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Abstract 

Nucleotide conversion sequencing technologies such as bisulfite-seq and SLAM-seq are 

powerful tools to explore the intricacies of cellular processes. In this paper, we describe HISAT-

3N (hierarchical indexing for spliced alignment of transcripts - 3 nucleotides), which rapidly and 

accurately aligns sequences consisting of nucleotide conversions by leveraging powerful 

hierarchical index and repeat index algorithms originally developed for the HISAT software. 

Tests on real and simulated data sets demonstrate that HISAT-3N is over 7 times faster, has 

greater alignment accuracy, and has smaller memory requirements than other modern 

systems. Taken together HISAT-3N is the ideal aligner for use with converted sequence 

technologies. 
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Background 

Nucleotide Conversion (NC) sequencing technologies are powerful tools that make chemical 

modifications to nucleic acids thereby gaining insight into highly dynamic cellular processes[1-

3]. Bisulfite sequencing (BS-seq)[4] is one of the most well-known NC sequencing technologies. 

It uses bisulfite treatment to convert unmethylated cytosine to thymine in DNA molecules while 

leaving the methylated or hydroxymethylated cytosine (5mC or 5hmC) untouched (Table 1). BS-

seq data has been used to qualitatively and quantitatively interrogate DNA methylation 

locations in genomic DNA for many years[4]. More recently, TET-assisted pyridine borane 

sequencing (TAPS)[5] technology has overcome the problem of producing low-complexity 

sequences which is present in the destructive bisulfite treatment of BS-seq. Another NC 

technique that has gained traction is known as thiol (SH)-linked alkylation for metabolic 

sequencing of RNA (SLAM-seq), which introduces 4-thiouridine (s4U) into living cells to replace 

uracil occasionally during the process of transcription in nascent RNA transcripts [6]. During the 

reverse transcription stage of the sample preparation process, the s4U is paired 

with guanine instead of an adenine, thus introducing guanine into the reverse strand. 

Sequencing reads are then generated with cytosine in place of thymine in the original sequence 

during PCR. Standard RNA-seq[7] can be used to detect adenosine-to-inosine RNA editing 

events by converting the modified adenosine (inosine) to guanosine during the reverse 

transcription. As sequencing technologies rapidly advance, NC technologies are likely to be 

combined with single cell sequencing technology such as scBS-seq[8] and scSLAM-seq[9], 

conveniently enabling researchers to understand various cellular processes at single-cell 

resolution. These NC sequencing technologies necessitate alignment strategies different from 
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those commonly used aligners such as Bowtie2[10, 11], BWA[12], STAR[13], and HISAT2[14, 

15], where converted nucleotides are treated as mismatches, often leading to the placement of 

sequences at incorrect genomic locations or failing to align them altogether. Inability to handle 

NC sequences leads to substantial bias, such as the omission of under-expressed genes prior to 

downstream analysis. 

Base BS-seq TAPS TAB-seq oxBS-seq SLAM-seq Standard 
RNA-seq 

C T C T T C - 

5mC C T T C - - 

5hmC C T C T - - 

S4U - - - - C - 

A - - - - - A 

I - - - - - G 

Base 
change C -> T C -> T C -> T C -> T T -> C A -> G 

 

Table 1. Summary of several nucleotide conversion sequencing methods. BS-seq, TAPS, TAB-

seq, and oxBS-seq are used to interrogate methylated, hydroxy methylated, or unmodified DNA 

cytosine. For example, BS-seq converts unmethylated cytosine to thymine while preserving 

methylated cytosine. SLAM-seq is used to interrogate nascent RNA transcripts, and RNA-seq 

can be used to interrogate adenosine-to-inosine RNA editing. 

 

To handle this erroneous alignment issue, several alignment programs were developed for 

aligning one specific type of NC sequencing data such as BS-Seq or SLAM-seq reads. 

Bismark[16], a widely adopted aligner primarily developed for BS-seq data, uses a three-
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nucleotide alignment strategy, i.e., the reference genome and sequencing reads are changed to 

use three-nucleotide prior to alignment. Bismark then uses Bowtie2 or HISAT2 as an underlying 

sequence aligner. These sequence aligners accurately handle reads that can be uniquely 

mapped, however they produce a randomly selected alignment when a read is mapped to 

multiple locations, with the mapping accuracy generally inversely proportional to the number 

of mappable locations. Since Bismark internally runs at least four instances of a sequence 

aligner (e.g., Bowtie2), it requires a great amount of memory (e.g., over 20 GB for human DNA 

sequences), and requires additional steps to handle and combine alignment output from the 

aligners, which is very time consuming. SLAM-DUNK[17], an aligner primarily developed for 

SLAM-seq reads, uses NextGenMap[18]  as an underlying aligner. NextGenMap’s k-mer table-

based alignment strategy enables fast mapping of reads, but NextGenMap is not designed to 

handle RNA-seq reads, especially those spanning multiple exons. This shortcoming of SLAM-

DUNK could lead to incorrect alignment for such multi-exon spanning reads. 

  

To date, no one has developed a unified methodology for aligning converted sequences and 

consolidating alignment of these technologies in one package. Each sequence aligner is tied to 

one specific technology with speed or accuracy problems. To overcome these limitations and 

improve speed and accuracy for NC read alignments, we have developed HISAT-3N, an 

extension of HISAT2 that implements a three-nucleotide alignment algorithm. HISAT-3N is the 

first general program that can handle any NC reads including BS-seq and SLAM-seq, RNA or 

DNA. HISAT-3N is substantially faster than other sequence aligners with higher mapping 

accuracy. Furthermore, HISAT-3N provides a tool to generate the conversion-table and identify 
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the conversion status of nucleotides in read-level measurement. Users can study the dynamic 

cellular processes accurately and efficiently with HISAT-3N. Thus, HISAT-3N is the ideal option 

for handling three-nucleotide alignment. HISAT-3N is included in the HISAT2 package available 

at https://daehwankimlab.github.io/hisat2/hisat-3n.  

 

Results 

We evaluated the performance of HISAT-3N and compared it to other commonly used NC 

aligners: Bismark and BS-seeker2[19] for BS-seq, and SLAM-DUNK for SLAM-seq. We used two 

data sets to evaluate HISAT-3N’s BS-seq alignment performance: (1) 10 million simulated 

paired-end DNA reads with a 50% C-to-T conversion rate and a 0.2% per-base sequencing error 

rate to evaluate the performance for non-directional whole genome bisulfite-seq read 

alignment, and (2) 78 million real paired-end whole genome BS-seq reads (SRA: 

SRR3469520[20]). Our test data sets for SLAM-seq alignment include (3) 10 million simulated 

single-end reads generated from 3’ regions of transcripts using realistic settings, e.g., with a 2% 

T-to-C conversion rate and a 0.2% per-base sequencing error rate and (4) 45 million real single-

end SLAM-seq reads (SRA: SRR5806774[2]). The real reads are trimmed before alignment. We 

used the simulated data sets to estimate the alignment rate and accuracy of each aligner. We 

define alignment rate here as the number of aligned read pairs (or reads) divided by the total 

number of read pairs (or reads). Alignment accuracy refers to the number of correctly aligned 

read pairs (or reads) divided by the total number of read pairs (or reads). Multi-aligned read 

pairs (or reads) are classified as correctly aligned if any one of multiple alignments is correct. 
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Sequence aligner HISAT-3N HISAT-3N  
(repeat) Bismark BS-seeker2 

Runtime 13 minutes 14 minutes 97 minutes 302 minutes 

Alignment rate 99.65% 99.65% 95.45% 96.53% 

Unique alignment rate 95.29% 95.30% 95.45% 96.53% 

Alignment accuracy 98.52% 99.36% 95.36% 95.16% 

Alignment accuracy (unique) 96.20% 96.22% 95.36% 95.16% 

Memory usage 9.5 GB 10.6 GB 16.5 GB 16.7 GB 

 

Table 2. Performance comparison for HISAT-3N, Bismark, and BS-seeker2 on 10 million 

simulated 100-bp paired-end BS-seq reads. 

 

HISAT-3N exhibits faster alignment speed and higher accuracy in simulated BS-seq data as 

compared to Bismark and BS-seeker2 (Table 2). HISAT-3N exhibits the fastest alignment speed, 

which is 7 and 23 times faster than Bismark and BS-seeker2, respectively, indicating that users 

could save considerable time by using HISAT-3N for mapping. In addition to speed, HISAT-3N 

also performs better in terms of alignment accuracy. Using only the 3N index, 98.52% of paired-

end reads are mapped to the correct locations. Using both the 3N and repeat indexes improves 

alignment accuracy to 99.36% and requires only 10% more processing time. HISAT-3N also has 

high alignment accuracy for simulated SLAM-seq data (Table 3). SLAM-DUNK runs faster than 

HISAT-3N for alignment. However, the alignment rate and accuracy for HISAT-3N is substantially 

higher than for SLAM-DUNK. Although SLAM-DUNK has a similar alignment rate to HISAT-3N, 

26.58% of the reads are partially mapped (not aligned end-to-end). Furthermore, because 
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SLAM-DUNK cannot handle spliced alignment, there is a higher chance of aligning reads to 

incorrect positions. The alignment accuracy for HISAT-3N with repeat index reaches 99.81% 

versus 95.59% for SLAM-DUNK with 1,000 alignment searching. 

Sequence aligner HISAT-3N HISAT-3N 
(repeat) SLAM-DUNK SLAM-DUNK  

(-n 1000) 

Runtime 261 seconds 263 seconds 162 seconds 166 seconds 

Alignment rate 99.94% 99.94% 99.30% 99.30% 

Unique alignment rate 95.98% 95.98% 99.30% 95.65% 

Alignment accuracy 99.79% 99.81% 93.54% 95.59% 

Alignment accuracy 
(unique) 95.90% 95.89% 93.54% 92.16% 

End-to-end alignment 
rate 99.94% 99.94% 75.50% 75.50% 

End-to-end unique 
alignment rate 95.98% 95.98% 74.50% 72.05% 

End-to-end alignment 
accuracy 95.90% 95.89% 71.88% 73.31% 

End-to-end alignment 
accuracy (unique) 95.89% 95.89% 71.88% 70.95% 

Memory usage 9.1 GB 9.8 GB 11.6 GB 11.6 GB 

 

Table 3. Performance comparison between HISAT-3N and SLAM-DUNK on 10 million simulated 

100-bp single-end SLAM-seq reads. End-to-end alignment refers to mapping of 90% or more of 

a read’s sequence to the genome, or equivalently, at most 10% of a read’s sequence is soft 

clipped. 

 

We also tested the alignment speed and rate for each sequence aligner on real data. When the 

input data size is large (for instance, 78 million paired-end reads), the speed advantage of 
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HISAT-3N becomes clear (Table 4). HISAT-3N only took about 1.5 hours to map the data, while 

Bismark and BS-seeker2 required about 17 hours and 50 hours, respectively.  

Sequence aligner HISAT-3N HISAT-3N  
(repeat) Bismark BS-seeker2 

Runtime 87 minutes 99 minutes 1,031 minutes 2,979 minutes 

Alignment rate 89.02% 89.21% 83.00% 87.64% 

Unique alignment 
rate 85.19% 84.77% 83.00% 87.64% 

Memory usage 8.4 GB 10.2 GB 16.5 GB 16.7 GB 

 

Table 4. Performance comparison for HISAT-3N, Bismark, and BS-seeker2 on 78 million real 

whole genome paired-end BS-seq reads. 

 

When testing aligners with real SLAM-seq data (Table 5), we found that HISAT-3N maintained a 

high alignment rate (97.25%), though ran slightly slower than SLAM-DUNK. SLAM-DUNK aligned 

99.17% of the reads when we set the maximum number of alignments to 1,000. Based on the 

results of our simulation reads, the alignment accuracy for SLAM-DUNK is only 95.59%, thus we 

infer that SLAM-DUNK results for the real reads could include many incorrect alignments. 

Sequence aligner HISAT-3N HISAT-3N  
(repeat) SLAM-DUNK SLAM-DUNK 

(-n 1000) 

Runtime 971 seconds 1,055 seconds 608 seconds 987 seconds 

Alignment rate 97.25% 97.25% 99.17% 99.17% 

Unique alignment 
rate 79.98% 79.94% 99.17% 84.33% 

Memory usage 8.4 GB 10.4 GB 12.0 GB 11.8 GB 
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Table 5. Performance comparison between HISAT-3N and SLAM-DUNK on 45 million real single-

end SLAM-seq reads. 

 

Discussion 

We have used and expanded HISAT2 index and alignment algorithms in order to develop HISAT-

3N, which is specifically designed for the rapid and accurate alignment of NC sequencing reads. 

HISAT-3N has five key advantages over other NC aligners such as Bismark and SLAM-DUNK, 

making HISAT-3N versatile and easily employed: (1) HISAT-3N’s three-nucleotide alignment 

algorithm supports virtually any type of NC sample preparation protocol rather than being 

specific to one technology; (2) HISAT-3N uses the same index to map different types of NC 

reads (e.g., BS-seq, BS-RNA-seq, and SLAM-seq); (3) HISAT-3N seamlessly handles three-

nucleotide DNA or RNA data; (4) HISAT-3N runs much faster due to bypassing the time intensive 

steps of writing and reading the intermediate alignment results from disk; and (5) HISAT-3N 

provides an option to report all multi-mapped reads regardless of the number of mapped 

places (e.g. 1,000 alignment positions), which considerably increases the alignment accuracy. 

 

HISAT-3N uses the same conversion index for handling BS-seq, SLAM-seq, and any other 

conversion approaches as outlined in Table 1, thus making HISAT-3N independent of protocols 

and more versatile and convenient for use. To the best of our knowledge, all known NC 

sequencing technologies, including SLAM-seq, BS-seq, TAPS, TAB-seq[21], oxBS-seq[22], and 

standard RNA-seq, convert cytosine to thymine (or vice-versa) or convert adenine to guanine 

(or vice-versa), thus the REF-3N and REF-RC-3N indexes (Methods) are sufficient for unifying 
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alignment of all known NC sequencing data types. HISAT-3N also allows for incorporation of 

splice sites, single-nucleotide polymorphisms, and small insertions/deletions using a graph 

index structure available in the HISAT2 program. Like most other sequence aligners, the HISAT-

3N index only needs to be built once and is used for aligning samples of different kinds without 

the need to build other indexes. 

 

The information reduction of the genome and reads that is characteristic of three-nucleotide 

algorithm obfuscates the true placement of the reads. Indeed, reads are mapped to more 

locations of the 3N reference compared to when the original reads are mapped to the original 

reference. We demonstrate this effect by aligning 10M 100-bp simulated single-end DNA reads. 

The four-nucleotide alignment with HISAT2 shows that only 5.65 % of reads can be mapped to 

more than one location. The three-nucleotide alignment with HISAT-3N shows 6.78% of reads 

are mapped to more than one location. Most aligners randomly report one or a subset of 

locations when reads are mapped to multiple locations. If users require an aligner to report all 

alignments, then the aligner may use 10 times more space for saving alignment outputs with a 

substantially increased runtime of the aligner. We apply HISAT2’s repeat index to resolve this 

multi-mapping problem (Figure 1). The whole genome index searching strategy (Figure 1A, left) 

needs to search each mapping position one by one, which can be very time consuming. The 

repeat index searching strategy (Figure 1A, right) can result in unique mapping, then expand 

the repeat mapping information to retrieve all the mapping positions. For multiple mapping, 

searching the repeat index can be substantially faster than the whole genome index. This 

repeat mapping process only adds 10% more runtime compared to when exclusively 3N indexes 
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are used. More specifically, on a subset of simulated 10M single-end BS-seq reads, using the 

repeat index is three times faster than aligning reads using the two REF-3N indexes if the first 

1,000 mapping locations are searched and outputted (Figure 1B). 

Not only is HISAT-3N between 7 and 23 times faster than other NC sequence aligners like 

Bismark and BS-seeker, HISAT-3N scales better than these aforementioned programs. When 

HISAT-3N multithreading is increased from 16 to 24 threads, HISAT-3N is 11- and 36-fold faster 

compared to Bismark and BS-seeker respectively (Table 6). Because Bismark and BS-seeker2 

have to open four Bowtie2 simultaneously for the alignment process and only one thread for 

the alignment result filtration, the alignment speed is partially independent on the number of 

CPUs used. To use more CPUs for the filtering, Bismark and BS-seeker2 need to open four 

additional Bowtie2 and consume about 16 GB more memory, making them impractical for a 

common personal computer. 

 

Sequence aligner HISAT-3N HISAT-3N (repeat) Bismark BS-seeker2 

Runtime  
(16 threads) 786 seconds 842 seconds 5,820 seconds 18,142 seconds 

Runtime  
(24 threads) 514 seconds 566 seconds 5,689 seconds 18,343 seconds 

 

Table 6. Scalability comparison between HISAT-3N and SLAM-DUNK on 10 million simulated 

100-bp paired-end BS-seq reads (0.2% per-base sequencing error rate). 

 

Conclusions 
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Here we present HISAT-3N, a rapid, versatile sequence aligner that processes reads generated 

by all known nucleotide conversion sequencing technologies including BS-seq, SLAM-seq, TAPS, 

oxBS-seq, TAB-seq, scBS-seq, and scSLAM-seq. HISAT-3N combines a three-nucleotide 

alignment strategy with the major alignment improvements present in HISAT2 to rapidly 

perform all nucleotide conversions in memory without storing and reading intermediate 

alignment results as is done by other aligners. This implementation substantially improves the 

processing speed and makes HISAT-3N an ideal choice for analyzing NC technologies’ data in 

the modern era. 

 

Methods 

Design principle 

HISAT-3N’s three-nucleotide alignment method consists of 4 major steps: pre-alignment index 

building, read sequence conversion, three-nucleotide alignment, and result filtration. Here we 

use BS-seq data as an illustrative example without loss of generality, as other NC sequencing 

data types are similarly handled (Figure 2). HISAT-3N first builds two HISAT2 indexes from the 

reference human genome (GRCh38), denoted here as REF. The first index is built on REF with 

cytosine changed to thymine, denoted as REF-3N. The second HISAT2 index is built on the 

reverse complement of REF with cytosine changed to thymine, denoted as REF-RC-3N. While 

we have chosen cytosine-to-thymine to be our convention, the opposite conversion, i.e., 

thymine-to-cytosine, works equally well for handling BS-seq data. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 6, 2021. ; https://doi.org/10.1101/2020.12.15.422906doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.15.422906
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

HISAT-3N uses FASTA or FASTQ formatted sequencing reads as inputs that can be compressed 

or uncompressed, single-end or paired-end. For each read, HISAT-3N generates two 3N reads 

(Figure 2A): (1) READ-3N: read with cytosine changed to thymine, and (2) READ-RC-3N: read 

that is first converted to its reverse complement, followed by changing cytosine to thymine. 

Note that in general READ-3N and READ-RC-3N are not reverse complements of each other. 

 

Then HISAT-3N uses HISAT2 to align two versions of a read, READ-3N and READ-RC-3N, to both 

REF-3N and REF-RC-3N, involving a total of four alignment processes (READ-3N to REF-3N, 

READ-3N to REF-RC-3N, READ-RC-3N to REF-3N, and READ-RC-3N to REF-RC-3N) (Figure 2B). 

Depending on sequencing data types, HISAT-3N performs non-spliced alignment for DNA-seq 

reads (e.g., BS-seq) and spliced alignment for RNA-seq reads (e.g., SLAM-seq) (Figure 2B and 

Supplementary Figure 1, respectively). 

 

After HISAT-3N aligns 3N reads to the 3N references, HISAT-3N compares the original read, 

READ, to the original genome reference, REF, for each alignment of 3N reads in order to identify 

converted nucleotide locations and mismatches (Figure 2C). HISAT-3N then sorts the alignment 

results by alignment score (a function of the number of mismatches and indels) and reports the 

alignments with the best alignment score in the SAM format[23]. During the output process, 

HISAT-3N adds extra SAM tags (Supplementary Note) to indicate the number of conversions 

and the aligned strand (REF or REF-RC). HISAT-3N directly performs this alignment readjustment 

of nucleotide conversions and mismatches directly in computer memory without storing and 

reading intermediate alignment results. Thus, this post-processing step of HISAT-3N is relatively 
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fast, taking less than 10% of its total runtime. HISAT-3N also provides a script to create a 3N-

conversion-table for methylated and unmethylated cytosines drawing from the SAM alignment 

file, as described in Supplementary Note. 

 

Repeat index and alignment 

To build a repeat index, a set of identical sequences that are >= 40 bp and found in at least 5 

locations of REF-3N and REF-RC-3N are combined into one repeat sequence. During the 

alignment process, if a read or its partial segments are mapped to 5 or more locations using 3N 

indexes (Figure 1), the read will be directly mapped to the repeat sequences using the repeat 

index, resulting in one repeat alignment per read. Then, HISAT-3N expands the repeat 

alignment result and outputs the alignment information in standard SAM format. The repeat 

index and HISAT-3N’s alignment algorithm enables reporting of all alignments for reads 

originating from repetitive genomic regions. 

 

Testing environment 

We tested the alignment programs using a computer system with 24 CPU cores (two Intel Xeon 

E5-2680 v3) and 256 GB of memory. Each aligner is configured to use 16 threads so that each 

thread is assigned one CPU core on this system. Bismark and BS-seeker2 run four instances of 

Bowtie2 for the alignment process, and each instance of Bowtie2 uses 4 threads, resulting in a 

total of 16 threads.  

 

Reads adapter trimming 
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We trimmed the adapter sequence on real reads using trim-galore[24] 

(https://github.com/FelixKrueger/TrimGalore) and filtered out reads shorter than 40 bp to 

generate our real BS-seq and SLAM-seq data. We also trimmed poly-A sequences of the real 

SLAM-seq reads using trim-galore (Supplementary Note). 

 

Acknowledgements 

This work was supported in part by the National Institute of General Medical Sciences (NIH) 

under grants R01-GM135341 and by the Cancer Prevention Research Institute of Texas (CPRIT) 

under grant RR170068 to D.K. All authors read and approved the final manuscript. 

 

Authors’ contributions 

Y.Z., C.P., C.B., M.T., and D.K. performed the analysis and discussed the results of HISAT-3N. 

Y.Z., C.P., and D.K. designed and implemented HISAT-3N. Y.Z. and C.P. performed the 

evaluations of the various programs. Y.Z., C.P., C.B., M.T., and D.K. wrote the manuscript. 

 

Competing interests  

The authors declare no competing financial interests. 

 

Availability of data and materials 

Project name: HISAT-3N 

Project home page: https://daehwankimlab.github.io/hisat2/hisat-3n 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 6, 2021. ; https://doi.org/10.1101/2020.12.15.422906doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.15.422906
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

Operating system(s): Linux and Mac OS X 
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License: GPLv3 license 

 

 

 

Figure 1. Repeat index enables faster three-nucleotide read alignment 

HISAT-3N aligns reads using two different strategies: 1) HISAT-3N can directly align reads to 

the whole genome using the genome index and output their mapped locations (A, left) 2) 

HISAT-3N can use a repeat index to uniquely align reads to the repeat sequences regardless 

of how many locations to which they align on the genome (A, right). (B) Runtime 

comparison between direct mapping and repeat mapping strategy. The test data is 10M 

simulated single-end BS-seq reads (0.2% per-base sequencing error rate). 
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Figure 2. HISAT-3N alignment steps for BS-seq reads 

(A) HISAT-3N converts each input read (READ) to two 3N reads: READ-3N and READ-RC-3N. 

READ-3N is READ with all thymine replaced by cytosine. READ-RC-3N is the reverse complement 

of READ, plus the replacement of cytosine with thymine. (B) HISAT-3N maps the two 3N reads 

to both REF-3N and REF-RC-3N references using pre-built indexes. (C) After the three-

nucleotides alignment, HISAT-3N compares the original read sequence (READ) to the original 

four-nucleotides references (REF and REF-RC) to identify unmethylated cytosine positions and 

re-calculate an alignment score accordingly.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 6, 2021. ; https://doi.org/10.1101/2020.12.15.422906doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.15.422906
http://creativecommons.org/licenses/by-nc-nd/4.0/


 19 

References 

1. Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, Tonti-Filippini J, Nery JR, Lee L, Ye 
Z, Ngo QM, et al: Human DNA methylomes at base resolution show widespread 
epigenomic differences. Nature 2009, 462:315-322. 

2. Muhar M, Ebert A, Neumann T, Umkehrer C, Jude J, Wieshofer C, Rescheneder P, Lipp JJ, 
Herzog VA, Reichholf B, et al: SLAM-seq defines direct gene-regulatory functions of the 
BRD4-MYC axis. Science 2018, 360:800-805. 

3. Nishikura K: A-to-I editing of coding and non-coding RNAs by ADARs. Nat Rev Mol Cell 
Biol 2016, 17:83-96. 

4. Frommer M, McDonald LE, Millar DS, Collis CM, Watt F, Grigg GW, Molloy PL, Paul CL: A 
genomic sequencing protocol that yields a positive display of 5-methylcytosine 
residues in individual DNA strands. Proceedings of the National Academy of Sciences 
1992, 89:1827-1831. 

5. Liu Y, Siejka-Zielinska P, Velikova G, Bi Y, Yuan F, Tomkova M, Bai C, Chen L, Schuster-
Bockler B, Song CX: Bisulfite-free direct detection of 5-methylcytosine and 5-
hydroxymethylcytosine at base resolution. Nat Biotechnol 2019, 37:424-429. 

6. Herzog VA, Reichholf B, Neumann T, Rescheneder P, Bhat P, Burkard TR, Wlotzka W, von 
Haeseler A, Zuber J, Ameres SL: Thiol-linked alkylation of RNA to assess expression 
dynamics. Nat Methods 2017, 14:1198-1204. 

7. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B: Mapping and quantifying 
mammalian transcriptomes by RNA-Seq. Nat Methods 2008, 5:621-628. 

8. Smallwood SA, Lee HJ, Angermueller C, Krueger F, Saadeh H, Peat J, Andrews SR, Stegle 
O, Reik W, Kelsey G: Single-cell genome-wide bisulfite sequencing for assessing 
epigenetic heterogeneity. Nat Methods 2014, 11:817-820. 

9. Erhard F, Baptista MAP, Krammer T, Hennig T, Lange M, Arampatzi P, Jurges CS, Theis FJ, 
Saliba AE, Dolken L: scSLAM-seq reveals core features of transcription dynamics in 
single cells. Nature 2019, 571:419-423. 

10. Langmead B, Trapnell C, Pop M, Salzberg SL: Ultrafast and memory-efficient alignment 
of short DNA sequences to the human genome. Genome Biol 2009, 10:R25. 

11. Langmead B, Salzberg SL: Fast gapped-read alignment with Bowtie 2. Nat Methods 
2012, 9:357-359. 

12. Li H, Durbin R: Fast and accurate short read alignment with Burrows-Wheeler 
transform. Bioinformatics 2009, 25:1754-1760. 

13. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P, Chaisson M, 
Gingeras TR: STAR: ultrafast universal RNA-seq aligner. Bioinformatics 2013, 29:15-21. 

14. Kim D, Langmead B, Salzberg SL: HISAT: a fast spliced aligner with low memory 
requirements. Nat Methods 2015, 12:357-360. 

15. Kim D, Paggi JM, Park C, Bennett C, Salzberg SL: Graph-based genome alignment and 
genotyping with HISAT2 and HISAT-genotype. Nat Biotechnol 2019, 37:907-915. 

16. Krueger F, Andrews SR: Bismark: a flexible aligner and methylation caller for Bisulfite-
Seq applications. Bioinformatics 2011, 27:1571-1572. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 6, 2021. ; https://doi.org/10.1101/2020.12.15.422906doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.15.422906
http://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

17. Neumann T, Herzog VA, Muhar M, von Haeseler A, Zuber J, Ameres SL, Rescheneder P: 
Quantification of experimentally induced nucleotide conversions in high-throughput 
sequencing datasets. BMC Bioinformatics 2019, 20:258. 

18. Sedlazeck FJ, Rescheneder P, von Haeseler A: NextGenMap: fast and accurate read 
mapping in highly polymorphic genomes. Bioinformatics 2013, 29:2790-2791. 

19. Guo W, Fiziev P, Yan W, Cokus S, Sun X, Zhang MQ, Chen PY, Pellegrini M: BS-Seeker2: a 
versatile aligning pipeline for bisulfite sequencing data. BMC Genomics 2013, 14:774. 

20. Consortium EP: An integrated encyclopedia of DNA elements in the human genome. 
Nature 2012, 489:57-74. 

21. Yu M, Hon GC, Szulwach KE, Song CX, Zhang L, Kim A, Li X, Dai Q, Shen Y, Park B, et al: 
Base-resolution analysis of 5-hydroxymethylcytosine in the mammalian genome. Cell 
2012, 149:1368-1380. 

22. Booth MJ, Branco MR, Ficz G, Oxley D, Krueger F, Reik W, Balasubramanian S: 
Quantitative sequencing of 5-methylcytosine and 5-hydroxymethylcytosine at single-
base resolution. Science 2012, 336:934-937. 

23. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin 
R, Genome Project Data Processing S: The Sequence Alignment/Map format and 
SAMtools. Bioinformatics 2009, 25:2078-2079. 

24. Martin M: Cutadapt removes adapter sequences from high-throughput sequencing 
reads. 2011 2011, 17:3. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 6, 2021. ; https://doi.org/10.1101/2020.12.15.422906doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.15.422906
http://creativecommons.org/licenses/by-nc-nd/4.0/

