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Virome: the next hotspot in microbiome research
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Abstract:  Virome is the collective term for the viral collection or viral metagenomes that are distributed in various
environments. Viruses can be found in bodies of water, glaciers, plants, animals, and even some viruses, which are classified
as eukaryotes, prokaryotes and subviruses. Viruses play very important role in maintaining environmental homeostasis and
ecosystem balance, and are especially closely related to human health. In recent years, with the advancement of sequencing
technology and data analysis, we are able to gain more insights into the virome and explore its potential role in the ecological
niche by metagenomic sequencing. A large amount of viral data have been obtained from glaciers, oceans, and various plants
and animals, and numerous unknown viruses have been discovered. Virome has been studied mainly through metagenomic
data mining, as well as virus-like particles separation and enrichment. To date, several different methods for viral isolation and
enrichment exist, and numerous bioinformatic analyses of the virome have been performed. However, there is a lack of
specific and complete reviews on the enrichment and data analysis methods for the virome. Thus, our review will summarize
viral isolation and enrichment methods and data analysis, and present some of the landmark research conducted by the

enrichment method, to provide a reference for researchers of interest and further advance the field of virome research.

Keywords: virus-like particles, metagenomics, enrichment and purification, bioinformatic analysis
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Fig. 1 Schematic of virus-like particles enrichment in different samples. Enrichment methods for water samples in the
blue background include TFF, FeCl; and PEG precipitation methods. Viral enrichment methods for soil and human
intestinal and respiratory samples, including ultracentrifugation and PEG precipitation, are shown in the brown
background. The green background part indicates enriched virus-like particles.
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Fig. 2 Schematic pipeline of bioinformatic analysis for virome. As shown in the figure, the analysis for virome is
divided into 4 parts: Data filtering and cleaning, including filtering out adapters, primers and low quality sequences,
while removing environmental contamination such as host sequences; De novo assembly of genome, involving a total of
two algorithms (DBG and OLO); Viral classification and identification, divided into two approaches, one is a
reference-based comparison method and the other is a machine learning-based method; Downstream analysis, including
alpha and beta diversity analysis, gene function annotation and viral evolution. Of note, the bottom of the first three

parts of the figure represents the software used in the proc
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Table 1 A summary of raw sequencing data quality control and genome assembly tools

Name Description Web address Reference
. https://www.bioinformatics.babraham.ac.
FastQC Quality control of fastq or fasta data ukiprojects/fastac/
Cutadapt Removal_ 0 (i BTl Eo e I https://github.com/marcelm/cutadapt/ [52]
ployA tails
o 2 =tri
Trimmomatic Filtering of low-quality sequences http.//WV\_/w.usadeIIab.org/cms/. page=tri [53]
mmomatic
Fastp Removallof el rE R https://github.com/OpenGene/fastp [54]
low-quality sequences
A tool designed to perform quality control on https://github.com/biobakery/biobakery/
KneadData . . L
metagenomic sequencing data wiki/kneaddata
Assembly of short-read sequences based on the  http://www.chevreux.org/projects_mira.h
MIRA [58]
overlap-layout-consensus method tml
A tool designed for high-noise single-molecule .
Canu - https://github.com/marbl/canu [59]
sequencing
Assembly of short-read sequences based on the .
ABySS de-Brujin-graph method; faster parallel ?;Lpss.sllwww.bcgsc.ca/resources/software [60]
calculation support y
Assembly of short-read sequences based on the
IDBA-UD de-Brujin-graph method; faster parallel https://github.com/loneknightpy/idba [61]
calculation support
SOAPdenovo2 Assemp_ly of short-read sequences based on the https://github.com/aquaskyline/SOAPde 62]
de-Brujin-graph method novo2
Assembly tools based on the de-Bruijn-graph
METAHIT method for single-cell and metagenomic data https://github.com/voutcn/megahit [63]
assembly
Assembly tools based on the de-Bruijn-graph
metaSPAdes e e e http://cab.spbu.ru/software/meta-spades/  [64]

support for mixed assembly of short-read and
long-read sequence
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FIE N 2% . LT SOAPdenovo2 i,

MEGAHIT 2 —3Gaf s B . WAFTHFEE /I
P, L FEE HFRIERAMAE, F
FIsF i, 7 45 B i R 2 701 BL 240 000 5000 ) A 2

MetaSPAdes & H ij 7 5[5 4H 2H 25 45 br 5 B 19—
A, JEHRTEMOKE By dL%e, R et sy
PacBio . Nanopore #i Sanger il 5 £ & A 1R A 41255 .

23 mESALE

FRE 207 1k IR BN, B 2% 3 TR 4 1Y)
R Y4415 (Taxonomic classification) 1] 43 4 1
Pl (3 2)o —FE I TAHIRIE LT A9 43 28 ik,
VT TR RN R AR reads B9 Bk 4 2 17 )
contigs ¥ 52 H g de L R AH JEF T HE X . WY
A BLAST B4 Ay Blastn 11 Blastx, {HJ&,
I FHAZE 5 25 8 43 14 DSk 2256 1) I 1) ol e Sy
REFEEE, FF H 24 A7 Sk 14 2 55 R 2 50080 2% Eexd
MR M VBRI, 20y S dR R RERT . R,
AR BT R DU O ek D,
Bowtiel®® . BWAL! Minimap2®®4% | i % & 117
. 2x 1 F T U8 AP R HA LR R P 5 . J34h,
VE R AR 2 ) A R L, AR T RS
IRBFR AR (Hidden Markov model, HMM)[#) 5 2
EZEEMRTHEASWE, KMt 84
HMMERP®®! | ClassyFIut™® | Virsortert™ | MetLab!"
S gy — R R T R A (A0 GC
A k-mers i S8 ) N LA 2 ) BR IR B 2
SRR I . I R B R
4 NBCY . VirFinder™ | DeepVirFindert™
ViraMinert® | Seekerl4 . NBC 2 - 17 Fl b
25 DL Jr G300 X B HE AT 0 28 1 I A 55 4
VirFinder & T k-mers # {5 F 45025 3 AL A 2 > 58
Ok % € R B )y 8 . 53 A, DeepVirFinder |
ViraMiner il Seeker {4 #B &3 T IR i 2 > 54
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BTN BT AN S . X IR A K
[P L X, SR SR, (R AR b T35 T AR b
XTI I P HEAR PR AR HAR KRR B AR
RN

FH 905 2 4 2 B 0 19 1 i TR 2 2 25 040 P
AIRZ, & BB NCBI Hr ik a 5L A
MBI, E 2020 45 6 7, B HEPAE T
9 732 MEEEIYRGEEILIN 4 (https://www.ncbi.nlm.
nih.gov/genomes/GenomesGroup.cgi?taxid=10239).
VIrSITE s — 85 i o SE N A 0 2, e
2020 4 2 H, ZEURIE DR T 9 255 R
(11 988 /i 2 5 PR 41 7 91) 781 e 9 A B 1 4
BT HRTREE S B B A e R AR A, Y
BT ATHREN BRI TEESE N
It S B A0 70 T TS B 1 R S Al . — 26 T
e eE (W8 5  RIEHIE . e D
Fe 2020 4F 2R TR ARG BESE) W H AR
Jr g NS A, 38 ™ H I N BT
BEXT IR SRR AT IY , e — Vo 2 i IF 4H B
PERGZ T A . il , RVDB A iU I 4 B
e (WEERAR) SMITA I EAZR R . 20 HE AL
BEAHOCR A, An N I PR 3 st dE oo F . IR
PR 355 57 S5 9 B RN 5% SR HE S . VIPR 308
(https://www.viprbre.org)B% g — A~ % ] & X 5ok
95 B 1Y — 3l S TT IR AR L A T H . R
Fps . BER L EEERE . B 3D 45, fE
e AN (697 IR Rl S & R G D Y R 7 RO
ARG TF A S 0G| A5 S ]
TR WAk, A — S TR A B A L
i LU0 O #E B0 % OpenFluDBPY Al
Influenza Research Database (IRD)(®?!. % i
# MR Ebola-KB® | 2 JF A5 % B %
HBVdb®44E . OpenFIuDB J&— > JF il =2t 4 7 Jak
o 1 R 2, A T A L DR 2H AR R A B
W, DIKCEE 25 000 2440 W0 A1 22 51
Y o IRD ¥4 2 2 rh 26 [ fORE A% s F 5

(National Institute of Allergy and Infectious
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Diseases, NIAID)# ., & [ ]85 i 29K & 1Y
CEAERE o e R AL T OGO B 1Y 45 R AL
P, 7] Bt 46 A P 9 R BB 42 4 1 43 A n] A
fb 1. H. . Ebola-KB J& — 4~ %& — it 4 35 47 9 4

*2 BENREERTHESMIA

A RAR B A AR E . HBVdb SH B 58 A b1 BiF
5% 7, JF905 1) o 2 725 S5 5 T3 00 VA 7 10 Tk 245 1k 42
HEEFREE, R E 2020 4 7 AZEHEEE

89543 M4 H.

Table 2 A summary of viral classification and downstream analysis tools

Name Description

Web address Reference

Viral classification

Bowtie Short reads sequence alignment

BWA Short reads sequence alignment

Minimap2 Long reads sequence alignment; faster speed

HMMER Sequence homology search based on HMM

ClassFlu Influenza virus identification
Virsorter Bacteriaphage prediction

In silico experimental DESIGN, Simulation
MetLab and analysis tool for viral metagenomics studies

naive bayes classification tool to classify reads
NBC originating from viral and fungal organisms

A novel k-mer based tool for identifying viral
VirFinder sequences from assembled metagenomic data
DeepVirFin  Identifying viruses from metagenomic data by
-der deep learning

CNN based classifier for detecting viral
ViraMiner sequences among metagenomic contigs

A python library for discriminating between
Seeker bacterial and phage genomes

Viral genome annotation

VAPID Viral annotation and identification pipeline
VIGOR An annotation program for small viral genomes

Viral genome annotation system combing ab
VGAS initio method and similarity-based method
VIGA De novo viral genome annotator

Evolution analysis

MEGA Phylogentic tree construction

FastTree Phylogentic tree construction

1Q-TREE Phylogentic tree construction

ggtree Phylogenetic tree beautification; R package
GraPhlAn Evolutionary branching diagram visualization

TreeView Phylogenetic tree visualization and editing

http://bowtie-bio.sourceforge.net/index.shtml  [55]

http://bio-bwa.sourceforge.net/ [67]
https://github.com/Ih3/minimap2 [68]
http://hmmer.org/ [69]
http://bioinf.uni-greifswald.de/ClassyFlu [70]
https://github.com/simroux/VirSorter [71]
https://github.com/norling/metlab [72]
http://nbc.ece.drexel.edu/ [73]
https://github.com/jessieren/VirFinder [74]

https://github.com/jessieren/DeepVirFinder [75]

https://github.com/NeuroCSUT/ViraMiner [76]

https://github.com/gussow/seeker [77]
https://github.com/rcs333/VAPID [90]
http://www.jcvi.org/vigor [91]
http://cefg.uestc.cn/vgas/ [92]
https://github.com/EGTortuero/viga [93]
https://www.megasoftware.net/ [94]
http://www.microbesonline.org/fasttree/ [95]
http://www.igtree.org/ [96]
https://github.com/YuLab-SMU/ggtree [97]

https://huttenhower.sph.harvard.edu/graphlan  [98]
https://treeview.co.uk/ [99]

FigTree Phylogenetic tree visualization and editing https://github.com/rambaut/figtree
Phylogenetic tree visualization, online editing
ITOL and beautification support https://itol.embl.de/ [100]
B : 010-64807509 B<: cjb@im.ac.cn
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