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Abstract:  1 

Background: DNA methylation plays a key role in regulating gene expression and 2 

carcinogenesis. Extant methylation bisulfite sequencing (BS) researches mainly focus on calling 3 

SNP, DMR, and ASM, instead of virus integration positions.  4 

Findings: We developed a new and easy-to-use software, named as BS-virus-finder 5 

(https://github.com/BioInfoTools/BSVF), to detect viral integration breakpoints in whole 6 

human genomes.  7 

Conclusions: BS-virus-finder demonstrates moderate sensitivity and specificity, and is useful 8 

to be applied in epigenetic researches and to reveal the relationship between viral integration 9 

and DNA methylation. BS-virus-finder is the first software to detect virus by using bisulfite 10 

sequencing data. 11 

Keyword: Virus integration, Bisulfite sequencing, Carcinogenesis 12 
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Findings 1 

Introduction 2 

DNA methylation plays crucial roles in many areas including development [3, 4] and X 3 

chromosome inactivation [5] by regulating genetic imprinting and epigenetic modification 4 

without altering DNA sequences. Previous researches showed strong association of DNA 5 

methylation with cancer. The methylation status altering related carcinogenesis [6], cancer 6 

recurrence [7] and metastasis [8] were already revealed by emerging bisulfite sequencing 7 

technology (BS). BS technology can investigate DNA methylation changes with the single-base 8 

accuracy. Treatment of DNA with bisulfite converts cytosine residues to uracil, but leaves 5-9 

methylcytosine residues unmodified [9]. Thus, bisulfite treatment introduces specific changes 10 

in the DNA sequence that depend on the methylation status of individual cytosine residues, 11 

yielding single-nucleotide resolution information about the methylation status of a segment of 12 

DNA. Various analyses can be performed on the altered sequences to retrieve this information. 13 

BS technology can reveal differences between SNP (cytosines and thymidine) and sequence 14 

change resulting from bisulfite conversion. Whole-genome based bisulfite sequencing (Bis-seq) 15 

has been developed to detect DNA methylation. A recent clinical study showed that DNA 16 

methylation is associated with viral integration [10]. Whole-genome BS (WGBS) data can be 17 

analyzed to investigate the sequence mapping and alignment via BSMAP [11], Bismark [12] 18 

and BWA-meth [13], to detect DMR via software QDMR [14], DMAP [15] and SMAP [11], to 19 

identify SNP via software BS-SNPer [2] and Bis-SNP [16], and finding ASM via SMAP [1], 20 
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Methy-Pipe [17]. However, none of them can be used for virus integration loci calling, and no 1 

software is currently available to detect virus integration loci by analyzing BS data. Therefore, 2 

we developed the software to detect the virus integration loci by genome-wide BS analysis.  3 

 4 

Data description in silico 5 

PE reads (90bp) that include 700 breakpoints in chromosome 18 (chr.18) of GRCh38 were 6 

simulated in our study. Input fragments of 50 to 400 bp were randomly selected from 7 

chromosome 18 in the GRCh37 assembly (hg19) of the human genome. The length of viral 8 

integration was between 45bp to 180 bp. After the alignment, the mapping accuracy of each of 9 

the 17 different types of reads mapping was calculated. Mapping accuracy varied among the 17 10 

types of read mappings in our simulation (Figure S1, S2, S3). In summary, the accuracies of 11 

several kinds of the reads mappings were low (Table S1, S2, S3), which may raise false-negative 12 

rate. Generally, however, bwa-meth [13] performed very well. It indicated virus breakpoints 13 

might be hardly found by our BS virus finder. 14 

Bisulfite sequencing is a marvelous and sophisticated technique to study DNA cytosine 15 

methylation. Bisulfite treatment followed by PCR amplification specifically converts 16 

methylated cytosine to thymine. By cooperating with next generation sequencing technology, it 17 

is able to detect the methylation status of every cytosine in the whole genome. Moreover, longer 18 

as the read is, higher accuracy can be achieved.  19 
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Method for calling virus integration 1 

Four steps were implemented to obtain virus integration: 2 

1. Alignment 3 

The first step is alignment. We used Bwa-meth to align junction reads and mark the shorter 4 

junction parts as soft-clip, which enables us to find breakpoints directly from the alignment. 5 

2. Clustering 6 

After the alignment, the result was filtered based on sequencing quality, mapping quality and 7 

mismatch rates. Then, all reads surrounding or containing breakpoints were identified to form 8 

clusters. As the figure shows (Figure 1), there are 17 kinds of mapping reads with the 9 

information of viral integration. Each cluster contains one or more of such reads. Clusters are 10 

extended until no more overlapped paired end (PE) reads found. 11 

3. Assembling 12 

Based on the results of clustering, we identified the most likely candidate breakpoints to predict 13 

the most possible virus sequence candidates. Within these candidates, our restore algorithm was 14 

used to calculate the most possible base in each region, and then to find the integration region 15 

of virus (Figure 2). Furthermore, we can calculate maximum a posteriori probability estimate 16 

for A, C, G, T as: 17 

. 18 

D be a realization (or observation) of the NGS reads. P(Ti|D) is the likelihood component, which 19 

can be interpreted as the probability of observing D when the true genotype is Ti. DW be a 20 
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realization (or observation) of the NGS reads in Watson strand. DC be a realization (or 1 

observation) of the NGS reads in Crick strand. P(TWi|D) is the likelihood component, which can 2 

be interpreted as the probability of observing D when the true genotype is TWi. P(TCi|D) is the 3 

likelihood component, which can be interpreted as the probability of observing D when the true 4 

genotype is TCi. At each genomic location, prior probability P(Ti) of each genotype Ti was set 5 

according to the reference genotype. The likelihood P(D|Ti) for the assumed genotype Ti was 6 

calculated from the observed allele types in the sequencing reads. Thus, on Watson strand it is 7 

P(DW|Ti), on Crick strand it is P(DC|Ti). We defined the likelihood of observing allele dk in a 8 

read for a possible haploid genotype T as P(dk|T), and on Watson strand it is P(dWk|T), on Crick 9 

strand it is P(dCk|T). So, for a set of n total observed alleles at a locus, D = {d1, d2, …, dn} on 10 

each strand.  11 

 12 

 13 

For the bases without methylation, and all G changed to A on Crick strand. Thus we used “Y” 14 

and “R” to represent C/T and G/A respectively (IUPAC nucleotide code). If a region is covered 15 

by both Watson strand and Crick strand, we were able to reveal the original base from Y or R 16 

by calculation. The unmapped regions above hereby mapped to the given virus reference 17 

sequence with the Smith-Waterman local alignment tool [18], which support IUPAC DNA 18 

codes. Virus fragment location is extracted from the alignment result. As shown in Figure 3. 19 
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 1 

4. Detection of viral integrations  2 

The unmapped regions were thereby mapped to the given virus reference sequence with the 3 

Smith-Waterman local alignment tool [18], which support IUPAC DNA codes. Virus fragment 4 

location is extracted from the alignment results.  5 

 6 

Discussion 7 

 8 

In summary, we implemented the first software to detect virus integration using BS data. Our 9 

software is based on Bwa-meth. By identifying soft-clip, it can easily find the virus breakpoints. 10 

However, accuracy of reads surrounding the breakpoints needs to be further improved. Virus 11 

usually integrates into regions that homologous to both human and virus (micro-homologous). 12 

Therefore, the breakpoints predicted by our software within the nearest 10 bp around the real 13 

breakpoint were considered as the perfect results (Figure S2). The accuracy of predicted 14 

breakpoints can reach over 70%. Our results will be useful for analyzing BS data and relative 15 

applications. Some of the results come with only location on human genome, and the virus 16 

location is missing. This may due to the shortage of virus fragments. We stimulated three kinds 17 

of reads, PE50, 90,150 with various length, and further stimulated virus-inserted fragment with 18 

different length as well (Table 1), thus all cases described in Figure 1 are mimic here. As the 19 

result in Table 1 showed, the longer the reads, the more accurate the prediction can be achieved. 20 

Particularly, the result in Table1 demonstrated that Bs-virus-finder is capable to find more than 21 
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80% of virus integration with the accuracy more than 90%. Taking together, we hereby provided 1 

a powerful tool to analyze virus-integration using BS data. 2 

 3 

Availability and requirements 4 

Project Name: BS-virus-finder: virus integration calling using bisulfite-sequencing data 5 

Project home page: https://github.com/BioInfoTools/BSVF 6 

Operating system: Linux 7 

Programming language: Perl and Python 8 

License: GPL v3 9 

 10 

Availability of supporting data 11 

Data used in this paper is simulated based on random insertion of HBV sequence to human 12 

chromosome 1 sequence. A Perl script named “simVirusInserts.pl” is included, and our 13 

simulation schema is coded within. We have run the simulation several times and the result 14 

shows no significant difference. 15 
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Table 1. The performance of BS-virus-finder. 1 

Read 

Length 

PE Insert 

Length 

Virus 

Length 

True Positive HumOnly VirNA 
HumCalled % 

False Positive 

Cnt % Cnt % Cnt % Cnt % 

50 

60 25 454 64.86% 22 3.14% 119 17.00% 85.00% 1 0.14% 

80 25 438 62.57% 30 4.29% 174 24.86% 91.71% 7 1.00% 

80 67 640 91.43% 2 0.29% 0 0.00% 91.71% 4 0.57% 

120 5 51 7.29% 479 68.43% 52 7.43% 83.14% 1 0.14% 

120 10 76 10.86% 428 61.14% 160 22.86% 94.86% 9 1.29% 

120 20 512 73.14% 29 4.14% 131 18.71% 96.00% 1 0.14% 

120 25 450 64.29% 28 4.00% 191 27.29% 95.57% 3 0.43% 

120 67 581 83.00% 13 1.86% 74 10.57% 95.43% 3 0.43% 

120 100 673 96.14% 1 0.14% 0 0.00% 96.29% 11 1.57% 

250 67 262 37.43% 266 38.00% 20 2.86% 78.29% 0 0.00% 

90 

100 45 569 81.29% 0 0.00% 109 15.57% 96.86% 60 8.57% 

150 45 570 81.43% 2 0.29% 115 16.43% 98.14% 38 5.43% 

150 120 585 83.57% 11 1.57% 94 13.43% 98.57% 72 10.29% 

200 5 45 6.43% 539 77.00% 66 9.43% 92.86% 0 0.00% 

200 10 213 30.43% 295 42.14% 151 21.57% 94.14% 1 0.14% 

200 20 498 71.14% 37 5.29% 123 17.57% 94.00% 3 0.43% 

200 45 570 81.43% 1 0.14% 116 16.57% 98.14% 24 3.43% 

200 120 692 98.86% 0 0.00% 0 0.00% 98.86% 78 11.14% 

200 180 616 88.00% 8 1.14% 65 9.29% 98.43% 71 10.14% 

420 120 689 98.43% 0 0.00% 0 0.00% 98.43% 30 4.29% 

150 

150 75 477 68.14% 6 0.86% 209 29.86% 98.86% 97 13.86% 

220 75 576 82.29% 1 0.14% 114 16.29% 98.71% 57 8.14% 

220 200 691 98.71% 0 0.00% 0 0.00% 98.71% 68 9.71% 

350 5 50 7.14% 554 79.14% 67 9.57% 95.86% 0 0.00% 

350 10 69 9.86% 447 63.86% 158 22.57% 96.29% 0 0.00% 

350 20 513 73.29% 37 5.29% 126 18.00% 96.57% 2 0.29% 

350 75 474 67.71% 6 0.86% 212 30.29% 98.86% 42 6.00% 
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350 200 691 98.71% 0 0.00% 0 0.00% 98.71% 43 6.14% 

350 300 678 96.86% 10 1.43% 2 0.29% 98.57% 62 8.86% 

530 200 691 98.71% 0 0.00% 0 0.00% 98.71% 35 5.00% 

 1 

* We simulated 700 virus insertion events in each row. 2 

Correct: Distance between simulated and found point is within 10 bp range. 3 

True Positive: Both human split site and virus split site are correct. False Positive: Human split site is 4 

wrong. 5 

HumOnly: Human split site is right but virus split site is wrong. 6 

VirNA: Human split site is right but virus split site is not found. 7 

HumCalled: Sum of left (all listed except for FP), which is the called rate on human genome. 8 

 9 

 10 

Figure 1. Principal types of mapping reads around the viral integration site.  11 

Red bar, the virus sequence inserted in host genome; Green arrow, mapping reads with different 12 

directions; Breakpoints indicate logical division between host genome and virus, which are physically 13 

linked. 14 
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 6 
Figure 2. The illustration of restore algorithm restoring the bisulfite-altered sequence to 7 

the original.  8 

This is a typical alignment of BS reads to the virus integration sites. Methylation sites were showed as 9 

read bases. Bisulfite treated base may alter the original base from G to A, or C to T. Our restore algorithm 10 

was used to reveal the original sequence after BS data clustering. m indicated methylation-modified base. 11 

Low-case letter indicates the unmatched base to the reference.  12 
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 1 
Figure 3. A simulated model of viral integration cluster around breakpoints.  2 

Horizon Lines：Red, Inserted virus fragments (V); Green zone, 5’ upstream of insertion (Left); Blue: 3 

3’ downstream of insertion (Right); Gray, DNA strands;  4 

Bars show the coverage depth on virus (red) and human genome (blue);  5 

Curves show count of pair-end relationship of reads among Left, Right and Virus part: pLL, L to L 6 

pair-end reads; pLV, L to V pair-end reads; sLV, single reads mapped on both L and V. 7 
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