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Name viruses you Know.

\What do you associate with
Viruses?
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1 What are viruses?



"AVirusis a piece of (bad) news wrapped in protein’
- Peter Medawar (Nobel Prize 1960)




"\iruses appear to be obligate parasites in the sense that their

reproductionis dependent on living cells’
- Thomas Milton Rivers (1926)




Viruses are passive agents!

- VVincent Racaniello (at least 2012)
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(~ computer program tuned by evolution)



Abundance

All three domain of life have been found infected by viruses

For example, marine viruses:

1030 viruses in the entire marine biota (estimate)

1023 viral infections every second (estimate)

Viruses Kill about 20% of the total microbial biomass every
day forcing a constant and large-scale turnover

Biomass Abundance

Nature Reviews | Microbiology



Abundance

Smith et al. 1998 EID
httoe//Adx Adoi ora/10 R201%2FEcidDA401 ORNO10R



Abundance

Oral cavity

Eukaryotic viruses Phages
Herpesviridae Siphoviridae
Redondoviridae Podoviridae
Anelloviridae Myoviridae

Papillomaviridae

~10% VLPs per millilitre of saliva

Eukaryotic viruses Phages
Anelloviridae Siphoviridae
Redondoviridae Podoviridae
Adenoviridae Myoviridae
Herpesviridae Microviridae
Papillomaviridae Inoviridae

Gastrointestinal tract

Eukaryotic viruses Phages
Anelloviridae Siphoviridae
Adenoviridae Podoviridae
Caliciviridae Myoviridae
Picornaviridae Microviridae
Herpesviridae Inoviridae
Circoviridae

Virgaviridae

~10°VLPs per gram of faeces

Eukaryotic viruses Phages

Anelloviridae Siphoviridae

Herpesviridae Podoviridae
Myoviridae
Microviridae

Nervous system

Eukaryotic viruses Phages

Herpesviridae Siphoviridae
Podoviridae
Myoviridae

~10" VLPs per millilitre of cerebrospinal fluid

Eukaryotic viruses Phages

Anelloviridae Siphoviridae

Herpesviridae Podoviridae

Picornaviridae Myoviridae
Microviridae
Inoviridae

~10° VLPs per millilitre of saliva

Eukaryotic viruses Phages

Adenoviridae Siphoviridae
Anelloviridae Podoviridae
Circoviridae Myoviridae

Herpesviridae
Papillomaviridae
Polyomaviridae

Eukaryotic viruses Phages

Papillomaviridae Siphoviridae
Polyomaviridae Podoviridae
Herpesviridae Myoviridae

~107 VLPs per millilitre of urine

Semen

Eukaryotic viruses Phages
Anelloviridae Unknown
Papillomaviridae

Herpesviridae

Liang & Bushman 2021 Nature Rev Microbiol https://doi.org/10.1038/s41579-021-00536-5

Viruses are part of
all microbiomes

Infecting directly the
host (e.g. Herpesviruses)

Infecting other members
of the microbiome



Origin of viruses

a ‘Virus early’ hypothesis

Pool of Virus

replicons —— 0000 ==
VAN S T,
L @ : s
NANN /\"\”: \
L2 - g
Increase in ,&
complexity and
Precellular stage emefgencl of '8’
Virus-like translation Ribosomes
entities

Protocell

b ‘Regression’ hypothesis
AR : Reductive evolution,

loss of translation and
obligate parasitism

Y, /—\
688 oy
Protocell 1 &

&9 &6

Protocell 2

c ‘Escaped genes’ hypotl:: /
s .- s =

&

Autonomous
replication of
selfish cellular
genes

Modern cell

Theory 1: Viruses predate cells

Theory 2: Viruses do not predate cells

Krupovic et al. 2019 Nature Rev. Microbiol

https://www.nature.com/articles/s41579-019-0205-6



Origin of viruses

Ancestral 1 =
Rk e ’ 0%, :
/ % s Pt

I \
PolB y \
1 //,
Y lA AEP s s Ve : /
0000 "© N\ / ) | — |~ @
'}\I*‘ .'
’& )"th‘ @

Chimeric hypothesis
(co-evolution)

% | %
% Ribosomes N l 1
Pool of replncons at ; ucleus
precellular stage e 7 xxxxxx

Chromosome

Modern cell and
h h
Protocell @ @ the virosphere

Zirsec;lil;‘l:é;rt ?gigoef;replicators Acquisition of protocapsid ‘ Evolution of modern cells,

and replication strategies
from the ancestral RRM module;
no true viruses

genes by selfish replicators continuous emergence of
from primitive cells — origin new viruses; diversification
of the first viruses of the virosphere

Time

Krupovic et al. 2019 Nature Rev. Microbiol
https://www.nature.com/articles/s41579-019-0205-6



What could be the impact(s) of viruses?
(some are evident some are deep,
all are important)




Marine viruses drive large-scale turnover of
bacterial cells influencing indirectly climate &
geochemical cycles

All scales of life are
affected by viruses

Host jumps linked to
~ ecological disturbances

Required for the life cycles of

. o s ed Croes to help NHS !
several insects (e.g. parasitoids)

Outbreak § P Wtackle virus outbreak i
could leave Ty Soo
oneinten

in hospital

R

Organism

Epidemics

Endogenous retroviruses and
placenta

Organ system

Evolution of complex and
hypervariable immune response

Organ

Tissue
Evolution of cells

—> Cell

Gene General references:

Solé & Elena, 2019; Odum and Barrett, 2005

Molecular innovations,
origin of DNA
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Case study inweirdness: Yaravirus

Inoculation of water samples on cultures of amoeba

New virus! Yaravirus brasiliensis

(Yara = the mother of water in Tupi-Guarani mythology)

dsDNA
~45 kb

/74 predicted proteins

Only six genes have distant homologs in public databases.
The rest is unknown.

Boratto et al 2020 PNAS
https://doi.org/10.1073/pnas.2001637117



Mutualistsl

Yellowstone plant needs to be
associated with a fungus itself infected
with a virus to survive hot soils

Marquez et al. (2007) Science

Non-colonized

Dichanthelium
lanuginosum

Curvularia
protuberata

Liquid crystal of

Pf phages promote P. aeruginosa survival in harsh Al eges

environments: Antibiotics
A 5]

« decoy for the host immune system by triggering an

antiviral response
« promotes antibiotic tolerance of P. aeruginosa by self-
assembling into higher-order liquid crystalline structures

Biofilm materials

Tarafder et al. 2020 PNAS https://doi.org/10.1073/pnas. 1917726117



Viruses...

...are everywhere...

...and at the foundation of life

@brgfx( ) & Michelle Yun

https://www.quantamagazine.org/scientists-discover-nearly-200000-kinds-of-ocean-viruses-20190425/


https://www.freepik.com/brgfx
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2 SARS-CoV-2



SARS-COV-2

Betacoronavirus

SARS-CoV / SARS-CoV-2

~<+——————— Spike glycoprotein
trimer (S)

Nucleoprotein (N)
and RNA genome

Membrane protein
(M

& ~——— Envelope small membrane protein
pentamer (E)

© ViralZone 2020
SIB Swiss Instute of Bioinformatics

Monopartite

Linear ssRNA(+) genome
29.9 kb in size

13 Open reading frames

SARS-CoV-2

5 S 3
ORF1b Genomic RNA

(mRNA1)
ppla |nsl| n2 | ns4|3CL| ns6 |73/g0 l
pp‘lab ns4|3CL| ns6 |78 910 : :
* Ribosomal I'—
" frameshift . S - nanaastAAAY MRNAZ
32 mRNA3

*PL proteinase 77 3CL protease E waay MRNAS

- . gy MRNAS

\QE_—MM mRNA6
Subgenomlc RNAs ol 7a mMRNA7
Leaky scanning?----'|| 7b
© P AnaasniiAAAL MRNAB
= different from SARS 2003 o], aaara MRNAQ
Leaky scanning? ---'| |9b
@© ViralZone 2020
SIB Swiss Institute of Bioinformatics ﬂ 14 mRNA?

| ORF10?



2etacoronavirus

e Human 100

e Bat

e Others

Diverse sets of hosts (mammalians)

#DQ022305|Bat-SARSr-CoV HKU3
oKF294457|Bat-SARSr-CoV Longquan-140
#KJ473815|Bat-SARSr-CoV GX2013
«DQ071615|Bat-SARSr-CoV Rp3
#DQ412043|Bat-SARSr-CoV Rm1
#DQ648857|Bat-SARSr CoV 279
oKY417147|Bat-SARSr-CoV Rs4237
eKY417148|Bat-SARSr-CoV Rs4247
eKY417142|Bat-SARSr-CoV As6526
#FJ588686|Bat-SARSr-CoV Rs672
*KY417143|Bat-SARSr-CoV Rs4081
oKY417149|Bat-SARSTr-CoV Rs4255
©JX993988|Bat-SARSr-CoV Cp-Yunnan

100 , ¢KP886808|Bat-SARSr-CoV YNLF-31C

! eKP886809|Bat-SARSr-CoV YNLF-34C

100 *DQ412042|Bat-SARSr-CoV Rf1
100 l E eDQ648856|Bat-SARSr-CoV 273

94

100 #KJ473812|Bat-SARSr-CoV HeB2013
*KJ473813|Bat-SARSr-CoV SX2013
#KJ473814|Bat-SARSr-CoV HuB2013
©KJ473816|Bat-SARSr-CoV YN2013
oKF569996|Bat-SARSr-CoV LYRat1
100! #KCB881006|Bat-SARSr-CoV Rs3367

®eKF367457|Bat-SARSr-CoV WIV1
100 | 100y ®KY41751|Bat-SARSr-CoV Rs7327
oKY417152|Bat-SARSr-CoV Rs9401
oKY417144|Bat-SARSr-CoV Rs4084
E eKY417146|Bat-SARSr-CoV Rs4231
eKY417150|Bat-SARSr-CoV Rs4874
100 ®AY278488|Human-SARS-CoV BJO1
410(& ®AY572034|Civet-SARSr-CoV 007
®AY572035|Civet-SARSr-CoV 010

100

100

| 71— oKY417145/Bal-SARSI-CoV Ri4002
#KJ473811|Bat-SARSr-CoV JL2012

100

eEP|_ISL_412977|Bat-CoV RmYNO02
100 = eMG772933|Bat-SL-CoV ZC45

L— eMG772934|Bat-SL-CoV ZXC21

oEPI_ISL_410721|Pangolin-CoV-GD
eMN996532|Bat-CoV-RaTG13
oEPI_ISL_577800|Mink-CoV
oNC_045512|Human-SARS-CoV-2
oEP|_ISL_487275|Felis catus-CoV
*EP|_|SL_420293|Tiger-CoV
oEPI_ISL_450403|Dog-CoV

* Human

® Livesiock

® Domestic fowis
®Bird

®Bat

® Rat

® Others

#AF353511/PEDV|Porcine

000648858|9mtophrlus bat coronavinis 512|Scotophilus bat
022103|Bat coronavirus COPHE15|Myotis Iua!u?uq

oNC '528814|BQRI Alpha-CoV HuB-2013|Rhinoiophus ferrumequinum

oNC_018871|Baf coronavinis HKU10|Rousettus bat

«NC_010438 Miniopterus bat coronavirus HKUS|Miniopterus bat

©EU420138|Miniopterus bat coronavirus 1|Miniopterus bat

*NC_046964|Pipistreilus kuhlii coronavirus 3398 Pipistrellus kuhlit

oNC_028611Myclis ricketti a ghacmonawms Sax-2011|Myatis rickelti

_002845/HumCoV 223E|Human

*KT253272|229E-1elated bal coronavirus|Hipposideros abae

oNC_028752|Came| alphacoronaviius|Camel

©JO410000jAIpaCa respliaio
oNC _005831/HumCoV NLE63jJHuman

oNC_04B216|NL53-related Bat-CoV BtKYNL63-9b| Triaenops afer

#EF203064HKU2|Rhinolophus bat

#MF094687|SADST- CoV!Rhlnoloohus bat

oMF167434|SADS-CoV|Porcine

oNC_032730]Lucheng Rn rat coronavirus|Rat

#AYSAdD5E|FIPV|Cat

«D0811789|TGEV|Porcine

«DQ311787|PRCV|Porcina

oK%AMth‘wcomnawu‘, 1|Canine

MNB35736|Mink coronavirus 1|Neovison vison

ceronavirusfVicugna pacos

NC_{ 03029 |FRCoV-NL-2D|0| ermret
70053|Sorex araneus coronavirus T14|Sorex araneus
KYSOTT 15|Sunuus murinus wrmavrus X74|Suncus murinus
o AY585228|HumCoV OC4A3{Hum:
MG977444|HumCaoV OC43 |solate TNP F1778_2|Pan lroglodyles verus
oKFDUbe‘I |HKUZ3|Dramecary camel
ﬁ 003045|BovCoV|Bovine
1 EF424621I$ACOVISabIa antelope
100} EF42 2K5 oV|Giraffe
DQY15164 F!ownn coronavirus isolate AlpacalAlpaca
oJX?’E‘ﬂdeCamne respiratory coronavirus K37|Dog
«DQ01 1855[PHEV|Porcine
oLCDE1272|Equine coronavirus|Equus cabalus adulf
*JN874559|HKU14|Rabbi
«KM349742|HKU24|Ratius norvegicus
KY37 s coronavirus 2JL 14|Myodes rufecanus
e AY597011|HKU1|Human
*AF029248{MHV |Mouse
*FJ938068|Rat coronavirus Parker|Rat
®EF055505HKU4|Tylonycteris bat
#EF065509|HKUS|Pipistrellus bat
#JX869059/MERS-CoV[Human
oKT751244|MERS-CoV|Camel :
KC545383|He I(comnawus 1|Erinaceus europaeus
*EF065! 131 USJRousettus bat
_WLE NC_030886|Rousettus bat coronavirus GCCDC1IRousettus leschenaulti
o MGBA3168|Fidolon bat coronavirus C704|Fidolon helvum
s AY274119ISARS.CoV|Human
ARS-CoV|Palm civet
ISARS-CoV|Badger
93] *KCB81005|Bat-SL-CoV RsSHCO14|Rhinolophus sinicus
o] #KC881008|Bat-SL-CoV Re3387|Riinolophus sinicus
*KF367457|Bat-SL-CoV WIV1|Rhinolophus sinicus
a6t «DQ022305HKU3|Rhinolophus bat
O eMG772933Bat-SL-CoV ZC45|Rhinolophus pusillus
10 | L eMG772934|Bat-SL-CoV ZXC21|Rhinolophus pusilus
©)IN996532Bat-CoV RaTG 13|Rhinoloptius affinis
EPI_ISL_412977|Bat-CoV RmYNQ2|Rhinoiophus malayanus
®NC 045512|SARS-CoV-2/Human
oEFT |SL 487275Cat-CoV|Fels catus
EPI ISL_420293| Ber-CoVIPanlhera tigris jacksoni

Canis lupus familiaris
EPI ISL_S'ITBDOlMId(-CoVI 0VISON vison
EPI_ISL_410721|GD pangolin-CoV|Manis javanica
«NC_02 Bat Hp-betacoronavirus Zhejiang2013|Hipposideros pratti
65, .Avsmveuﬁ\u:navov
*KRO02510|Avian coronavirus 9203|Chicken
oNC _001451]IEV|Fow!
M35169}Avien coronavirus

pil— o JF 705860|Duck-CoV|Duck
©AYG40283|IBV|Parfridge
oNC_046965|Goose coronavirus CB 1 7|Branta canadensis
100 1 EU111742|Beluga whale mlonavllus SW1|Beluga whale
KFT93826|HKU22|Col
LR (.()bbJ4/|HKL‘191N|cn| heron

«JQOB5048|HKU20|Wige

c:

100

Zhou et al (2021) Animal Diseases

on
+JD065049|HKU2 1|Common-moorhen
100y ®FJ376620{HKU11/Bulbul

0] cFJ;70619H~KU 1/Bulbut
oFJ376621HKU12{Thrush

C364342]HKU27|Falcon
C364343|HKU28|Houbara
*LC364344|HKU20|Pigeon
«JQO85046|HKU 1 8Magpe-robin
»FJ3T76622{HKU 1 3|Munia

100; *L.C3I64346|HKU30-UAE|Quail

95[L ¢ NH532440[HKU30-Pctand|Quail
*MG812377|HKU 1 7-USA|Spamow
©JQUE5045 HKU 17-ChinafSparrow

https:/doi.org/10.1186/s44349-021-00005-9 | EFses908/ACCoV|Asian leopara cat

©JQO85042|HKU 15|Porcine

*NC_028833|Nyctalus velutinus alphacoronavirus SC-2013|Nyotalus velutinus

Alphacoronavirus

Betacoronavirus

Gammacéronaw‘ms

Deltacoronavirus



https://doi.org/10.1186/s44149-021-00005-9
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3 How do RNA viruses evolve?



Central dogma of molecular biology

Protein

Ribosome

1 TRANSCRIPTION

TRANSLATION 1

RNA polymerase

— OOX—

REPLICATION
DNA polymerase




\Viral heretics

Protein

1 RNA REPLICATION
RNA-dependent RNA-polymerase
“INSL\

12

— OOX—




RARP s error-prone

DNA polymerase: 107 to 10 error/nt replicated

RNA-dependent-RNA-Polymerase: 103 to 10° error/nt replicated

lack of proofreading ability in RNA polymerases



Virus mutation rate

Mutation rate

10-2

4 @ Viroids
10~
10-4
10-5 |
10-6 SSDNA@ '

viruses

10-—7 !
108 dsDNA _ Higher

. viruses Bacteria eukaryotes
N 0
10-10 Lower ‘
10-11 - eukaryotes

102 103 104 10° 106 107 108 109 1010

Genome size



Mutation Rate (log4g s/n/c)

SARS-CoV-2's RARP s sligntly less error-prone

®

S ® Class

® ss(+)RNA

® ss(-)RNA

® dsRNA

" RT

- ./SARS—COV-Z ® ssDNA
dsDNA

]

Proof reading activity!

%

3.5 4.0 4.5 5.0 Sjaarda et al. (2021) mSphere
Genome Size (|Og1o bases) https://doi.org/10.1128/mSphere.00011-21



https://doi.org/10.1128/mSphere.00011-21

Between-nost evolution

Viral population is shaped by:
Bottleneck,
Immune response, ~ |t's a complex mess.
Host genetic background & physiology,

Environment...



Other mechanisms of virus evolution

Recombination

ﬁ Co-infection is needed



Virus mutation rate

Mutation rate

10-2

4 @ Viroids
10~
10-4
10-5 |
10-6 SSDNA@ '

viruses

10-—7 !
108 dsDNA _ Higher

. viruses Bacteria eukaryotes
N 0
10-10 Lower ‘
10-11 - eukaryotes

102 103 104 10° 106 107 108 109 1010

Genome size



Constraints on virus evolution

Viroids 1
10-6 | ;  4 "‘,}
10-7 | 1
10-8 | dsDNA
viruses
109

10-10 ;

What would happen?

10~ 2 ;

10-3 ;
10—4.
10—5.

Mutation rate

1041.
102 103 104 103 106 107 108 10° 1010
Genome size




Constraints on virus evolution

10~ 2 ; | Excessive
—y Viroids  mytational load
10-4 |
g 107
5 q0-6{| ssoNA(°)
c 1076 : o)
9 y viruses
E HEE 7
é 10-8 . dsDNA
viruses
10-9 | -
Cost of fidelity
10-10 |
10—11.

102 103 104 103 106 107 108 10°
Genome size



~tNess”

Evolutionary biologists use the word fitness to describe how good a
particular genotype is at leaving offspring in the next generation relative
to other genotypes

Of courseg, fitness is a relative thing.

lower fitness % higher fitness

o ¥oOw B B %
\ /k&//\ A N

o

https://evolution.berkeley.edu/evolution-101/mechanisms-the-processes-of-evolution/evolutionary-fitness/



VWhat would be fithess 1or viruses'”



—ItNess Of VIruses

7z
{h

-

1
8]

Replicative fitness

i Transmission fithess

—

~

Epidemiological fitness

Xe;

/

Wargo & Kurath (2012) Curr Opin Virol
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4 Evolution and future of SARS-CoV-2



Understanding the
trajectory of SARS-CoV-2



Genetic changes (can) trigger/follow epidemiclogical change

. Introduction
STAGE 5 Exclusive to humans firom reservor) (L &i i l
Sustained human-to- Transmission iq
STAGE 4 human transmission human population T T|¢t
O
Limited human-to- T
STAGE 3 human transmission o]
T T
Q Primary human
STAGE 2 infections only idactions biy: T
Exclusive O introduced strain
STAGE 1 t - , (Ro<1) t t
O animals ® evolved strain
(Rg>1)
Emergence
Influenza -
Ebola Rabies Antia et al. 2003 Nature
HIV/HCV https://doi.org/10.1038/nature02104

Wolfe et al. Nature 2007 https://doi.org/10.1038/nature05775
Pike et al. CID 2010 https://doi.org/10.1086/652860



\Virus-nost interaction

Stable
(reservoir)
/\
Resistant Dead-end Evolving
(nothing happens) (stops) (unstable)

May take some time!



Transmission and emergence

R 0 "R nought” or “R zero” R j Effective reproduction number

(takes into account immunity, etc)
Reproduction number

(in an idealized, naive population)

average number of people who will contract the disease from one infected person

R, <1 R,=1 R,>1

Decline, eventually dies out Maintenance, endemicity Epidemic



DO you know which pathogen has (usually)
the nighest Ry




Transmission and emergence

Increasing transmission can increase R,

BUT it's not the only thing! 'i‘

COVID-19
(original strain)
3 people

~—

1918 flu HIV
Ebola SARS

(delta strain)  Chickenpox (omicron strain)

12-15 people
More contagious

2 people 4 people

Ll B

ltis also dynamics; changes in the virus or else can change R,


https://www.npr.org/sections/goatsandsoda/2021/08/11/1026190062/covid-delta-variant-transmission-cdc-chickenpox

SARS-CoV-2 variants

23F (EG.5.1) _-_—

23D (XBB.1 l :

2 .

23A (XBB.1.5)

=
sk 23E (XBB.2.3) [

L et 1Y ) — Iy
. —— (0, o IN= '.'o’&‘ O G Wy

T
=48

(™
49T
NI

020 2021 2022 2023
Date

https://nextstrain.org/ncov/gisaid/global/6m



t's just a mild flu..



—uture of COVID

more virulent... less virulent...

...less chance ...more chance
for transmission for transmission

https://evolution.berkeley.edu/evo-news/evolution-from-a-viruss-view/



—radicating SARS-CoV-2



Cradication o infectioys diseases

Which characteristics should an infectious
disease have to be, potentially, eradicated?



Cradication o infectioys diseases

No extra-human reservoir

\ Sterile immunity for life

Which characteristics should an infectious
/ disease have to be, potentially, eradicated? \
Limited infectivity

Effective tools available
(vaccines)

Disease and immunity easily determined
Public health and political motivation



‘Virevo

tinyurl.com/virevo



