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ABSTRACT

Virus infections are huge threats to living organ-
isms and cause many diseases, such as COVID-19
caused by SARS-CoV-2, which has led to millions
of deaths. To develop effective strategies to control
viral infection, we need to understand its molecu-
lar events in host cells. Virus related functional ge-
nomic datasets are growing rapidly, however, an inte-
grative platform for systematically investigating host
responses to viruses is missing. Here, we devel-
oped a user-friendly multi-omics portal of viral in-
fection named as MVIP (https://mvip.whu.edu.cn/).
We manually collected available high-throughput se-
quencing data under viral infection, and unified their
detailed metadata including virus, host species, in-
fection time, assay, and target, etc. We processed
multi-layered omics data of more than 4900 viral in-
fected samples from 77 viruses and 33 host species
with standard pipelines, including RNA-seq, ChIP-
seq, and CLIP-seq, etc. In addition, we integrated
these genome-wide signals into customized genome
browsers, and developed multiple dynamic charts
to exhibit the information, such as time-course dy-
namic and differential gene expression profiles, al-
ternative splicing changes and enriched GO/KEGG
terms. Furthermore, we implemented several tools
for efficiently mining the virus-host interactions by
virus, host and genes. MVIP would help users to re-
trieve large-scale functional information and promote
the understanding of virus-host interactions.

INTRODUCTION

Viruses are everywhere, comprising an enormous propor-
tion of our environment, in both quantity and total mass
(1). Many viral infections cause human diseases (2,3). More
than 12% new cancer cases were attributable to oncoviruses,
such as hepatitis B or C virus (HBV or HCV), Epstein-

Barr virus (EBV), Kaposi’s sarcoma herpes virus (KSHV),
and human papillomavirus (HPV) (4–6). Recently, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
caused the COVID-19 disease, and resulted in a global pan-
demic and millions of deaths (7–9). Viral infections gen-
erally cause dysregulated gene expression and abnormal
RNA processing (10–13). In mammalians, viral infections
can lead to local inflammatory responses and innate im-
mune responses called as ‘cytokine storm’ (2). For exam-
ple, SARS-CoV-2 broadly alters gene expression programs
in human cells and disrupts splicing to suppress host de-
fences (14,15). In addition, SARS-CoV-2 RNAs can bind
and repurpose host RNA-binding proteins (RBPs), which
is one of the pathogenetic factors (16–18). Moreover, viral
infections can also change the epigenetic states and RNA
modifications of hosts (19–22). To better understand how
viruses affect hosts at molecular level, we need to integrate
various types of omics data and systematically analyse the
many-to-many virus-host interactions genome-wide.

In recent years, the studies of genome, structure and tax-
onomy have been rapidly developed for viral species, includ-
ing ViPR (23), VIPERdb (24,25), IMG/VR v.2.0 (26) and
ICTV (27) databases. Moreover, it is found that the molecu-
lar network of host in many cancers are perturbated by viral
proteins (17). Therefore, the relevant resources of biologi-
cal pathway and network signatures associated with virus
were developed, such as KEGG (28) and PAGER (29,30).
In addition, multiple types of raw sequencing data under
viral infection are deposited into the NCBI GEO and SRA
(31,32) databases. These data were separately generated in
different studies to uncover the cellular events in various
species with different viral infections. However, an integra-
tive multi-omics database of virus-host interactions for mul-
tiple species/viruses, enabling users to mine relevant data
jointly, is missing.

Here, we have developed a user-friendly multi-omics por-
tal of viral infections across different species, named MVIP
(https://mvip.whu.edu.cn/). We firstly manually collected
available high-throughput sequencing data under viral in-
fections, and also the description of these data (metadata).
We unified detailed metadata including virus, host species,
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cell types/tissues, infection time, treatment, assay, target,
and publication, etc. We processed >4900 viral infected
samples (from 77 virus and 33 host species) with standard
pipelines for 22 types of omics data including RNA-seq,
ChIP-seq, ATAC-seq, CLIP-seq, small RNA-seq (smRNA-
seq), Ribo-seq, RIP-seq etc. Furthermore, we analysed the
differentially expressed genes, alternative splicing events,
GO and KEGG pathway enrichment, genome-wide bind-
ing events, translational states, etc. Then, we integrated
these comprehensive data into MVIP, provided customized
genome browser with JBrowse2 and UCSC track hub to vi-
sualize them simultaneously, and developed dynamic charts
to display gene-level information such as differential ex-
pression changes in responding to viral infections versus
controls. Furthermore, we implemented different search
modes and several tools for efficiently mining the virus-host
interactions by virus, host and assay type, etc. The database
will help users to quickly retrieve and compare different
virus-host interactions at multilayers, to efficiently analyse
gene dynamic changes, and to visualize large-scale omics
data of viral infections with flexible settings.

MATERIAL AND METHODS

All data sources, metadata information, data processing,
and web interface features are briefly summarized in Fig-
ure 1. The development of MVIP consists of data collection
and curation, omics data processing and analysis, database
design and construction, and web interface and tool devel-
opment. The main steps, used tools and results are briefly
illustrated in Supplementary Figure S1 and described in de-
tail as below.

Data sources and metadata unification

We firstly searched NCBI GEO DataSets database with key-
words ‘virus’ and ‘seq’ up to September 2019 using Entrez
E-utility. We further filtered these accessions by requiring
the presence of a keyword ‘virus’, ‘viruses’ and ‘viral’ ap-
pear in its GEO summary ignoring cases (Figure 1A). Fi-
nally, we manually checked the metadata and obtained 4757
samples (291 GEO accessions) with diverse types of high-
throughput sequencing data related to viral infection. In ad-
dition, due to burst of the pandemic COVID-19 caused by
SARS-CoV-2, we retrieved 1547 RNA-seq and 282 scRNA-
seq data samples related to SARS-CoV-2 infection from
NCBI/GEO database up to December 2020.

Next, we manually collected all the relevant metadata
(description of the sequencing data), including virus, host
species, cell type or tissue, infection time, treatment, as-
say, target, publication etc. (Figure 1B). Furthermore, we
manually curated and classified these viruses (family, genus,
species etc.) using the information from ViPR (23) and
ICTV (33) databases. Similarly, according to the classical
information of ENCODE (34), Roadmap (35) and NCBI,
we manually annotated and unified all hosts on biosample
type, tissue type, and cell type (Table 1). All curated meta-
data of these omics data are summarized in Supplementary
Table S1.

Omics data processing

The raw Fastq data files of variety of omics data includ-
ing RNA-seq, ChIP-seq, ATAC-seq, CLIP-seq, smRNA-
seq, RIP-seq, Ribo-seq and others, were downloaded from
the NCBI GEO and SRA database (36). We aim to
ease users to explore these high-dimensional genomic sig-
nals and to query the summarized data at different lay-
ers of regulation in cells responding to different viruses
during the course of infections, thus enabling systematic
thinking and the development of biological hypotheses
(Figure 1C).

All high-throughput sequencing data that had passed the
quality control using fastQC (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) were used in the down-
stream analysis. The raw reads were filtered to remove the
sequencing adaptors and low-quality bases using Trimmo-
matic (37) or trim galore (38) programs. For the omics
data of RNA-seq, ChIP-seq, ATAC-seq and smRNA-
seq, we used the data processing pipelines by following
the recommendations in ENCODE project (39). RNA-
seq and smRNA-seq (or miRNA-seq) reads were mapped
to host and viral genomes using the STAR program (40).
The ChIP-seq (or FAIRE-seq), ATAC-seq, CLIP-seq (or
irCLIP-seq), RIP-seq (or MeRIP-seq) and GRO-seq reads
were mapped using Bowite2 program (41). In addition, the
potential chrM and PCR duplicate reads were removed
for ATAC-seq data. The read counts of genes and fea-
tures were computed using the featureCounts program (42).
The gene expression quantifications in FPKM (Fragments
Per Kb of exon per Million mapped fragments) and TPM
(Transcripts Per Kb of exon per Million mapped reads)
were computed using the StringTie program (43). The dif-
ferentially alternative splicing events were identified using
the rMATS program (44). The peaks of ChIP-seq, CLIP-
seq (or irCLIP-seq), RIP-seq (or MeRIP-seq) and ATAC-
seq data were identified using MACS, Clipper (45), Pi-
ranha (46) and MACS2 (47), respectively. For Ribo-seq, the
potential rRNA reads were filtered before mapping. The
cleaned reads were mapped to host and viral genomes us-
ing the STAR program in end-to-end mode. Then, the po-
tential chrM and PCR duplicate reads were removed. Next,
we calculated the translation efficiency for all ORFs using
RiboWave (48).

In addition, we have processed Bisulfite-seq, and GRO-
seq data using gemBS (49) and Homer (http://homer.ucsd.
edu/homer/), respectively. There are six raw datasets asso-
ciated with five rare species such as Myotis daubentoniid,
Chlorocebus aethiops and Beta macrocarpa, were not pro-
cessed, because their genomes and annotations are not
well defined. For scRNA-seq data, we directly retrieved
and used their processed data in GEO database. The main
steps in different pipelines are described in Supplementary
Figure S1.

We managed the data analyses with Snakemake program,
a reproducible workflow management system (50), and exe-
cuted the pipelines on Linux servers. All used programs and
packages with their version information are listed in Sup-
plementary Table S2, and the statistics of the processed files
are summarized in Table 2.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://homer.ucsd.edu/homer/
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Figure 1. Schematic view of MVIP. (A) Information retrieval of omics data related to viral infections in various public databases. (B) Manual curation of
metadata. (C) Overview of the generated data from the analyses of different types of omics data. (D) Overview of the database design and web interface of
MVIP.
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Table 1. Summary of metadata in MVIP

Class Count

Sample 6586
Dataset 4255
Assay 22
Species 33
Biosample type 9
Tissue type 76
Cell type 114
Host 183
Virus family 34
Virus genus 53
Virus species 68
Virus name 77

DEGs analysis and peak annotation

The differentially expressed genes (DEGs) are identified us-
ing DESeq2 (51) or edgeR (52) and under the cut-offs of
P-value ≤0.05 and at least 2-fold change. Users can ad-
just the cut-offs for customized sensitivity and specificity.
Currently, MVIP provides 1950 results from differential ex-
pression analysis (Table 2), and enables the visualization of
these DEGs by volcano plot in the result page. Further-
more, the GO-term and KEGG enrichment analysis were
performed using the R package clusterProfiler (53) for iden-
tified DEGs. The peaks were annotated by the R package
ChIPseeker (54). MVIP supports visualization of the peaks
in multiple ways, including displaying peak coverage sig-
nals over chromosomes and showing profiles of peaks rela-
tive to the transcription start site (TSS). We used pie charts
to show the genomic features of peaks such as promoter, 5′
UTR, 3′ UTR, exon, and intron, using the ‘annotatePeak’
function. The peak profiles around the TSS region (±3 kb)
were visualized using the ‘peakHeatmap’ function.

Database design and construction

We designed a set of data models with suitable indexes in
MVIP MySQL database to efficiently store, update, query,
view, and analyse the metadata and processed data (Fig-
ure 1D). Due to the complex virus-host interactions (Figure
2A) and diverse types of omics data (Figure 2B, C), we or-
ganized the metadata of all multi-omics sequencing data in
a hierarchical structure following the principles developed
for ENCODE project (55).

As shown in Figure 2D, each experiment, the unit of a
sequencing study, has one or more replicates. Each repli-
cate has corresponding sequencing data for the library con-
structed from specific assay (e.g. RNA-seq) and for specific
target (e.g. ChIP-seq antibody). The sequencing library has
its biosample information including the virus, host (e.g. tis-
sue and cell type), the infection time, and specific treatment.
Here, we took special efforts to curate the control experi-
ment, such as mock control without virus infection for an
experiment, and input control for a ChIP-seq or CLIP-seq
assay. In addition, we annotated the time-course studies
composing of a series of experiments to investigate the dy-
namics after virus infection. We also integrated the meta-
data for the processed files, which are generated from an
analysis step in running a pipeline with specific software,
genome, gene annotation, and input files (Figure 2E).

For querying data across multiple experiments, such as
gene expression in multiple human samples by a specific
virus, we stored the data in MySQL tables by organism, and
concatenated the expression values together with comma
symbol to be saved as a text field, for speeding up the re-
sponse to queries.

Web interface and genome browser

MVIP is developed using MySQL MariaDB and run-
ning in a Docker container deployed on a Linux-based
Apache Web server. We used Python 3.7 and Django 3.1.7
for server-side scripting to provide query and computa-
tion supports in the backend of the database, and used
Typescript 4.3 (https://www.typescriptlang.org/) and Re-
act.js 17.0.4 (https://reactjs.org/) framework for developing
a user-friendly interactive web interface (Figure 1D). We ap-
plied Material-UI 4.12.3 (https://material-ui.com), and ant-
design charts 1.2.7 (https://charts.ant.design/) as graphical
visualization frameworks. We recommend to visit MVIP us-
ing a modern web browser that supports the HTML5 stan-
dard such as Google Chrome, Firefox, Safari, or Microsoft
Edge.

All mapping results to both host and viral genomes were
converted to bigWig format and peak files were converted
to bigBed files. We embedded a customized JBrowse2-
based browser to visualize those genomic signals (56,57).
Meanwhile, we constructed a MVIP Track Hub, allowing
visualization of MVIP data for hosts in UCSC genome
browser (58). The tracks are organized by organism with
super-tracks and composite-tracks. The URL for MVIP
track hub is https://mvip.whu.edu.cn/db/mvip/hub.txt, with
which users can connect using the URL (http://genome.
ucsc.edu/cgi-bin/hgHubConnect#unlistedHubs) to add a
hub. Then, users can explore the MVIP data simultaneously
with other existing UCSC data tracks. The genes presented
in MVIP web pages have links to UCSC genome browser
with MVIP track hub automatically connected.

RESULTS

Currently, MVIP contains 6586 sample including 4980 vi-
ral infected samples and 1606 control samples, involving 77
viruses, 33 host species, 114 cell types and 76 tissues (Figure
2A and Table 1). The samples related to SARS-CoV-2 and
influenza A virus (IAV) account for one-third of the infec-
tion samples (Figure 2A), which are derived from RNA-seq,
scRNA-seq, ChIP-seq, miRNA-seq, Ribo-seq etc.

There are 22 types of high-throughput sequencing data
related to viral infection, however the data counts of those
types, by either GEO series (GSE) or GEO sample (GSM),
are not evenly distributed (Figure 2B). The RNA-seq data
account for about 66%, which is partially due to that RNA-
seq is the easiest and most widely used technique, currently.
These samples are enriched in Homo sapiens and Mus mus-
culus, which take proportions 43.4% and 30.63% in RNA-
seq, 88.5% and 11.5% in ChIP-seq, respectively (Figure 2B,
insert). Due to burst of the pandemic COVID-19 caused by
SARS-CoV-2, We further curated 1547 RNA-seq and 282
scRNA-seq data samples (corresponding to 51 and 10 GEO
series, respectively) related to SARS-CoV-2 infection from

https://www.typescriptlang.org/
https://reactjs.org/
https://material-ui.com
https://charts.ant.design/
https://mvip.whu.edu.cn/db/mvip/hub.txt
http://genome.ucsc.edu/cgi-bin/hgHubConnect#unlistedHubs
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Table 2. Summary of processed files during analysis

File type Count Description

FeatureCounts (.tsv) 4615 The read counts for annotated genes
Stringtie (.tsv) 4378 The FPKM and TPM for annotated genes
Differential expression (.csv) 1950 Differentially expression analysis results of viral infection vs. controls
GO/KEGG (.tsv) 1846 GO/KEGGs analysis results of DEGs
Alternative splicing (.csv) 5465 Alternative splicing events analysis of viral infected datasets
Peaks (.bed, .tsv, .txt, .png) 2470 Peaks calling and annotation results of protein binding data
Translation efficiency (.txt) 80 Translation efficiency of ORFs
Methylation (.bed.gz) 64 Three types of methylation value (CHG, CHH, CPG)
Mapping (.bw) 10,361 Genomic signals from mapped reads

NCBI/GEO database up to December 2020 (Figure 2C).
These metadata and processed data are saved in the well-
designed database (Figure 2D-E).

In MVIP web page, users can access the data through dif-
ferent modules, including Data-Matrix, Search, Genome-
Browser, Analysis and Download (Figure 3A).

A data-matrix interface for browsing the omics data

The ‘Data-Matrix’ page is an interactive and digitized table
that allows users to quickly search and browse omics data.
The matrix is organized by row for ordered viruses and col-
umn for cell types or tissues (Figure 3B), which can be fil-
tered from the left panel. To view the details of omics data,
users can click the URL over the numbers (Figure 3B), link-
ing to the records displayed by page.

Search interface for retrieving omics data

MVIP provides user-friendly search options supporting
auto-completion to retrieve various omics data under vi-
ral infection. Users can query the omics data of inter-
est through three ways: ‘By virus taxonomy’, ‘By sam-
ple’ and ‘Advanced’ (Figure 3C). Based on the virus tax-
onomy query, users can select a virus according to ‘Virus
Family’ and ‘Virus Genus’ of interest. Clicking the ‘Search’
button will present users the omics data associated with
the virus. In sample-based query mode, users can select a
host of interest according to ‘BioSample Type’ and ‘Tissue
Type’ and clicking ‘Search’ button will give users the omics
data associated with host that under various viral infec-
tions. In advanced mode, users can query related omics data
by selecting more search options, including ‘Virus Family’,
‘Virus Genus’, ‘Virus Name’, ‘Host Name’, ‘Assay’ and ‘Cell
Type’.

The brief information of searched results is displayed in
a table supporting sorting and filtering (Figure 3D). The
interactive table describes the omics data including MVIP
ID, virus name, logogram, host, assay, target, species, GEO
ID and Pubmed ID. Users can click the link on MVIP ID to
view the details, such as data summary, sample information,
and analysis results (Figure 3E). For RNA-seq data, MVIP
provides 4 classes of analysis results including differential
expression, GO-term enrichments, KEGG pathway enrich-
ment, and alternative splicing (Figure 3F). In addition,
MVIP also enables ‘Threshold’ options supporting users to
set custom thresholds to select DEGs with different strin-
gencies. For each gene listed in the table, the gene ID and
gene symbol have links out to the Ensembl and GeneCard

databases, respectively. The corresponding genomic signals
of the genes can be viewed in our local JBrowse2-based
genome browser directly, or in UCSC genome browser via
MVIP track hub. Moreover, users can export the results of
interest in the current page, or download the complete re-
sults via ‘Download complete table’ button or from the ‘File
Details’ panel. Meanwhile, MVIP provides four analysis re-
sults associated with peaks, including the annotation infor-
mation, visualization of peak coverage signals over chromo-
somes, peak profiles around the TSS region, and the distri-
bution of peaks in genome (Figure 3G).

Customized genome browsers and data visualization

To help user view and compare various omics data under vi-
ral infections, we developed a customized genome browser
using JBrowse2 (Figure 3H). By entering the genomic loca-
tion or gene ID, users can conveniently explore the available
track data related to the gene of interest. All tracks are clas-
sified based on host species, viruses, and assays, and similar
tracks are organized into track groups, in which the tracks
can be shown by toggling the checkboxes.

For genomes available in UCSC genome browser, users
can also view our MVIP data with many other data in
UCSC simultaneously, which are in the same genomic
coordinates and enable users to distill hypotheses from
jointly exploring them. For example, as shown in Figure
3I, we observe that the CEBPB gene is repressed upon
ZIKA infection (ZIKA+ versus mock control) in RNA,
Pol II, and H3K27ac levels. The results are consistent with
the original report (59), indicating the correctness of our
processing. Interestingly, in combining with CEBPB ChIP-
seq from ENCODE data in UCSC genome browser, we
see that CEBPB protein has multiple binding sites around
its own gene locus, and two sites are very conserved from
UCSC’s 100 vertebrate basewise conservation track (Fig-
ure 3I bottom). Integration of these existing data suggests
a CEBPB auto-regulatory loop functioning during ZIKA
infection.

Online analysis tools and user cases

In the Analysis page, MVIP provides six practical anal-
ysis tools to directly answer a set of common biological
questions (Figure 4A). With ‘Analyze virus-host interac-
tions’ tool, users can submit a virus or a host to analyse
the virus–host interactions with omics data (Figure 4B).
With ‘Analyze dynamic expression profiles by gene’ tool,
users can submit one gene or a gene list of interest, then
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Figure 4. Analysis tools in MVIP web server. (A) List of six analysis tools in MVIP. (B–G) Interactive figure examples generated from these six tools.

MVIP will show the dynamic expression profiles (FPKM or
TPM) of genes under various viral infections in comparison
with control group (Figure 4C). With ‘Analyze expression
changes by gene’ tool, users can submit one gene or a gene
list of interest, then MVIP will show the fold-changes be-
tween infection versus corresponding controls (Figure 4D).

With ‘Analyze meta-virus signature’ tool, for a given virus
and host, users submit a list of genes with or without de-
fined changes (up- or down-regulation), MVIP will show
the heatmap of gene expression in virus infected and con-
trol samples (Figure 4E). If changes are defined, such as the
common viral transcriptional signature in (60), the MVS
scores will be computed for all samples and presented as
boxplots for the viral infection and control groups, respec-
tively. MVIP also provides several gene lists with known sig-
natures from literature (30). With ‘Analyze gene dynamics

in time-course assay’ tool, users can view the expression dy-
namics at different time-points after viral infection for a list
of submitted genes (Figure 4F). Using ‘Analyze scRNA-seq
expression’ tool, users can search scRNA-seq dataset with
processed expression data, and users can submit a gene of
interest to view the cell type UMAP, its expression distribu-
tion on the UMAP and that in different cell types or condi-
tions (Figure 4G).

Data download and statistics

MVIP provides a list-like tool for downloading the omics
data, gene expression and analysis results associated with
various viral infections, in ‘.bw’, ‘.tsv’, ’.bed’ and ‘.csv’ for-
mats. Users can download these data through clicking the
links to the corresponding filenames. In the ‘Statistics’ page,
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MVIP provides users with digital and graphical displays
about assays, cell types, and tissue types information.

Data submission and update

Because the analysis of any omics data takes enormous time
and space of computation, MVIP does not support online
analysis of user data currently. We will routinely and contin-
uously update MVIP with new data and tools. Meanwhile,
we have created a Submission page for users to notify us
new omics data related to viral infection. We recommend
users to submit the GEO or SRA accessions with optional
metadata. We will collect and curate the data, analyze them
using our pipeline and resource, and then integrate the re-
sults into the database for all users in a timely manner.

DISCUSSION

To the best of our knowledge, MVIP is the first database
providing comprehensive and multi-dimensional large-scale
data for multiple species responding to various virus in-
fections. Currently available virus-related databases mainly
focus on viral sequence information, including Open-
FluDB (61), RVDB (62), MMRdb (63) and the three
NAR databases referred in the introduction section. The
Viruses.STRING (64) database only provides the virus–
host protein–protein interactions.

MVIP fills the gap for various genomic data under vi-
ral infection, integrates the largest number (>6500 samples)
and most diverse types of omics data, and provided a global
network of broad virus-host interactions. Moreover, MVIP
provides several user-friendly custom dynamic charts and
useful tools to help users better investigate molecular events
under viral infections. In addition, MVIP provides analy-
sis results for multiple types of sequencing data. However,
we have not processed the raw data of Hi-C, Capsnatch-
seq and scRNA-seq data currently, due to the complexity
of the analysis or sample heterogeneity. We plan to con-
struct pipelines to process these omics data in future up-
dates. Meanwhile, we will upgrade the post-mapping analy-
ses such as peak calling when better programs are available.

MVIP currently focuses on the host responses, and we
plan to investigate and integrate the molecular events of
viruses, such as viral subgenomic RNA dynamics we re-
cently found for SARS-CoV-2 (65). With the enhanced
functionalities on data visualization and analysis, MVIP
would provide new convenient resources for a wide variety
of biologists including virologists, microbiologists, immu-
nologists, cancer and molecular biologists, physicians, and
bioinformaticians, etc.

DATA AVAILABILITY

The MVIP database is freely available for the research com-
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