 and EpiMethylTag29 (integrative methods that mea-

sure DNA methylation at regulatory elements, such as accessible

chromatin or transcription factor binding domains). Msuite then

aligns the pre-processed reads to the reference genome in either

3- or 4-letter mode based on the assay and users’ settings (see

Experimental Procedures). Notably, the 4-letter mode is specif-

ically designed for TAPS-like protocols that are optimized for de-

tecting CpG methylations, while 3-letter mode is generic and

works for most kinds of current DNA methylation assays as well

as scenarios with gross non-CpG methylation. The sequencing

reads are aligned to Watson and Crick strands of the reference

genome separately, since cytosine-to-thymine conversion has

disrupted their reverse-complementary relationship. After this

initial alignment, Msuite recognizes and handles the ambiguously

aligned reads aswell asPCRduplicates to generate the final align-

ment result, based onwhichMsuite further performsamethylation

call (i.e., it reports methylation status of all cytosines in both CpG

and non-CpG contexts) and data visualizations.

https://github.com/hellosunking/Msuite/


Table 1. Comparison of Major Features between Msuite and Current Software

Msuite Bismark BWA-meth Methy-Pipe

Underlying aligner bowtie2 bowtie2/Hisat2 BWA SOAP2

Output format SAM/BAM BAM SAM SOAP-like

Align mode 3-/4-letter 3-letter only 3-letter only 3-letter only

Indel support yes Yes yes no

Quality control yes No no yes

Methylation call yes manually no yes

Data visualization yes No no yes

Multiple-file support yes Yes yes yes

Sequencing mode paired-/single-end paired-/single-end paired-/single-end paired-/single-end

Parallelization yes Yes yes yes
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Feature Comparison of Msuite and Current Software
To demonstrate the usability of Msuite, we compared the most

valuable features for DNA methylation data analysis between

Msuite and current state-of-the-art software: Bismark,30 BWA-

meth,20 and our previously developed Methy-Pipe21 (Table 1).

Msuite employs bowtie231 as the bottom aligner, which is the

same as Bismark (which also supports Hisat232) while different

from BWA-meth and Methy-Pipe (which use BWA33 and

SOAP2,34 respectively). As a result, Msuite, Bismark, and

BWA-meth output the alignment results in standardized SAM/

BAM35 format while Methy-Pipe records the data in an alterna-

tive format similar to SOAP2. Moreover, Msuite tolerates

insertion and deletions in the sequencing data, a feature also

supported by Bismark and BWA-meth while not in Methy-Pipe.

Msuite supports both 4- and 3-letter alignment while the others

only provide 3-letter alignment. In addition, both Msuite and

Methy-Pipe automatically perform DNA methylation calls in the

data. In contrast, Bismark provides a script but requires the

users to run it manually; BWA-meth only performs read align-

ment without any downstream analysis support. Lastly, Msuite

has integrated built-in quality controls, including adaptor-/qual-

ity-trimming and removal of PCR duplicates, as well as various

data-visualization functions. Msuite thus provides an easy-to-

use, all-in-one solution for DNA methylation data analysis and

can be readily integrated with other software for comprehensive

data mining.

Benchmark Performance Evaluation of Msuite
Sequencing read alignment is the most challenging and impera-

tive step in DNA methylation data analysis. We benchmarked

and compared the performance of read alignment algorithms

between Msuite and current software. For a fair comparison,

Methy-Pipe is excluded from this analysis because both Me-

thy-Pipe and its underline aligner have not been updated for

more than 5 years. The latest versions of Bismark (v0.22.3) and

BWA-meth (v0.2.2) as well as their underline aligners (bowtie2

v2.3.5.1 and BWA v0.7.17) were downloaded from the litera-

ture20,30,31,33 and installed on a computing server equipped

with Intel Xeon CPU, 192 Gb memory, and standard CentOS

64-bit Linux system. A total of 900 in silico experiments following

the BS-seq or TAPS protocol were performed (see Experimental

Procedures). The averaged alignment statistics, running time,

and peak memory usage on 1 million in silico simulated paired-
end reads following the TAPS protocol are shown in Table 2,

and the results for paired-end reads following BS-seq protocol

as well as single-end data are included in Table S1 (notably,

BWA-meth fails in processing single-end 36-bp reads). We

measured mapping efficiency as the proportion of reads that

could be mapped by the aligner, and accuracy as the proportion

of correct alignments (i.e., aligned loci are exactly the same as

that in simulation) in the mapped reads. In brief, both mapping

efficiency and accuracy are high and comparable among the

software benchmarked, while Msuite in 4-letter mode is slightly

better. Intriguingly, even though Msuite performs an additional

adapter- and quality-trimming step before alignment (whose

time is counted in Table 2), it runs faster and uses much less

memory than Bismark and BWA-meth, particularly in 4-let-

ter mode.

To further explore the advantage of Msuite’s unique 4-letter

alignment mode, we generated in silico data originating from

CT- or GA-rich regions in human genome (see Experimental

Procedures). For reads generated from regions with CT/GA

proportion higher than 70%, 4-letter alignment mode shows

apparently better mapping efficiency and accuracy; for regions

where CT/GA proportion is higher than 80%, the advantage of

4-letter alignment mode becomes highly remarkable in terms of

superior mapping efficiency, higher accuracy, and less align-

ment time (Table 2). In fact, CT/GA-rich regions are ~9.2 Mbp

long in total, which accounts for ~0.31% of the human genome;

however, ~4.5% of them locate in promoter regions, a propor-

tion much higher than the genomic background (~2.9%); i.e.,

these regions are enriched in regulators and thus possess bio-

logical relevance. Hence, prominently improved performance in

aligning reads in CT/GA-rich regions justifies the merit of 4-let-

ter mode in DNA methylation data analysis.

We further profiled the accuracy of the methylation call func-

tion of Msuite on the benchmark dataset. The overall methylation

densities deduced by Msuite are in close approximation to the

preset methylation densities during simulation; the differences

are on a similar level to the preset sequencing error rate and

show no relationship with the preset methylation densities in

the data (Figure S1).

Analysis Results in Real Datasets
To illustrate the usage of Msuite, we applied it to a real dataset

generated from both WGBS and TAPS protocols on murine
Patterns 1, 100127, November 13, 2020 3



Table 2. Benchmark Evaluation of Msuite and Current Software

Msuite (4-Letter Mode) Msuite (3-Letter Mode) Bismark BWA-metha

1 Million paired-end 100-bp reads

Mapping efficiency (%) 96.19 95.75 95.79 95.58

Accuracy (%) 99.94 99.95 99.93 99.96

Running time (s) 119.45 195.80 236.37 155.14

Peak memory (Gb) 3.74 3.74 40.21 12.52

1 Million paired-end 36-bp reads

Mapping efficiency (%) 92.46 91.62 91.71 91.46

Accuracy (%) 99.79 99.63 99.65 99.67

Running time (s) 126.60 173.84 164.80 283.55

Peak memory (Gb) 3.77 3.78 40.16 22.52

1 Million paired-end 36-bp reads originating from CT/GA R 70% regions

Mapping efficiency (%) 79.67 67.14 68.39 76.31

Accuracy (%) 99.78 99.03 98.94 92.06

Running time (s) 120.30 307.00 294.80 360.80

1 Million paired-end 36-bp reads originating from CT/GA R 80% regions

Mapping efficiency (%) 73.53 53.14 54.60 65.85

Accuracy (%) 99.81 98.38 98.19 86.91

Running time (s) 112.60 375.00 366.00 469.70

Eight threads were used for benchmark testing, and the data were simulated following the TAPS protocol.
aFor BWA-meth, alignments with a score of 0 were discarded due to abnormally high error rate.
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embryonic stem cells (ESCs) by Liu et al.15 The WGBS data

were analyzed using the 3-letter mode, while the TAPS data

were analyzed using both 3- and 4-letter modes against refer-

ence mouse genome (NCBI assembly GRCm38). The final anal-

ysis report on the TAPS data using 4-letter mode is shown in

Figure 2, and the reports for the other two analyses are pro-

vided in Figure S2. Various figures are provided to help the

users to assess the quality of their data, including base compo-

sition, M-bias (average methylation level for each cycle) plots,36

and DNA methylation signals around promoters. In this dataset,

the base composition plots show high cytosine proportion in

read 1 as well as high guanine proportion in read 2, which

directly reflects the improved sequence complexity of the

TAPS protocol. In addition, the methylation level shows a

decreased signal around promoters, which is consistent with

the knowledge that most promoters are hypomethylated for

active transcription, thus providing a preliminary assessment

for the users to inspect the validity of their data. Notably, the

4-letter mode took ~290 min to complete read alignment of

the TAPS data using 32 threads, while the 3-letter mode took

~440 min; therefore, the 4-letter mode was ~50% faster. In

addition, despite imperfect cytosine-to-thymine conversion

rate in this TAPS experiment15 and gross non-CpG methylation

in ESCs,14,15 which means a high proportion of cytosines in

CpH context are converted into thymines and thus affect the

performance of 4-letter mode, we found that the 4-letter

mode only shows a 2.17% deficit in final mapped reads

compared with the 3-letter mode. Moreover, the final mapped

reads reported by Msuite is comparable with the original report

by Liu et al. using a different alignment strategy; however, we

find that Msuite provides even more read coverage on CpG

islands, especially for the highly methylated ones (Figure S3;
4 Patterns 1, 100127, November 13, 2020
see Discussion).15 On the other hand, the deduced DNA

methylation densities on CpG loci between 4- and 3-letter

modes are largely the same (Pearson’s R > 0.99, p < 2.2 3

10�16), with only 3.78% showing methylation differences higher

than 10% (such CpG sites suffering from much lower coverage

and enrichment in repeat regions, Figure S4). Moreover, the

methylation densities deduced from TAPS data are also in

good agreement with the WGBS data (Figure S4), which is

consistent with the original report by Liu et al.15

Data Visualization
Besides the analysis report that allows the users to conveniently

inspect the key statistics as well as quality assessments of

their data (Figure 2), Msuite has also packaged various data-visu-

alization utilities. For instance, during methylation call, Msuite re-

cords the DNA methylation densities for each CpG site in a BED-

GRAPH (http://genome.ucsc.edu/goldenPath/help/bedgraph.

html) format file, which can be readily visualized in the UCSC

genome browser37 or Integrative Genomics Viewer (IGV).38 As

illustrated in Figure 3A, a low methylation level and open chro-

matin signal are found on Pou5f1 gene (also known as Oct4, a

transcription factor expressed in ESCs but not in somatic tissues

such as liver39) in murine ESCs40 in contrast to liver tissue. Msuite

also provides utilities to summarize the DNAmethylation densities

for easy incorporation with other data-visualization software, such

as Circos.41 An example is shown in Figure 3B, where murine

placental tissue presents conspicuous global hypomethylation

compared with ESCs and liver tissue.

In addition,Msuite contains a dedicated tool, Mviewer, adapted

from our previous BSviewer42 software, to provide fast, nucleo-

tide-level, and genotype-preserved DNA methylation sequencing

data visualization. An example of Mviewer’s output on a WGBS

http://genome.ucsc.edu/goldenPath/help/bedgraph.html
http://genome.ucsc.edu/goldenPath/help/bedgraph.html


Figure 2. Example of Msuite Analysis Summary on a Real Dataset Generated Using TAPS Protocol on Murine ESCs

Msuite outputs key statistics and various figures to help the users to assess the quality as well as obtain a rough impression of their data.
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dataset generated from human placental tissue42–44 is shown in

Figure 3C, which highlights the genotype information (i.e., an A/

G heterozygous locus at chr7:130493085, which is recorded as

rs2301335 in dbSNP45) as well as the allele-specific methylation

pattern of the MEST imprinting gene in human placenta.

DISCUSSION

The development of a WGBS protocol as well as the first base-

resolution human methylome was accomplished over a decade

ago.14 However, due to the non-unified, context-dependent
cytosine-to-thymine conversions introduced in DNAmethylation

profiling assays, the bioinformatics analysis is still challenging

and complex.13,22 Tremendous changes have been made

in the emerging approaches such as the TAPS protocol, which

have demonstrated desirable benefits compared with conven-

tional bisulfite treatment protocols, including higher sequence

complexity and lower DNA degradation.15,46 It is therefore of

value to design and implement dedicated analysis tools to

meet the requirements raised by these novel protocols as well

as facilitate their applications and advances. To this end we pre-

sent Msuite, a modern data-analysis toolkit that supports almost
Patterns 1, 100127, November 13, 2020 5



Figure 3. Illustration of Msuite’s Data-Visual-

ization Functions

(A) UCSC genome browser snapshot of DNA

methylation densities around Pouf51 (also known as

Oct4) gene in murine ESCs and liver tissue.

(B) Circos plot of DNA methylation densities in mu-

rine placental tissue, ESCs, and liver tissue. The

mouse genome is divided into 1-Mbp bins. DNA

methylation level for each color is indicated in

‘‘Color scheme.’’ From outmost to innermost cir-

cles: CpG densities, placental tissue, ESCs, and

liver tissue.

(C) Mviewer output on aWGBS dataset from human

placental tissue. An A/G SNP site (rs2301335 in

dbSNP) is present in this sample. Black and gray

bars represent methylated and unmethylated cyto-

sines, respectively; hyphens and colored letters

represent sequenced nucleotides that are the same

as and different from the reference genome,

respectively.
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all of the current mainstream DNA methylation profiling assays.

In fact, we have analyzed sequencing data generated from con-

ventional WGBS, emerging TAPS, and EpiMethylTag assays in

this work (Figure 3). Moreover, Msuite outperforms current

state-of-the-art software in terms of better mapping efficiency,

higher accuracy, faster speed, and lower computing resource re-

quirements. Even though Msuite and Bismark both utilize bow-

tie2 as the underline aligner, Msuite shows higher speed and

lower memory usage. This is mostly because Msuite only calls

one bowtie2 instance and runs it in multi-thread mode while Bis-

mark calls multiple bowtie2 instances and runs them in single-

thread mode, i.e., Bismark loads multiple copies of the genome

indices and therefore requires more time and memory. The

unique 4-letter analysis mode of Msuite is designed for emerging

bisulfite-free assays, such as TAPS and 5hmC-CATCH, which

indeed demonstrates improved performance on an in silico

simulated dataset, especially in the CT/GA-rich regions. The 3-

letter mode, on the other hand, is also essential as it is more

generic and could handle datasets generated using conventional

bisulfite treatment approaches or from species/tissues with

gross non-CpG methylations (e.g., plants, the brain).

On the real dataset generated using the TAPS protocol, despite

imperfect chemical treatment, the 4-letter mode still shows high-

quality results and completes in much less time. In addition, on

this real dataset, Msuite also shows certain advantages over the

original method used by Liu et al., which directly aligns the reads

to the genome without any modifications (i.e., they treat the data

as normal DNA sequencing during alignment).15 As shown in Fig-

ure S3, Msuite shows much better coverage for reads originated

from hypermethylated CpG islands (e.g., suppressed regulator el-

ements in the specific cell type); such reads usually contain

various methylated cytosines that are converted into thymines in

the TAPS assay, and therefore contains too many ‘‘mismatches’’

compared with the reference genome to be aligned efficiently; by
6 Patterns 1, 100127, November 13, 2020
contrast, such reads do not affect Msuite

because both cytosines and converted thy-

mines in CpG sites are accepted as

‘‘matches’’ after the cytosine-to-thymine
conversion of the reference genome and sequencing reads.

Together, these results demonstrate the advantage and rationale

of Msuite’s 4-letter analysis mode for better support to the

emerging assays. Interestingly, 4- and 3-letter modes generate

rather consistent results, although the deducedmethylation levels

show a large difference for a small proportion of CpG sites, which

are enriched in repeat regions and indeed show much lower

coverage (Figure S4), suggesting that they are located in the

genomic regions that are difficult to align. Although the 4-letter

analysis mode has demonstrated higher mapping accuracy on

the benchmark datasets, we do not have strong evidence that

the 4-letter mode is more accurate on those inconsistent CpG

sites; therefore, it is meaningful to further explore and/or validate

the accuracy of 4- and 3-letter analysis modes, as well as the lim-

itation of current sequencing-based protocols, using additional

methods (e.g. microarrays) on such loci.

In addition, Msuite integrates quality control, sequencing read

alignment, and downstream analyses (e.g., methylation call) into

one pipeline, thus providing an easy-to-use, all-in-one solution

for DNA methylation data analysis. Msuite provides multiple

data-visualization functions, which could further help users to

inspect and interpret their data. For instance, its accompanying

tool, Mviewer, provides favorable characteristics that can be

specifically meaningful in scenarios with allele-specific DNA

methylation, such as imprinting gene (Figure 3) and tissue-spe-

cific signatures.42,47 Msuite also provides all the features

required for a modern data analyzer, including multi-file support,

outputs in standardized format, and parallelization (Table 1).

Hence, Msuite holds the full potential to serve as an optimal

data-analysis toolkit to facilitate DNA methylation studies.

Conclusion
In conclusion, we have designed and implementedMsuite, a ver-

satile and high-performance DNA-analysis toolkit, with
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dedicated support for emerging bisulfite-free assays and

enhanced performance over the state-of-the-art tools, providing

an easy-to-use and all-in-one solution for analysis of DNA

methylation data.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Kun Sun, Ph.D., sunkun@szbl.ac.cn.

Materials Availability

This study did not generate any new unique reagents or materials.

Data and Code Availability

Source codes of Msuite and scripts to reproduce the results described in this

paper are freely available at https://github.com/hellosunking/Msuite/, distrib-

uted under the GPL v3 license. Accession numbers for third party data used

in this study: GEO: GSE112520, GSE129673 (murine ESCs), GSM2191922

(murine liver tissue), GSM1545829 (murine placental tissue), and

GSM1186665 (human placental tissue).

Aim, Design, and Setting of the Study

The aim of this study is to develop an all-in-one DNAmethylation data-analysis

toolkit that is easy to use, powerful, and supports all of the current assays

(especially the emerging bisulfite-free ones). The schematic workflow of

Msuite is shown in Figure 1B; detailed information for alignment algorithm

(the core component) and performance benchmarking are explained in the

following sections.

Sequencing Read Alignment Strategy

Msuite provides two alignment modes: 3- and 4-letter. The 3-letter mode of

Msuite is similar to conventional methods: it first converts all the genomic cy-

tosines to thymines (hence, the converted genome only contains three letters:

adenine, guanine, and thymine), then builds two indices for Watson and Crick

chains separately. Msuite then converts all the cytosines to thymines in the

sequencing reads and aligns them against the pre-built 3-letter genome

indices. The 4-letter mode of Msuite, however, only converts the cytosines

in the CpG context to thymines, while leaving the rest of the cytosines un-

touched, and builds indices for Watson and Crick chains separately. In

mammalian genomes, only a very minor proportion of cytosines are within a

CpG context, therefore the converted genome still contains a high proportion

of cytosines (i.e., still a 4-letter genome). During sequencing read alignment,

only the cytosines followed by guanines are converted to thymines and aligned

against the pre-built 4-letter genome indices. After the initial alignment, Msuite

screens for multiple-mapping reads and only those with unique best hits are

kept: reads that could be mapped to multiple locations in the same strand

with equal best scores are discarded; for a read that has 1 unique best hit

on Watson strand and 1 unique best hit on Crick strand, if the two hits have

the same score, the read will be discarded; otherwise the hit with a higher

score will be reported (along with a reduced mapping score). In addition,

Msuite also looks for aligned reads that have identical start and end positions

and strand information as PCR duplicates, and only keeps the one with the

best sequencing read quality.

Benchmark Data Generation

Considering that both Bismark and BWA-meth perform 3-letter alignment,

whereby all the cytosines in the sequencing read and reference genome are

converted to thymines irrelevant to their sequence context, we thus generated

in silico simulation datasets following the BS-seq and TAPS protocols sepa-

rately for performance evaluations as well as investigating the advantage of

Msuite’s unique 4-letter mode. The simulated data following the BS-seq pro-

tocol was analyzed using 3-letter mode only, and the simulated data following

the TAPS protocol was analyzed using both 3- and 4-letter modes. Four in sil-

ico datasets containing paired-/single-end 36-/100-bp reads, respectively,

were generated using SHERMAN script (https://www.bioinformatics.

babraham.ac.uk/projects/sherman/) against the human reference genome

(NCBI assembly GRCh38). Each dataset was composed of 11 levels of 1

million reads with cytosine-to-thymine conversion rates on the CpG loci
ranging from 0% to 100% in 10% increments. In the meantime, cytosine-to-

thymine conversion on non-CpG loci was set to 99.5% and 0.5% for BS-seq

and TAPS protocols, respectively, as the vast majority of them are unmethy-

lated in mammalian genome. A sequencing error rate of 0.1% was also incor-

porated into the simulated data. Considering that other benchmarked software

does not contain built-in support for adaptor trimming, sequencing adaptors

are not incorporated during simulation. The experiments for each of the 11-

level cytosine-to-thymine conversation rates were repeated ten times and

the averaged mapping efficiency and accuracy, as well as running time and

peak memory usage for the benchmarked software were reported.

For the CT/GA-rich regions, we first divided the human reference genome

into 500-bp bins and searched for the bins with CT or GA proportion higher

than 70% (or 80%). During in silico reads simulation, we set the cytosine-to-

thymine conversion rate on CpG loci to 50% and kept other settings identical

to the previous simulation. We then adapted the SHERMAN script only to

generate reads overlapping the CT/GA-rich regions. Ten repeat experiments,

each with 1 million paired-end 36-bp reads simulated, were performed for CT/

GA proportion larger than 70%and 80% regions, respectively. To annotate the

CT/GA-rich regions, we extracted the transcription start sites (TSSs) in RefSeq

genes48 and defined (TSS� 2K, TSS + 1K) as promoter regions. The scripts for

in silico benchmark data generation, performance evaluation, mined CT/GA-

rich regions, and testing environment information were publicly available at

https://github.com/hellosunking/Msuite/.

Implementation and System Requirement

Msuite is implemented in C++/Perl and runs on GNU/Linux systems. To use

Msuite, a working C++ compiler (e.g., g++) and Perl interpreter (usually distrib-

uted along with the Linux system) are required. In addition, Msuite employs

bowtie231 for read alignment, samtools35 for converting SAM format files

into BAM format, and R for data visualizations. When called, Msuite will look

for the dependencies in the system automatically.
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