Viromics: what, how, why?
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What is a virus?
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A virus or not a virus?
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Example A: poliovirus

genetic information as single segment of RNA

(+)ssRNA molecule
enteroviruses 7-

8.5 kb
polyprotein

capsid or coat made of different proteins

viralzone.expasy.org
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Examples B & C: Staphylococcus

cell and bacteriophage

virus = bacteriophage
most commonly detected virus in
metagenomics

Tailed bacteriophages (Caudoviricetes)

protein coat + genetic material (dsDNA)
linear dsDNA molecules

can be circularly permuted, have
cohesive overhangs, or terminal repeats

~15 - > 500 kb
/ &
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Examples D & E: red blood cells
and ebolavirus

Nucleoprotein (N)

Transcription

VIRION - 2 : P factor VP30

Matrix VP40

very large virion (970 nm long)
(-)ssRNA genome
18-19 kb

B alamy stock photo

ﬁQuadram

Institute

Science ¢ Health ¢ Food ¢ Innovatior




Example F: Mimivirus

Giant virus structure (visible with normal light microscope)
dsDNA genome, linear molecule, Mimiviridae genomes 350 kb — 1.2 Mb
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Example G: Pandoravirus

20
S8 Swiss Institute of Bloinfarmatics

particle 1 um long
Pandoravirus salinus has the largest known virus genome: 2.4 Mb
linear dsDNA
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How does this diversity impact
viromics or viral metagenomics?



Problems!

Different particle sizes: 20 nm - > 1um

e NN

Different capsid structures

Different genome types: ssDNA, dsDNA, (+/-)ssRNA, dsRNA
Different genome sizes: ~1,300 - > 2,000,000 nt
Segmented genomes

Linear or circular

No conserved marker gene across the virosphere

No shared evolutionary origin

BUT, majority of viruses <200 nm and genomes <200 kb
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Viromics

sy

/E\ O’ —»RNA% gDNA —)

separate virus community nucleic acid extraction sequencing
from cellular material
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Microbial genomes Microbial metagenomes

Single viral genomes

Viral metagenomes

1 | |
Single-cell
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Cultivated |\ s | |
otgun Arseacr | amplification ¢ extractlon
sequencing M Targeted .,
. / | sequence |y
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Shotgun Shotgun  ((EEise) \CERMIETH “. Shotgun
sequencing Metagenome sequencing A sequencing
assembly & I
I goname | Metagenome
Assembly binning Assembly @ assembly &
[t genome
% ’®ads*
©, ads 09 binning
Sads* ’eags* c
0?9
eags*
Prophage
identification /
Virus sequence
identification
Annotati Classification, Distribution & Host Genome Database
otation e . o
vOTU abundance association quality submission

Roux et al, Nature Biotechnology, 2019, Minimum Information about an Uncultivated

Virus Genome
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Quick & “dirty” analyses: read profiling



nature biotechnology

Article https://doi.org/10.1038/s41587-023-01799-4

Phage-inclusive profilingof humangut
microbiomes withPhanta

Received: 4 August 2022 Yishay Pinto"23, Meenakshi Chakraborty ® '3, Navami Jain"? & Ami S. Bhatt ® 2

Accepted: 20 April 2023

Piiklichiad anlinas 98 NG00 Dueto technical limitations, most gut microbiome studies have focused
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nature biotechnology

a . Article hitps:/doi.org/101038/541587-023-01799-4
C\zmg_riigﬁ‘ssi'\y:' Sh?}:g{;gg;}g?;g”" Phage-inclusive profiling of humangut
database of genomes (bulk or viral-enriched) microbiomeswith Phanta
Bacteria and ; HumGut - - S - e —— e o™
archaea &) (UHGG and RefSeq) e : o e |- = reads |
+ - ==2:] - TS T
Viruses 0% ‘1\ MGV + RefSeq or
FL;]ngl and RefSeq s e
uman - e o - e o
Contaminants 777  Core UniVec B e R

1. Classify reads 2. Filter species
per sample with low genome
(Kraken2) coverage in sample
Species level ==t == = = = Species level === =

3. Quantify species-level
abundances per sample

o o

8 9€E

Calculate 23 c Correct for 508

relative = 8% genome <5 <

= 8 o Yl abundance E = length X I3
E S = —- -8 — bl

Redistribute reads
to species (Bracken) Samples
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E. coli

4. Postprocessing: determine

cross-domain relationships

Viral
lifestyle
statistics

Samples

11
Bacteria:Virus
Species

T4 phage

-

Identification of
likely integrated
prophages

27.5:1
Bacteria:Virus
Genome length

4.6M bp

168K bp
.

Viral abundances
collapsed by
predicted host

Samples

11
Bacteria:Virus
Genome coverage
=3

Cross-domain
abundance
correlations

Samples

Vir2

Bac2

Correct relative
read abundance for
genome length

|

Taxonomic abundance
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Gold standard: vOTU approach
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Number of
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23000
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Viromes:
>95% ANI over >85% of alignment: vOTU
~ tailed phage species
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What if not all contigs are viral?
=>» Virus mining

< Peerd

VirSorter: mining viral signal from microbial genomic
data

RELEEICOERICEN Bioinformatics Genomics Microbiology Virology

Simon Roux ", Francois Enault?:3, Bonnie L. Hurwitz4, Matthew B. Sullivan™=1"

Published May 28, 2015
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Ren et al. Microbiome (2017) 5:69
DOI 10.1186/540168-017-0283-5

Microbiome

METHODOLOGY Open Access
@ CrossMark

VirFinder: a novel k-mer based tool for
identifying viral sequences from
assembled metagenomic data

Jie Ren'", Nathan A. Ahlgren®*", Yang Young Lu', Jed A. Fuhrman? and Fengzhu Sun'’

Guo et al. Microbiome
https://doi.org/10.1186/540168-020-00990-y

Quantitative Biology 2020, 8(1): 64-77
https://doi.org/10.1007/s40484-019-0187-4

Kieft et al. Microbiome (2020) 8:90
https://doi.org/10.1186/540168-020-00867-0

Microbiome

METHODOLOGY Open Access

Check for
updates

VIBRANT: automated recovery, annotation
and curation of microbial viruses, and
evaluation of viral community function
from genomic sequences

Kristopher Kieft, Zhichao Zhou and Karthik Anantharaman

(2021) 9:37

Microbiome

SOFTWARE ARTICLE Open Access

RESEARCH ARTICLE

VirSorter2: a multi-classifier, expert-guided
approach to detect diverse DNA and RNA

Identifying viruses from metagenomic data

using deep learning viruses

Jie Ren™™*, Kai Song?', Chao Deng', Nathan A. Ahigren®, Jed A. Fuhrman® Yi Li°, Xiaohui Xie®,
Ryan Poplin®, Fengzhu Sun*

Akbar Adjie Pratama’, M. Consuelo Gazitia®, Dean Vik', Matthew B. Sullivan

®

Check for
Updates

Jiarong Guo', Ben Bolduc', Ahmed A. Zayed', Arvind Varsani*®, Guillermo Dominguez-Huerta', Tom O. Delmont?,
and Simon Roux®’

167*
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nature biotechnology

Article https://doi.org/10.1038/s41587-023-01953-y

Identification of mobile genetic elements
withgeNomad

Received: 6 March 2023 Antonio Pedro Camargo®' , Simon Roux', Frederik Schulz®",
Michal Babinski?, Yan Xu®2, Bin Hu?, Patrick S. G. Chain®?2, Stephen Nayfach®'

& Nikos C. Kyrpides ®'
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input data: assemblies

v

outputs:

list of contigs

list of probable contigs
fasta files with predictions

virus mining magic
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How do we know the virus genomes are complete?

Functional potential,
host prediction,
taxonomic classification*,
diversity & distribution*

New taxonomic
groups

New reference
species

Finished genome
Complete genome with
extensive annotation

High-quality draft genome
Predicted >90% complete

Genome fragment(s)
Predicted <90% complete or
no estimated genome size

Roux et al, Nature Biotechnology, 2019, Minimum Information about an Uncultivated

Virus Genome

Quadram
Institute

Science ¢ Health ¢ Food ¢ Innovation

-



a Remove host contamination b Estimate genome completeness ¢ Predict closed genomes

[(1) CheckV HMM marker genes database I /(1) CheckV complete viral genomes database ) ((1) DTR \
KEGG (22,746) VOGDB (25,399) NCBI GenBank DTR viral contigs _— —_
Pfam Aand B (37,929) IMG/VR (25,281) (24,834)\ /(76,262) TAGCAA... TAGCAA...
TIGRFAM (4,488) RVDB (9,911) ]
\ Y/ Clustering at 95% ANI and 85% AF @ Complete provirus CheCkV
HMM selection, clustering and / \ »‘»»\ » »
identification ;f bit-\score cutoffs NCBI (13,239) DTRs (39,117) Host ' Viral "Host
ITR
Microbial-specific Viral-specific @ )Algonttl m . e pmmm e = - - )
HMMs (7,185) HMMs (8,773) ) mpim)- - I |CheckV genome | —
. 1 igne 1 |
(2) Algorithm =) Microbial gene {lost . proteins X B l Viral region of queryl "T<—TGCTA
Host , Viral m)- Viral gene L _l_ _'l_ - ) 50Kb a \* Flag putative genome fragments /
15kb ' 50k | Notannotated Alignment score: AAI(%) x AF(%) l d , ,
(23%) ! (77%) Summarize quality
Que .
»»,»» = = 50% estimated 4 3\
-
65 kb Gene annotations Precomputed error rates completeness [l Complete =
: GC content (%) Al E . High quality
ignment stimation o,
I: o Sgcore maty _‘—>ngh confidence (>90. Yo compllete)
v --» Adjacent gene windows @ o— 5 % error) n '\ggdgg:/qua"tyl
(slide from left to right) @) O- - - - »Med. confidence (50-90% complete)
- Host—virus boundaries scored based on 4 o O--1-- (5-10% error) m| Low ::]uallty
annotations and percentage GC between windows Query\ ' Low confidence (<50% complete)
\—Identiﬁed host regions removed ) @gth > (>10% error) AR [ Undetermined )
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Phage genome examples: defined ends

Cohesive ends Terminal repeats
a S overh b a length of one genome b
overhangs
5'3, 3.5'
5 3’ overhangs . "
¥ 5

o e e q;I

W =DTRsequence |_cytsite = =dsDNA

" " —

W =cossequence |=cutsite = =dsDNA

phage capsid

phage capsid
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Phage genome examples: circularly permuted genomes

headful packaging: random ends pac sites: start fixed, end random

INA topoisomerase Il (gp39)
DNA topoisomerase/girase (gp52)-
2]

Head completion protein (gpd)
F-Limil

Ftime
a length of one genome

Tail tube associated baseplate protein (gpdg)
F-Limill

Baseplate wedge subunit (g953)
seplate hub subunit (gp27)

Tail length tape measure protein
Loader of gna1 DNA helicase (gp59)
DNA ligase (g30)

g
%
\
\
\
\
\
\
\

wedge (gp6)
Baseplate wedge (gp7) N,
Tailspike protein \
Toilspike protein K -~
Taisike protein Cc
NC_005856
94800 bp

Baseplate
I = repeated sequence .-~

DNA end protector protein (gp2)
Baseplate tal tube initiator
(gp52) _

$SDNA binding protein (gs32) o I l {

Structural protein

Neck protein (gp13)

o Neckproten o)

Tail sheath stabilizer (gp15) = - i
Terminase smallsubunit (gp16) = pac sequence | = cut site
F-LimiX
Terminase large subunit (gp17)
Tail sheath protein (gp18)
FLimVil
Tail tube protein (gp19)

Portal protein (gp20)
Prohead core protein
Prohead protease gp21)
Scaffolding protein (g922)
Major capsid protein (gp23)
FLimvil
Tail completion and sheath stabilizer protein (gp3)

Baseplate hub subunit (gp26)
Baseplate hub subunit & tail
ysozyme (gps)

Baseplate wedge subunit (gp25)
Glutaredoxin

s phage capsid

Phott-like protein

DNA primase subunit (gp61)
FLimV

Sigma factor, late transcription (gp55)

Ribonuclease HI-
Sliding clamp (gp45)

DNA binding protein DNA polymerase accessory protein (gp44)
Clamp loader subunit (gp62)
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Merrill et al, 2016, BMC Genomics
Escherichia phage P1, Loboc 04, ). B

Dickeya phage LIMEstonel, Adriaenssens et al 2012, PLoS ONE



Segmented genomes: what the...?
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Adriaenssens et al, 2021, Water Research
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No tool is perfect!
Bias is everywhere

Quadram
Instltute

Health ¢ Food ¢ Innovati




(@)

Microbial Community

High Recall, Low Precision

"Quantity over Quality"
Identify greater virus diversity
and novelty at the expense of

contamination.These results
can yield erroneous conclusions
from assuming non-viral
features as viral.

| N

Balanced
Recall and Precision

- ~ r

\ L7

Low Recall,High Precision

7 D] 1
{ ( )
v LT

"Balanced"
Maximize the recovery of viral
sequences and reduce
contamination.These results
require minimal inspection and
best capture the functions of
the viral populations.

"Quality over Quantity”
Generate highly accurate data at
the expense of low recovery.
Although these results are typically
safe, they can underestimate viral
diversity and functions and lead to
narrow conclusions.

(c)

Database of known viruses
rd N\

Nucleotides

Proteins
L'
i

> \NNNANV/
MLVEPQTPTESVEQS

e
'

I

'

'

: Reference proteins Nucleotide frequency
| database and/or models machine learning model
'

'

'

'

'

'

'

'

i i

Query is reference
to model trained - - -
explicitly on input
nucleotides

Query is reference to
- - input proteins directly or
to a model trained
explicitly on input
proteins

Database of
reference viruses
(e.g..NCBI)

Virus predictions informed
by reference database

Viruses similar
to references
t J

Y Viruses similar to :
uncultivated viral sequences |
(e.g.,metagenomicdatasets) :

t |

Unknown viruses
is novel

linear

R
: Identified genome fragments
| MOVOVOT  MOT
1

; MOV
1

%
8

9

"VMAG"
metagenomic
baaeriophage
Puzzle

"onevirus"
Accurate
representation of
genomes and diveristy

"eightviruses"
Fragmentation of
genomes and distorted
diversity

Current Opinion in Virology

Available online at www.sciencedirect.com

ScienceDirect

ELSEVIER
Virus genomics: what is being overlooked?
Kristopher Kieft"? and Karthik Anantharaman’

Kieft & Anantharaman, 20
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mSystems’

1 AMERICAN
(= SOCIETY FOR
MICROBIOLOGY

3 | Open Peer Review | Bacteriophages | Methods and Protocols | 7 September 2022 f L 4 ir

MetaPhage: an Automated Pipeline for Analyzing, Annotating, and Classifying
Bacteriophages in Metagenomics Sequencing Data

Authors: Mattia Pandolfo ', Andrea Telatin B4, Gioele Lazzari (1), Evelien M. Adriaenssens (), Nicola Vitulo AUTHORS INFO &

AFFILIATIONS

A reads-to-report pipeline for the analysis of the
viral component of metagenomes

s Metadata Input Reads Databases
_E (csv) (FASTQ) directory
Fastp
(Quality Filter)
{ SeqScreener
. (Quality Filter)
S E Kraken2 | Assembly
H g (Bacterial taxonomy)
-
e S
-] K MetaHit MetaQUAST
] rona a
el (Taxonomy plots) (Assembly) (Assembly metrics)
3 J
£ { | 1 1
=
= VIBRANT VirSorter Phigaro VirFinder
g
= ( ( I J J
= CD-HIT Bowtie2 o
Viral Taxonomy “——————  (pereplication) (Mapping) S
s
l @
. . )
beta_diversity.R BamToCov =4
(Counts matrix) ®
- miner_comparison.R
..3 alpha_diversity.R
-
@ taxonomy_table.R
>
£ heatmap.R
eatmap. X
& MultiQC
] -
g violin_plots.R (Final Report)
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https://mattiapandolfovr.github.io/MetaPhage

Reconstructed genome 1

Read coverage information

Compare

abundance
Reconstructed genome 2

Decision on
Reconstructed genome 3 detection

Reconstructed genome 1
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Can we use these outputs in anvi'o?
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LI_NODE_9_length_7431_cov_255.051_split_00001 detailed

Sapovirus
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Outputs so far:
- viral profile from reads

- set of viral contigs/genomes
- estimates of completeness
- relative abundances
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