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Abstract

Early and accurate detection of viruses in clinical and environmental samples is essential for

effective public healthcare, treatment, and therapeutics. While PCR detects potential patho-

gens with high sensitivity, it is difficult to scale and requires knowledge of the exact

sequence of the pathogen. With the advent of next-gen single-cell sequencing, it is now pos-

sible to scrutinize viral transcriptomics at the finest possible resolution–cells. This newfound

ability to investigate individual cells opens new avenues to understand viral pathophysiology

with unprecedented resolution. To leverage this ability, we propose an efficient and accurate

computational pipeline, named Venus, for virus detection and integration site discovery in

both single-cell and bulk-tissue RNA-seq data. Specifically, Venus addresses two main

questions: whether a tissue/cell type is infected by viruses or a virus of interest? And if

infected, whether and where has the virus inserted itself into the human genome? Our anal-

ysis can be broken into two parts–validation and discovery. Firstly, for validation, we applied

Venus on well-studied viral datasets, such as HBV- hepatocellular carcinoma and HIV-infec-

tion treated with antiretroviral therapy. Secondly, for discovery, we analyzed datasets such

as HIV-infected neurological patients and deeply sequenced T-cells. We detected viral tran-

scripts in the novel target of the brain and high-confidence integration sites in immune cells.

In conclusion, here we describe Venus, a publicly available software which we believe will

be a valuable virus investigation tool for the scientific community at large.

This is a PLOS Computational Biology Software paper.
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Introduction

Viruses pose a significant threat to humanity, ranging from the common cold to the recent

global pandemic. For instance, they account for 12% of all human cancers and countless of

human deaths [1]. Their complex interplay with viral host has made most cures elusive for sci-

entists. Much like previous viral epidemics HIV/AIDS, MERS, and EBOLA, the world is cur-

rently struggling through a once-in-a-century pandemic SARS-CoV-2 that has claimed half a

million American lives and five million globally, showing the political and economic repercus-

sions of a viral epidemic [2]. Indeed, viral diseases are of major significance not only to science

but also to society at large.

Several methods have been developed to dissect the virus-host interactome. Utilizing

computational subtraction on high-throughput sequencing data, they detect viral reads and

identify specific virus species to investigate the molecular mechanisms of certain viral-caused

diseases, such as HBV’s hepatocellular carcinoma and HIV’s immune deficiency. For instance,

SRSA, VirTect, PathSeq, and VirusSeq search for virus-specific transcripts in bulk RNA-seq

reads [3–6]. While promising in detecting viruses, they are designed for reads pooled from

thousands to millions of heterogeneous cells of complex tissues. Thus, even after successful

mapping, one conundrum remains: which specific cell types are these viruses targeting.

Recent advances in single-cell RNA sequencing technologies [7,8] have allowed us to simul-

taneously capture transcripts in millions of cells, providing the opportunity to dissect the tran-

scriptome at a single cell resolution. Thus, it is now possible to characterize the virus-host

interactome in individual cells. While several recent computational methods were developed

to study viruses at a single-cell resolution [9–11], they failed to identify the many integration-

able viruses and report virus integration sites (Fig 1). Such an answer is valuable, because inte-

gration sites contribute to cell death, tumorigenesis, viral persistence, and even variant evolu-

tion [12].

Fig 1. Biological schematic of virus integration. DNA viruses are indicated in dashed arrows, while RNA retroviruses and processes common to

both are indicated in solid arrows. Inspiration for our hand-drawn figure is linked here (www.britannica.com/science/reverse-transcriptase) [13].

https://doi.org/10.1371/journal.pcbi.1010636.g001
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To address the aforementioned challenges, we developed Venus, an efficient Virus infection

and fusion site detection method for both bulk-tissue and single-cell RNA-seq data (Fig 2).

We demonstrated Venus’s two modules–detection and integration–on four public RNA-seq

datasets, one of which was Hepatitis B Virus-infected (HBV) liver cancer while the other three

were Human Immunodeficiency Virus-infected (HIV) monocytes, brain, and T-cells. Firstly,

for the detection module, we validated Venus’s accuracy and single-cell capability by detecting

95% HBV infection in the liver cancer dataset and labeling HIV-infection at a single-cell reso-

lution in the monocyte dataset. Venus even discovered a novel target of HIV by reporting

infection in the human frontal cortex in the HIV-infected brain dataset. Secondly, for the inte-

gration module, Venus identified 52 fusion sites over 18 chromosomes in the HBV liver cancer

dataset and around 6000 fusion sites in the HIV T-cell datasets. Utilizing a biology-based clas-

sification technique and visualization, Venus diminished the number of HIV T-cell fusion

sites down to 17 high-confidence full length integration sites. All in all, Venus discovered

infected cell types, novel viral targets, and meaningful integration sites across multiple virus-

infected datasets.

Fig 2. Venus’s workflow. (A) Virus detection module: a subtractive analysis that first aligns reads to the human genome and then maps the unmapped reads to

the viral genome. (B) Integration site discovery module: a recycling process that first aligns reads to a target viral genome and then maps the mapped reads to a

hybrid genome.

https://doi.org/10.1371/journal.pcbi.1010636.g002
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Design and implementation

Overall Venus work flow

Venus is an efficient computational software pipeline for virus detection and integration site

discovery for both single-cell and bulk transcriptomic data. Venus consisted of two main mod-

ules: virus detection and integration site discovery. The recommended guideline is to always

run the virus detection module but only run the integration module if the virus species is able

to integrate its genomic information into the host. Each module is described in detail below.

Virus detection module in Venus

Venus utilized a sequential analysis to detect viruses (Fig 2A). It first aligned reads to the

human genome and then aligned the leftover unmapped reads to a mega-viral genome. Finally,

the virusThreshold parameter removed viral species with low number of supporting reads

(Table 1). What is most important will be the threshold set for transcript filtering. We recom-

mend starting with a threshold of zero first and then deciding on a new threshold with the

results. For single-cell data, barcode and UMI were specified while a whitelist was inputted if

available.

Human genome (version GRCh38.p13) and annotation file (version GRCh38.p13) were

download from the GENCODE website. 7571 viral genomes were downloaded from NCBI

and then concatenated to make the mega-virus index (annotation files were unavailable). Indi-

ces and reads were built and mapped using STAR version 2.7.9a [14].

Integration site detection module in Venus

After detecting the virus of interest (target virus), we further developed efficient pipelines for

integration site discovery. Specifically, Venus contained three steps for accurate integration

site detection, as shown in Fig 2B. Parameters used are described and bolded in Table 2. What

is most important in the integration module will be the integrSeq.fna file, which contains bio-

logical sequences Venus should specifically look for in its fusion sites to classify meaningful

integration sites. For HIV and other retroviruses, this will be the LTR sequences. Firstly,

Venus selected the reads mappable to the target virus genome as the starting point for maxi-

mum processing efficiency because viruses have smaller genomes than humans and mapping

first to the virus genome without splicing increases detection sensitivity. Secondly, the virus-

mappable reads were then mapped with splicing to a custom hybrid genome, made from

concatenating human and target viral fasta/gtf files. Thirdly, chimeric fusion transcripts were

sorted and classified based on the integrSeq parameter to provide biologically relevant integra-

tion sites.

Table 1. Venus’s detection module parameters.

Option Description

–reads read_1.fastq read_2.fastq Reads

–virusThreshold 5

–virusChrRef virus_chr-ref.tsv

Virus threshold for filtering

NCBI accession to species metadata file

–virusGenome virus.genomeDir

–humanGenome human.genomeDir

Genome indices directories created to map our reads

–singleCellBarcode 1, 16

–singleUniqueMolIdent 17, 12

–singleWhitelist whitelist.txt

Specifications for single-cell data

Numbers represent position, length, respectively

–out path/to/output/dir

–readFilesCommand zcat

–thread 32

General parameters

https://doi.org/10.1371/journal.pcbi.1010636.t001
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Classification of fusion transcripts into different confidence-level

integration sites

Based on the user-defined parameter integrSeq, Venus classified its chimeric fusion transcripts

by biological significance. The parameter integrSeq was put in place because only full viral

integrations as opposed to partial ones were biologically important. Many integrated viruses

contain conserved flanking sequences, such as the long-terminal repeats (LTR) in all RNA ret-

roviruses [15,16], to help guide this classification.

To detect biologically significant sites, Venus mapped to the integrSeq sequence. Venus

also ensured that each chimeric read had a clear junction breakpoint, with no gaps or overlaps

between the two portions, a quality of true integration sites [17]. Fusion transcripts were then

sorted into classes based on integration locations on the human genome. A final IGV-compati-

ble visualization file was provided for manual validation.

When classifying fusion sites, the integrSeq parameter supplied the necessary viral pro-

moter and terminator sequences. Fusion sites qualified for integration site:

• Class I) if they had human reading into the viral promoter sequence, had viral terminator

reading into human sequences, or had known splice sites from both species;

• Class II) if they had either the above-mentioned viral promoter or terminator sequences but

read from or into noncoding human regions, respectively;

• Class III) if they mapped to middle of viral genes.

Bulk and single-cell RNA-seq data processing

Reads were downloaded from NCBI’s SRA archive (Table 3). They were then trimmed of

poly-A, G, C, T tails and other lower-quality sequences using Trim Galore version 0.6.7 with

its default options [18]. Single-cell UMAP was preprocessed using Seurat version 4.0.2 with

Table 2. Venus’s integration site discovery module parameters.

Option Description

–reads read_1.fastq read_2.fastq Reads, should only be cDNA reads (no barcodes/UMI)

–guideFASTA integrSeq.fa

–geneBed genes.bed

–virusChr NC_001802.1

integrSeq.fa are sequences for fusion site classification.

genes.bed converts genomic coordinates to genes

NCBI virus accession id

–virusGenome virus.genomeDir

–hybridGenome hybrid.genomeDir

Genome indices directories created to map our reads

–out path/to/output/dir

–readFilesCommand zcat

–thread 32

General parameters

https://doi.org/10.1371/journal.pcbi.1010636.t002

Table 3. Details and BioProject accession number for each analyzed dataset.

BioProject No. Virus Tissue & Cell Type Seq

PRJNA371753 HBV Liver Bulk

PRJNA644611 HIV Monocytes (Innate Immune) Single-cell

PRJNA639462 HIV Frontal Cortex Bulk

PRJNA521359

PRJNA448285

HIV CD4+ T Cells (Adaptive Immune) Bulk

This is a concise description of each analyzed dataset.

https://doi.org/10.1371/journal.pcbi.1010636.t003
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default filters [19]. Runs were combined in Seurat following the “Introduction to scRNA-seq

integration” vignette described on the package website.

Complexity analysis and dependencies

We performed runtime and memory analyses on downsampled HIV-infected T-cell dataset

with 16 CPUs and 64 GB RAM. Runtime linearly depended on the number of reads, while

memory remained constant at 30 GB, the size of the human genome (S1 Fig). A short list of

Venus’s software dependencies includes STAR, Samtools, and Numpy, but a full list can be

found on our GitHub page. For hardware dependencies, Venus needs to have a writing disk

space of 100GB while around 30GB for RAM, ideally with at least 8 parallel threads for timely

analysis.

Results

Venus accurately detected HBV-infection and fusion sites in patients with

hepatocellular carcinoma

Due to the well-documented association of HBV-infection and liver cancer, we first applied

Venus on HBV-infected liver cancers to detect viral load and integration sites. HBV has been

heavily implicated in liver cancer due to its disruption of host DNA after viral integration

events [20]. Utilizing the default parameters (see details in methods), Venus successfully

detected HBV infection in 20 out of 21 patients undergoing surgery for hepatocellular carci-

noma (Fig 3A). The number of mappable reads ranged from 1 (sample 19) to 30,769 (sample

0), with an average of 46.4% reads that have been mapped. The fraction is out of all the reads

that have been mapped to the mega-viral genome containing multiple viral species, which usu-

ally represent only 1 to 10% of reads unmapped to the human genome. We found that among

all reads that had mapped to the mega-virus, HBV was frequently the top hit (S1 Table). These

robust percentages and mapping results demonstrate Venus’s accuracy in detecting viral

infection.

After confirming the detection of HBV in most samples, we ran the integration site discov-

ery module to locate HBV fusion sites in the human genome. Interestingly, we detected 52

HBV fusion sites over 18 chromosomes (Fig 3B). We specifically examined a chimeric

Fig 3. HBV viral detection and integration. (A) Percentage of unmappable human reads that mapped to HBV (B) Circos plot of detected fusion

sites (C) Chimeric breakpoint between HBV gp2 and human TERT visualized in IGV.

https://doi.org/10.1371/journal.pcbi.1010636.g003
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breakpoint–with 10 supporting transcripts–between HBV gp2 and human TERT, a major

oncogene and a documented integration site (Fig 3C) [21]. The red-green arrows point to

sharp cuts where the alignment switched from human to HBV. The single colors indicate well-

matched portions, while the multi-colors indicate reference-diverging portions. The sharp

junction gave us high confidence that we had indeed detected a chimeric breakpoint. In fact,

Gp2’s oncogene disruption has been widely cited as one of the many broken checkpoints lead-

ing to liver cancer [22]. In detecting integration sites, Venus provided a more detailed reason

for this patient’s cancer diagnosis beyond the vague explanation of HBV infection.

Venus precisely identified HIV-infected cells at a single-cell resolution in

monocytes at various stages of maturity

We further demonstrated Venus’s single-cell capability by analyzing a HIV-infected single-cell

dataset, which had 8 uninfected samples as controls, 24 HIV-infected as treatment one, and

another 24 HIV-infected but AntiRetroviral Therapy-treated (ART) as treatment two [23]. As

expected, Venus found no viral load in all control samples, high viral load in treatment one

(Fig 4A), and low viral load in treatment two (Fig 4B). Non-ART treated patients had a range

of 531 to 2670 HIV transcripts, significantly higher than those from ART-treated patients with

7 to 198 HIV transcripts. Expectedly, ART treatment significantly suppressed viral load, exhib-

iting Venus’s accurate detection capability in a single-cell setting.

To visualize Venus’s single-cell capability, we labeled each infected cell with Venus-gener-

ated output (S1 File) to produce a UMAP plot in Seurat (Fig 4C) [24]. Out of the 25,211 cells

that had passed Seurat’s default filters, 1056 cells harbored HIV transcripts. And after cluster-

ing, 12 different gene-expression groups of monocytes were found [9]. While there was no

preference of infection toward any of the 12 different clusters, it exhibits Venus’s capability to

provide a single-cell resolution picture of viral infection. We want to clarify to the readers that

Venus is a computational pipeline that outputs viral-infected reads and integration sites with a

minimal role in deciding single-cell processing parameters. However, our pipeline allows for

two modes of sensitivity to let the users decide which mode best suit their analysis’s purpose

(S2 Fig). Using random sampling, we also simulated the event of dropout common to single-

cell sequencing in a bulk dataset with high viral load (HBV infection in liver cancer) and

found that dropout linearly affected the viral detection rate, with a varying number of reads

due to the sampling nature of sequencing experiments (S3 Fig). Finally, our pipeline has

included statistical quantification of viral transcripts for statistical rigor (S1 Eqn).

Fig 4. Venus’s single-cell analysis of HIV infection. (A) Percentage of unmappable human reads that mapped to HIV

in HIV-infected (treatment one) (B) Percentage of unmappable human reads that mapped to HIV in HIV-infected,

ART-treated (treatment two) (C) UMAP Left: labeled by HIV expression; Right: clustered by gene expression.

https://doi.org/10.1371/journal.pcbi.1010636.g004
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Venus detected HIV transcripts in the novel target frontal cortex beyond

the blood-brain barrier

Historically, the frontal cortex was considered to be unreachable by viruses due to the blood-

brain barrier [25]. However, recent literature have suggested that HIV could infect the human

brain and result in a latent reservoir for the persistent HIV/AIDs disease [26]. To test this the-

ory, we downloaded and analyzed a dataset originating from HIV-infected patients who had

neurological deficiencies. Some were deemed cognitively normal (CN), while others were fur-

ther differentiated based on day-to-day functional status: asymptomatic (ANI), minor disorder

(MND), or dementia (HAD) [27].

Out of the 41 HIV-infected frontal cortices, Venus detected transcripts in 20 or half of them

(Fig 5). CN had a mean of 9.4 transcripts, ANI 4.5 transcripts, MND 16.2 transcripts, and

HAD had 37 transcripts. Notably, over 100 HIV transcripts were found in sample 9. We dis-

covered a small positive correlation between the severity of neurocognitive impairment and

the number of detected HIV transcripts (Pearson correlation = 0.126). The discovery of viral

infection in the hard-to-reach and previously-thought viral-free frontal cortex demonstrates

Venus’s capability to detect infection in novel targets.

Venus discovered HIV integration sites with varying biological significance

and confidence in T-cells

Lines of literatures have highlighted the importance of virus integration sites due to their

strong linkage to viral persistence, especially in the incessant HIV/AIDs epidemic [28]. Despite

this, integration sites are often falsely concluded due to library preparation and sequencing

artifacts [29]. To address these challenges, Venus classified HIV fusion transcripts into three

categories based on biological relevance (see details in methods): Class I) fusion sites with

human sequence reading into HIV’s U3 sequence, HIV’s U5 reading into human sequence, or

splice donor-acceptor pairs (Fig 6A); Class II) fusion sites with the aforementioned sequences

Fig 5. HIV detection behind the blood-brain barrier. Percentage of unmappable human reads that mapped to HIV

from those who were deemed cognitively normal (CN), asymptomatic (ANI), minor disorder (MND), or dementia

(HAD).

https://doi.org/10.1371/journal.pcbi.1010636.g005
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but reading into noncoding human regions (Fig 6B); Class III) fusion sites mapped to the mid-

dle of HIV genes (Fig 6C).

In the HIV-infected T-cells dataset, Venus found 17 Class I (S4–S6 Figs), 2 Class II, and

6116 Class III integration sites. We were confident that the first two classes of fusion sites were

integration sites because of three telltale signs in Fig 6: 1) Unmatched sequences overlay per-

fectly onto the opposite specie’s reference; 2) Reads switch sharply in the middle between spe-

cies, labeled by the red triangle breakpoints; 3) Nucleotides match the canonical U3 and U5

sequences used in HIV’s integration events [16,30,31]. Indeed, all three signs together showed

that biologically-accurate integration sites were detected. Integration sites are inherently very

difficult to detect, requiring a sequencing depth of 10X coverage [5]. While it may be interest-

ing to compare across datasets, of the three HIV datasets studied, namely brain, monocytes,

and T cells, only T cells were sequenced deeply enough to detect such integration sites.

While both Venus’s integration site classification algorithm and visualization capability were

used to obtain high-confidence integration sites, they were also used to discard biologically

irrelevant fusion sites. In contrast to Class I and IIs, Class IIIs likely signified partial integrations

and sequencing artifacts due to their HIV gene disruptions. With the guide integrSeq parameter

and subsequent visualization in IGV, Venus reduced the large amount of noise inherent to viral

integration site discovery. We have provided a visualization capability in Venus because we

understood viral integration events may vary from virus to virus, thus wishing to rest the final

decision to each user [12]. In conclusion, not only could Venus detect chimeric fusion tran-

scripts but also was it able to classify them into biologically meaningful integration sites.

Availability and future directions

Venus is an open-source software package that can be freely downloaded at https://github.

com/aicb-ZhangLabs/Venus. It leverages the recent single-cell sequencing revolution to pro-

vide a high-resolution picture of viral infection and integration sites. Venus is highly efficient

with a linear increase in runtime and constant in memory consumption. It is worth mention-

ing that virus detection with RNA-seq data is still challenging for various reasons. For instance,

if a virus’s target cell type is rare, the detection rate can be low due to difficulties in capturing

such cells and the sparsity in single-cell sequencing. With the recent technology advances and

data initiatives, we anticipate that the number of datasets will exponentially increase. Thus,

multi-sample virus detection will improve the detection efficiency in rare cell types. Adding

on, Venus mainly targets integration sites in the transcribed regions, leaving it challenging for

non- transcribed region site detection. This can be resolved in the future as we plan to extend

Fig 6. Venus’s classification of integration sites on HIV. Reference sequences of each species are at the bottom of each read. Due to converging

HIV and human gene orientations, some sequences require reading their complements, written above in colorful letters. (A) Class I Integration

Sites: human reading into HIV U3 sequence (U3), HIV U5 reading into human sequences (U5), or known splice sites from both species (SS) (B)

Class II Integration Sites: U5 or U3 sequences that read into noncoding human regions (NC), differentiated by genomic coordinates (C) Class

III Integration Sites: sites mapped to the middle of HIV genes.

https://doi.org/10.1371/journal.pcbi.1010636.g006
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our method into DNA-based sequencing technologies as well. With the explosion of sequenc-

ing data across tissues and viruses, we hope our pipeline will become a valuable tool in facilitat-

ing future viral data analysis.
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S6 Fig. Class I Integration Sites with canonical donor-acceptor splicing pairs. These were

manually selected from Venus’s visualization file.

(TIFF)

S1 Table. Top 3 hits for the 21 HBV-infected patients when mapped to the mega-virus.

These numbers represent runs (patients) and there were 21 runs (patients) in total in this

study.

(DOCX)

S1 Eqn. Statistical analysis equation for transcript quantification.

(DOCX)

S1 File. Infected cell barcodes of HIV-infected monocytes.

(TSV)

S2 File. Details on Testing and Test Data.

(DOCX)

S3 File. Software code for Venus as a 7z archive. The same information can be found as well

by following the tutorial posted in https://github.com/aicb-ZhangLabs/Venus.git.

(7Z)

S4 File. Parameters and documentation for Venus. The same information can be found as

well by following the tutorial posted in https://github.com/aicb-ZhangLabs/Venus.git.

(PDF)

Acknowledgments

We would like to sincerely acknowledge Dr. Ya-Chi Ho’s insightful suggestions while we were

preparing this manuscript.

PLOS COMPUTATIONAL BIOLOGY Single-cell virus detection and integration site discovery

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010636 October 27, 2022 10 / 12

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s007
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s008
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s009
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s010
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s011
https://github.com/aicb-ZhangLabs/Venus.git
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1010636.s012
https://github.com/aicb-ZhangLabs/Venus.git
https://doi.org/10.1371/journal.pcbi.1010636


Author Contributions

Conceptualization: Min Xu, Matthew J. Girgenti, Ke Xu, Mark Gerstein, Jing Zhang.

Data curation: Che Yu Lee.

Formal analysis: Che Yu Lee, Yuhang Chen.

Investigation: Che Yu Lee, Jing Zhang.

Methodology: Che Yu Lee, Jing Zhang.

Software: Che Yu Lee, Ziheng Duan.

Supervision: Jing Zhang.

Writing – original draft: Che Yu Lee, Mark Gerstein, Jing Zhang.

Writing – review & editing: Che Yu Lee, Mark Gerstein, Jing Zhang.

References
1. zur Hausen H. The search for infectious causes of human cancers: where and why (Nobel lecture).

Angew Chem Int Ed Engl. 2009; 48(32):5798–808. https://doi.org/10.1002/anie.200901917 PMID:

19588476.

2. Ahmad T, Haroon Baig M, Hui J. Coronavirus Disease 2019 (COVID-19) Pandemic and Economic

Impact. Pak J Med Sci. 2020; 36(COVID19-S4):S73–S8. https://doi.org/10.12669/pjms.36.COVID19-

S4.2638 PMID: 32582318; PubMed Central PMCID: PMC7306969.

3. Chen Y, Yao H, Thompson EJ, Tannir NM, Weinstein JN, Su X. VirusSeq: software to identify viruses

and their integration sites using next-generation sequencing of human cancer tissue. Bioinformatics.

2013; 29(2):266–7. Epub 20121117. https://doi.org/10.1093/bioinformatics/bts665 PMID: 23162058;

PubMed Central PMCID: PMC3546792.

4. Isakov O, Modai S, Shomron N. Pathogen detection using short-RNA deep sequencing subtraction and

assembly. Bioinformatics. 2011; 27(15):2027–30. Epub 20110611. https://doi.org/10.1093/

bioinformatics/btr349 PMID: 21666269; PubMed Central PMCID: PMC3137223.

5. Khan A, Liu Q, Chen X, Stucky A, Sedghizadeh PP, Adelpour D, et al. Detection of human papillomavi-

rus in cases of head and neck squamous cell carcinoma by RNA-seq and VirTect. Mol Oncol. 2019; 13

(4):829–39. Epub 20190223. https://doi.org/10.1002/1878-0261.12435 PMID: 30597724; PubMed

Central PMCID: PMC6441885.

6. Kostic AD, Ojesina AI, Pedamallu CS, Jung J, Verhaak RG, Getz G, et al. PathSeq: software to identify

or discover microbes by deep sequencing of human tissue. Nat Biotechnol. 2011; 29(5):393–6. https://

doi.org/10.1038/nbt.1868 PMID: 21552235; PubMed Central PMCID: PMC3523678.

7. Zheng GX, Terry JM, Belgrader P, Ryvkin P, Bent ZW, Wilson R, et al. Massively parallel digital tran-

scriptional profiling of single cells. Nat Commun. 2017; 8:14049. Epub 20170116. https://doi.org/10.

1038/ncomms14049 PMID: 28091601; PubMed Central PMCID: PMC5241818.

8. Svensson V, Vento-Tormo R, Teichmann SA. Exponential scaling of single-cell RNA-seq in the past

decade. Nat Protoc. 2018; 13(4):599–604. Epub 20180301. https://doi.org/10.1038/nprot.2017.149

PMID: 29494575.

9. León-Rivera R, Morsey B, Niu M, Fox HS, Berman JW. Interactions of Monocytes, HIV, and ART Identi-

fied by an Innovative scRNAseq Pipeline: Pathways to Reservoirs and HIV-Associated Comorbidities.

mBio. 2020; 11(4). Epub 20200728. https://doi.org/10.1128/mBio.01037-20 PMID: 32723919; PubMed

Central PMCID: PMC7387797.

10. Yasumizu Y, Hara A, Sakaguchi S, Ohkura N. VIRTUS: a pipeline for comprehensive virus analysis

from conventional RNA-seq data. Bioinformatics. 2021; 37(10):1465–7. https://doi.org/10.1093/

bioinformatics/btaa859 PMID: 33017003; PubMed Central PMCID: PMC7745649.

11. Bost P, Giladi A, Liu Y, Bendjelal Y, Xu G, David E, et al. Host-Viral Infection Maps Reveal Signatures of

Severe COVID-19 Patients. Cell. 2020; 181(7):1475–88.e12. Epub 20200508. https://doi.org/10.1016/j.

cell.2020.05.006 PMID: 32479746; PubMed Central PMCID: PMC7205692.

12. Desfarges S, Ciuffi A. Viral Integration and Consequences on Host Gene Expression. Viruses: Essential

Agents of Life 2012.

13. Britannica E. Retrovirus infection and reverse transcription. https://www.britannica.com/science/

reverse-transcriptase#/media/1/500460/124682: Encyclopædia Britannica; 2012. p. Following

PLOS COMPUTATIONAL BIOLOGY Single-cell virus detection and integration site discovery

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010636 October 27, 2022 11 / 12

https://doi.org/10.1002/anie.200901917
http://www.ncbi.nlm.nih.gov/pubmed/19588476
https://doi.org/10.12669/pjms.36.COVID19-S4.2638
https://doi.org/10.12669/pjms.36.COVID19-S4.2638
http://www.ncbi.nlm.nih.gov/pubmed/32582318
https://doi.org/10.1093/bioinformatics/bts665
http://www.ncbi.nlm.nih.gov/pubmed/23162058
https://doi.org/10.1093/bioinformatics/btr349
https://doi.org/10.1093/bioinformatics/btr349
http://www.ncbi.nlm.nih.gov/pubmed/21666269
https://doi.org/10.1002/1878-0261.12435
http://www.ncbi.nlm.nih.gov/pubmed/30597724
https://doi.org/10.1038/nbt.1868
https://doi.org/10.1038/nbt.1868
http://www.ncbi.nlm.nih.gov/pubmed/21552235
https://doi.org/10.1038/ncomms14049
https://doi.org/10.1038/ncomms14049
http://www.ncbi.nlm.nih.gov/pubmed/28091601
https://doi.org/10.1038/nprot.2017.149
http://www.ncbi.nlm.nih.gov/pubmed/29494575
https://doi.org/10.1128/mBio.01037-20
http://www.ncbi.nlm.nih.gov/pubmed/32723919
https://doi.org/10.1093/bioinformatics/btaa859
https://doi.org/10.1093/bioinformatics/btaa859
http://www.ncbi.nlm.nih.gov/pubmed/33017003
https://doi.org/10.1016/j.cell.2020.05.006
https://doi.org/10.1016/j.cell.2020.05.006
http://www.ncbi.nlm.nih.gov/pubmed/32479746
https://www.britannica.com/science/reverse-transcriptase#/media/1/500460/124682
https://www.britannica.com/science/reverse-transcriptase#/media/1/500460/124682
https://doi.org/10.1371/journal.pcbi.1010636


retrovirus infection, reverse transcriptase converts viral RNA into proviral DNA, which is then incorpo-

rated into the DNA of the host cell in the nucleus.

14. Dobin A, Gingeras TR. Optimizing RNA-Seq Mapping with STAR. Methods Mol Biol. 2016; 1415:245–

62. https://doi.org/10.1007/978-1-4939-3572-7_13 PMID: 27115637.

15. Benachenhou F, Sperber GO, Bongcam-Rudloff E, Andersson G, Boeke JD, Blomberg J. Conserved

structure and inferred evolutionary history of long terminal repeats (LTRs). Mob DNA. 2013; 4(1):5.

Epub 20130201. https://doi.org/10.1186/1759-8753-4-5 PMID: 23369192; PubMed Central PMCID:

PMC3601003.

16. Hughes SH. Reverse Transcription of Retroviruses and LTR Retrotransposons. Microbiol Spectr. 2015;

3(2):MDNA3-0027-2014. https://doi.org/10.1128/microbiolspec.MDNA3-0027-2014 PMID: 26104704;

PubMed Central PMCID: PMC6775776.

17. Sherrill-Mix S, Ocwieja KE, Bushman FD. Gene activity in primary T cells infected with HIV89.6: intron

retention and induction of genomic repeats. Retrovirology. 2015; 12:79. Epub 20150917. https://doi.org/

10.1186/s12977-015-0205-1 PMID: 26377088; PubMed Central PMCID: PMC4574318.

18. Krueger F. Trim Galore. Babraham Bioinformatics 2012. p. A wrapper tool around Cutadapt and

FastQC to consistently apply quality and adapter trimming to FastQ files, with some extra functionality

for MspI-digested RRBS-type (Reduced Representation Bisufite-Seq) libraries.

19. Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. Integrating single-cell transcriptomic data across

different conditions, technologies, and species. Nat Biotechnol. 2018; 36(5):411–20. Epub 20180402.

https://doi.org/10.1038/nbt.4096 PMID: 29608179; PubMed Central PMCID: PMC6700744.

20. Leung N. HBV and liver cancer. Med J Malaysia. 2005; 60 Suppl B:63–6. PMID: 16108176.

21. Jang JW, Kim HS, Kim JS, Lee SK, Han JW, Sung PS, et al. Distinct Patterns of HBV Integration and.

Int J Mol Sci. 2021; 22(13). Epub 20210630. https://doi.org/10.3390/ijms22137056 PMID: 34209079;

PubMed Central PMCID: PMC8268258.

22. Lee EY, Muller WJ. Oncogenes and tumor suppressor genes. Cold Spring Harb Perspect Biol. 2010; 2

(10):a003236. Epub 20100818. https://doi.org/10.1101/cshperspect.a003236 PMID: 20719876;

PubMed Central PMCID: PMC2944361.

23. Piacenti FJ. An update and review of antiretroviral therapy. Pharmacotherapy. 2006; 26(8):1111–33.

https://doi.org/10.1592/phco.26.8.1111 PMID: 16863488.

24. Xiang R, Wang W, Yang L, Wang S, Xu C, Chen X. A Comparison for Dimensionality Reduction Meth-

ods of Single-Cell RNA-seq Data. Front Genet. 2021; 12:646936. Epub 20210323. https://doi.org/10.

3389/fgene.2021.646936 PMID: 33833778; PubMed Central PMCID: PMC8021860.

25. Spindler KR, Hsu TH. Viral disruption of the blood-brain barrier. Trends Microbiol. 2012; 20(6):282–90.

Epub 20120506. https://doi.org/10.1016/j.tim.2012.03.009 PMID: 22564250; PubMed Central PMCID:

PMC3367119.

26. Marban C, Forouzanfar F, Ait-Ammar A, Fahmi F, El Mekdad H, Daouad F, et al. Targeting the Brain

Reservoirs: Toward an HIV Cure. Front Immunol. 2016; 7:397. Epub 20160930. https://doi.org/10.

3389/fimmu.2016.00397 PMID: 27746784; PubMed Central PMCID: PMC5044677.

27. Clifford DB, Ances BM. HIV-associated neurocognitive disorder. Lancet Infect Dis. 2013; 13(11):976–

86. https://doi.org/10.1016/S1473-3099(13)70269-X PMID: 24156898; PubMed Central PMCID:

PMC4108270.

28. Geeraert L, Kraus G, Pomerantz RJ. Hide-and-seek: the challenge of viral persistence in HIV-1 infec-

tion. Annu Rev Med. 2008; 59:487–501. https://doi.org/10.1146/annurev.med.59.062806.123001

PMID: 17845138.

29. Kazachenka A, Kassiotis G. SARS-CoV-2-Host Chimeric RNA-Sequencing Reads Do Not Necessarily

Arise From Virus Integration Into the Host DNA. Front Microbiol. 2021; 12:676693. Epub 20210602.

https://doi.org/10.3389/fmicb.2021.676693 PMID: 34149667; PubMed Central PMCID: PMC8206523.

30. Suttiprapa S, Rinaldi G, Tsai IJ, Mann VH, Dubrovsky L, Yan HB, et al. HIV-1 Integrates Widely through-

out the Genome of the Human Blood Fluke Schistosoma mansoni. PLoS Pathog. 2016; 12(10):

e1005931. Epub 20161020. https://doi.org/10.1371/journal.ppat.1005931 PMID: 27764257; PubMed

Central PMCID: PMC5072744.

31. Imamichi H, Dewar RL, Adelsberger JW, Rehm CA, O’Doherty U, Paxinos EE, et al. Defective HIV-1

proviruses produce novel protein-coding RNA species in HIV-infected patients on combination antiretro-

viral therapy. Proc Natl Acad Sci U S A. 2016; 113(31):8783–8. Epub 20160718. https://doi.org/10.

1073/pnas.1609057113 PMID: 27432972; PubMed Central PMCID: PMC4978246.

PLOS COMPUTATIONAL BIOLOGY Single-cell virus detection and integration site discovery

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1010636 October 27, 2022 12 / 12

https://doi.org/10.1007/978-1-4939-3572-7%5F13
http://www.ncbi.nlm.nih.gov/pubmed/27115637
https://doi.org/10.1186/1759-8753-4-5
http://www.ncbi.nlm.nih.gov/pubmed/23369192
https://doi.org/10.1128/microbiolspec.MDNA3-0027-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104704
https://doi.org/10.1186/s12977-015-0205-1
https://doi.org/10.1186/s12977-015-0205-1
http://www.ncbi.nlm.nih.gov/pubmed/26377088
https://doi.org/10.1038/nbt.4096
http://www.ncbi.nlm.nih.gov/pubmed/29608179
http://www.ncbi.nlm.nih.gov/pubmed/16108176
https://doi.org/10.3390/ijms22137056
http://www.ncbi.nlm.nih.gov/pubmed/34209079
https://doi.org/10.1101/cshperspect.a003236
http://www.ncbi.nlm.nih.gov/pubmed/20719876
https://doi.org/10.1592/phco.26.8.1111
http://www.ncbi.nlm.nih.gov/pubmed/16863488
https://doi.org/10.3389/fgene.2021.646936
https://doi.org/10.3389/fgene.2021.646936
http://www.ncbi.nlm.nih.gov/pubmed/33833778
https://doi.org/10.1016/j.tim.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22564250
https://doi.org/10.3389/fimmu.2016.00397
https://doi.org/10.3389/fimmu.2016.00397
http://www.ncbi.nlm.nih.gov/pubmed/27746784
https://doi.org/10.1016/S1473-3099%2813%2970269-X
http://www.ncbi.nlm.nih.gov/pubmed/24156898
https://doi.org/10.1146/annurev.med.59.062806.123001
http://www.ncbi.nlm.nih.gov/pubmed/17845138
https://doi.org/10.3389/fmicb.2021.676693
http://www.ncbi.nlm.nih.gov/pubmed/34149667
https://doi.org/10.1371/journal.ppat.1005931
http://www.ncbi.nlm.nih.gov/pubmed/27764257
https://doi.org/10.1073/pnas.1609057113
https://doi.org/10.1073/pnas.1609057113
http://www.ncbi.nlm.nih.gov/pubmed/27432972
https://doi.org/10.1371/journal.pcbi.1010636

