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Evolution of Virology: Science History through Milestones and Technological Advancements

The tohaccn Masalc
virus was chsaryved
and sugpectad 10 be
caused by 'a crack
resulting in the
passage of spores

The granular structure of tobacco
Masaic virus (TMV) was revesled,
cantaining 95% proteln and 5% RNA,
with regular substructure

Yellow fever vactine straln was cultured
by continuous passage for preparation of
veflow fever vaocing

Tubacco Mosalc vins
was found o multiply
in dividing cells,
ovariuming the
traditional garm source
heary

Diseover phages
(bacterial virusas) and
describe thair life cycle

The dynamics of phage teproductive
cyrln were revealed

I

Discovery of influenza
virus

Pronesring use of viruses
praventiye vaccination

for

microblolog: Kooh's Laws

Furidamental principles ol pathogenic

1900s  1910s

The electron micrescopy technigue was
daveloped and tha TMV virus struture
was observed

1920s

1930s

1940s

The mechanism of lysogen

producton was discoverad

The baclerdcphage plague
technigue was sed o study arimal
virology

Devaloprmient of the first pulio

vaceine (IF’\i"]_

The infactivity of TMV was proved
to be paused by RNA molecules.
which revealed the ability of ENAtS

transmil genatie Information

| The virus interference phenomenan
and Interferon were found

RSY virus was faund o transfarm
calls

1950s

Diszovery of reverse
transcriptase, explaining how
RNA viruses replicate DNA

Craated the first recomblnant
PNA molecule and explorad
the mechanism of viral gene
regulstion in mammalian cells

Discoverad the importanoe of
restriction endonuclesse and
corstructad the first virgl
geEname mag

1960s

1970s

Opaned up a new
avenue of geno tharmpy
research, trealing

Phage display for in vitr
selection/éxprassion

patizits with ARA
defects Rinderpest virus

|. eradication
Propased cackiall |
therapy, or highly actlve Daveloped supar-
antiretraviral therapy resolution fluorescence
(HAART). for the microseapy lechnology

treatment of AIDS

Zuo et al., 2024

1980s

1990s

Two sublypes o human

2000s 2010s

2020s

Thie first ratrovirls

discoverad

Complement-fixation 1es]

Develupment of first osl|
cultures

Suecessfully using the
embryonic egy as the
host of the virus; using
the chicken embryo far
viral pessage

Bacleriophage
infection showed that
DINA was the carrlar
of genstic infamation

I

Showed thal
priicvings eould grow
in non-nerve fissue

In witro translation of
phage RNA was
suconssiully
performed

The DNA of @X174
phage was
successiully copied
In vitrg

paplilamavirus (HFV) were |solated
from genilal warls and the relationship
between Ihem and cervical cancer

was established
I

An NDS-ralmed virus was obsaived
and e presence of HIVT was
determined

Phage display technology was firsl

ooncerved
]

Crested the first human vaocine made
using recombinant ONA wchnology - &
geneticaly enginesred hepatitis B
vacolhe

Complete synthesis of the
ONA of prliovirus was

successiully achisved

HEY was suscessfully
rapllcaied ncsll cullure
through HCV isotates from
unstructured reglons and
drig targels were
discovarad

Breakthroughs in mRNA vaccine
technology and successfully
devefoped 2 COVID-19 vaccine

Three-dimensional siructure of
COVID-18 from the Inside out
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DNA viruses Koonin et al., 2020
h/v-DdDp & %
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Baltimore classification: I. Double-stranded DNA (dsDNA) viruses share the same

replication-expression strategy as in cellular life forms; II. Single-stranded DNA (ssDNA)

viruses that replicate mostly via a rolling-circle mechanism; III. dsRNA viruses; IV.

Positive-sense RNA [(+)RNA] viruses have ssSRNA genomes with the same polarity as the
virus mRNA(s); V. Negative-sense RNA [(—)RNA] viruses have ssRNA genomes

complementary to the virus mRNA(s); VI. RNA reverse-transcribing viruses that have

(+)RNA genomes replicate via DNA intermediates synthesized by reverse transcription; VII.

DNA reverse-transcribing viruses replicate via reverse transcription, but incorporate a

dsDNA or an RNA-DNA form of the virus genome into virions.

RdRp, CP, others
b o
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Replication
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Assembly
Proteins

CP, capsid protein;
DdDp, DNA-directed
DNA polymerase; DdRp,
DNA-directed RNA
polymerase; gRNA,
genomic RNA; RdRp,
RNA-directed RNA
polymerase; RT, reverse
transcriptase; RCRE,
rolling-circle replication
(initiation) endonuclease.

Reverse-transcribing viruses
RT, CP, others
o —
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mRNA!gRNA

BC VI
RNA-RT

BC VI
DNA-RT
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Koonin et al., 2020

© The gene distribution for dsDNA virus genomes is

it similar but differs quantitatively, with more viral genes
in the poorly conserved/unique cloud and a tiny core of

©

@ .

S conserved genes. These core genes, along with the

o

v 50 . . .

£ (nearly) universal genes in other BC viruses, are known

N

lo] o

v as virus hallmark genes.

L0

g 5 A'nimalia 1= :

z Fungi O Prokaryotes
Viridiplantae © dsDNA viruses

= Protists
- 4 - 4 - 4 - 4 -4 Archaea

BCI BCII BC N BC IV BCV BCVI BCVII

O Viruses across Baltimore Classifications (BC) vary widely in
abundance, diversity, and distribution among cellular hosts.

© The BC system categorizes viruses based on mRNA synthesis, which

Relative frequency of genes

is determined by their genome type and replication strategy.

© BC I (dsDNA) viruses are abundant and diverse in prokaryotes, while 0.00001

BC IV (positive-strand RNA) viruses dominate eukaryotic viromes. Eractioniof genomes
I
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- Viruses (95%)

' me;qmp/l)/

Relative abundance of Marine microbes

1 ml of seawater: 5-10 million viruses (107) ; The global ocean: 10%° viruses

Suttle, Nature Reviews Microbiology, 2007




D Global marine viral biomass
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Protists
2GtC

Bacteria
1.5GtC

Plants
0.5GtC

Viruses
0.03 Gt C

Animals
2GtC

Archaea
0.3GtC

Fungi
0.3GtC
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Animals
Bacteria
Plants
Archaea
Fungi

Viruses

e
0.03

| TN
B
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]

0.1 0.3 1 3
Biomass (Gt C)

Bar-On & Milo, 2019, Cell
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Until ~ 2000 - most virus work based on lab cultures
* No viruses for uncultivated hosts (except global counts)

* For cultivated hosts: needs to 1dentify conditions for virus propagation

Metagenomics bypasses requirement for cultivation

Microbial metagenomes

Metagenome
assembly &
genome binning

DNA/RNA Shotgun
Enrichment in extraction sequencing

viral particles

Viral sequence
identification

Viral Metagenomes ==

Adapted from Matthew Sullivan, 2019




marine viral diversity
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Global marine viruses represent
biogeographic patterns

Viral diversity and community
structure are influenced by local
environmental conditions and
passive dispersal with oceanic
currents

Viral diversity: local > global
The seed-bank hypothesis

Brum , etal., 2015, Science
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Cell

Marine DNA Viral Macro- and Microdiversity from

Pole to Pole

Graphical Abstract

Idantfiad

a2 e
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p

Femgpemi, o
uFCub gt

Number of Viral Populaitons

with z10kb Representtive Genomes

L=

Bcov cov2o

100,000

200.000 300,000 400,000

Contig Lengths
D

0 100 200 400 500
furrtey of Wl Popsiitae
[ e =

B #dyowndaes 75 067
8 Podowrigas 15 165
8 Siphovndes 5,612
B Prycccdnawidas 79
| jnovndse §

a Conicovindne 1
& indcdritas 1
O Horposwndae 1
O Mirnivingae 1
Q Teczandm 1

195,728 virus populations
were identified in 145
viromes.

The global marine DNA
viral diversity can be
divided into five ecological
zones, of which the Arctic
is a biodiversity hotspot.
Viral diversity (micro and
macro) didn’t represent a
significant latitude

gradient.
Gregory et al., 2019
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©  The rise and fall of variants within populations, is consistent with the hypothesis that population variants, each rising and
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with ever-shifting virus—host defences and counterdefences. reminiscent ofRsd(QysiaBA¥Ramvso
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Scientist

| binovkres

Mimivirus Bactarie Virts: (VHI)
400 DM 300 MM Bo-100 NiM

Comparison of the size of a Mimivirus (400 nm) with that of a bacterium July-August 2011
Escherichia coli (300 nm), and of a virus HIV (100 nm). Volume 99, Number 4 SIGMA X1

Photo: BSIP via Getty Images Page 304
https://www.americanscientist.org/article/giant-viruses

https://www.syfy.com/syfy-wire/are-giant-arctic-viruses-combatting-climate-change
I
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._-E © APMYV was discovered accidentally in 1992 in
Acanthamoeba polyphaga during legionellosis research
by scientists from Marseille and Leeds. It was seen in
a Gram staining and mistakenly identified as a Gram-
positive bacterium, leading to its name Bradfordcoccus,
after Bradford, England, where the amoeba originated.

O In 2003, researchers from the Université de la
Méditerranée in Marseille, identified the microorganism
as a virus. They named it "mimivirus" (meaning
"mimicking microbe") because it resembles a bacterium
in Gram staining.

| 0 The same team that discovered the mimivirus later

| identified a slightly larger virus called the mamavirus,
https://en.wikipedia.org/wiki/Mimivirus
L I

along with the Sputnik virophage that infects it.
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Functions of unique mimivirus genes mRNA detected in virions

= Translation and tRNA modification = R322, DNA polymerase, NCLDV core gene,

» DNA repair class |

* Protein folding = 1425, capsid protein, NCLDV core genes,

» Nucleotide synthesis class |

= Amino acid metabolism * R339, TFl-like transcription factor, NCLDV

= Protein modification core gene, class ||

* Lipid metabolism » L124, tyrosyl-tRNA synthetase, translation

» Polysaccharide metabolism = L164, cysteinyl-tRNA synthetase, translation

* Secondary metabolite biosynthesis, = R663, Arginy-{RNA synthetase, translation : hits!

transport and catabolism = 1272, unknown, orphan Other viruses as best hits

= R349, unknown. arphan Poxviruses 2% Baculoviruses 2%
= 1520, unknown, orphan : ;

Core genes Al rie ey orghan Phycodnaviruses 13% — J Virophages 1%

* D5-like helicase—primase/ATPase
(superfamily |l helicase)

* DNA polymerase elongation subunit
family B

Iridoviruses 3% NN

1 Ascoviruses 2% -

Mallivirus 6%
» A32-like virion packaging ATFase: Eaustonimises 156
» A18 helicase (superfamily I1) '
* Major capsid protein D131

* Thiol oxidoreductase Pandoraviruses 2% —' / -

* DGR/D11L-ike helicase (superfamily 1) Marsaillevi =l Distant

= Serine/threonine protein kinase anseillevirises &% mimiviruses 71%
* Transcription factor VLTF2

Mobilome

Pithoviruses 5% -

Laterally transferred genes APMV

Starﬁsh -shaped structure
' Fibres > Introns inteins
O (~120-140 nim)

=3

o = —— MIMIVIRE—0— @ Vitophiages

: il = Protein T
. associated Provirophages:
- with DNA

Capsid—" IS Nan Transpovirons

genome —

=500 nm

DNA-bound
= protein

Outer layer

Inner membrane

Genes thatwere inferred to
be involved in lateral transfers

Gene content

Paralogous genes J Orphans

Virion proteome

Paralogous
genes 35%

rphans Orphans

Colson et al., i 0%

The APMYV capsid is ~500 nm in size and is
covered by fibrils that are ~120—140 nm long
and 1.4 nm thick.

The capsid proteins have a double jelly-roll
fold and are icosahedral, except for the
starfish-shaped vertex (termed 'stargate’'),
which 1s devoid of fibers.

APMYV has a double-stranded DNA genome
that is 1.2 Mb in length and contains 979
genes, only 12% of which encode known
proteins.

The mRNAs are expressed as polyadenylated
transcripts that often end with short

palindromes that form hairpin-like structures.
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Assembly size (Mb)

1981: First 1solation
1990: First whole genome
2011: First GVMAGs

2013: Pandoravirus (2.5Mb)

2019: Single-cell genomics

2020: 2074 GVMAGs

* Giant viruses, belonging to the phylum Nucleocytoviricota, are a monophyletic group of nucleocytoplasmic large DNA viruses (NCLDVs).

* They possess double-stranded DNA genomes ranging from 50 Kb to 2.5 Mb, with viral particles reaching up to 2 pm in length, infecting a variety of

eukaryotic hosts, including protists and animals.

* Traditional co-cultivation methods have yielded only ~200 viral isolates.

* Metagenomics has been demonstrated to be a powerful tool for discovering novel lineages of giant viruses.
I

Schulz et al. 2022, Nature reviews microbiology
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Internal layer and capsid assembly and DN Virus particles are visible on the

' TN B Acanthamoeba sp. surface at the
first cycle stage.

After virus entry via phagocytosis,

Replication—-

the APMV genome is released

Mimiviruses

into the amoebal cytoplasm,

\ . . initiating the formation of the
- ' virus factory, which is located
' ~4h
a away from the nucleus.
Virus Amoebal # oh From ~approximately 8 hours

{cytoplasm

post-infection, virus particles

assemble at the periphery of the
APM\z;virus T
particle

factory.
Amoebal lysis occurs

approximately 12 hours post-

I L. 201 - i 500 nm . .
Colsonetal., 2017 ™ infection.

© The mimivirus replication cycle in Amoeba. The replicative cycle of APMV lasts about 12 h and occurs in the amoebal

cytoplasm. The size of the amoebal nucleus decreases approximately twofold during APMV replication.
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A Entry ————————= Initiation ————————= Replication Exit
__ | [ s!f;:j.{—_z;:;ﬁf_f,_, NCLDVs typically establish viral factories either in the host cell cytoplasm
z ol ’.:::».\l
| = - e e (w5 : S
€% / € e ) fﬁbfl,j_je.'s;-;%f or nucleus to complete their replication and assembly processes.
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onophogefferens roenbiergensis virus

virus Schulz et al. 2022, Nature reviews microbiology
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NCLDVs have been classified into 6 orders and 32 families
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Number of sarmples

Numerous novel lineages await discovery to expand the current

phylogenetic framework.

Giant viruses are ubiquitously found in diverse aquatic systems,

from freshwater to ocean habitats.
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* Genome sizes are highly variable (i.e., pandoravirus);

*  Most giant viruses encode components of the translation machinery

and lipid metabolism;

* Imitevirales (mimivirus) encode diverse metabolic genes involved in

energy metabolism and transport.
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Legend

@ ..-'].....’ inavirds O:‘ loraviridae

1.3-BFG - 1-3-biphosphoglycerate
2PG - 2-Phosphoglyceric acld
3PG - 3-Phosphaglyceric acid
0-KGD - glpha-ketogl
0-GLA ~ alpho-Galactosidass
ACAD - Acyl-CoA dehydrogenases
ACO1 = Aconifase

CAT - CoA-transferose

€5 = Cltrale synihase

FAS - Fatly-acyl-CoA Synthase

FBP - Fructose-1 4-blsphosphatase
Fru-1-&-F - Frulose-1-4-phosphafe
Fru-4-P — Frutone-4-phosphote

FUM - Fumarose

G3P - Gly Idehyde-3-phasphat
GDH - Glutomale dehydrogenose
Gle-1-F - Glucosa-|-phosphate
GicAGAP = Glucasa-é-phosphate
IDH - Isocirale/isof 1

MIPD = M, llal 1-phosp dehyd
MS - Malate synthase

PC— Pyruvate carboxylane

d b

PEPCK - Phosp Py by ki
PFL = Pyruvata formate-lyase
PFL-AE-Py s te-lyass activating

PGK - Phosphoglycerate kinase
FGM ~ phasphoglycéiale mulase
RSP - Ribose §-phosphole

3DH - Succinate dehydrogenase
1GL - Tlacylglycerol lipase

TPP — Thiomine pyrophosphate

* Schematic figure showing the identified cellular enzymes and putative substrates

Phycodnaviridae, and Pandoraviridae;

that encoded in NCLDV genomes, represented by Mimiviridae,

*  TCA cycle feeding into the Urea cycle; Carbon transfer; Gluconeogenesis; Glycolysis;

; ; Fermentation; and lipid B-oxidation.
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Giant viruses originated from smaller DNA viruses-Tectiviridae and predate the last eukaryotic common ancestor,
representing an ancient viral lineage.
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* The newly established phylum Mirusviricota exhibits a chimeric evolutionary architecture: its structural modules (e.g., the HK97-fold MCP)
show homology with Herpesvirales (within Duplodnaviria), while its informational and functional modules align more closely with NCLDVs
(Varidnaviria), bridging a critical gap between these two viral domains.

* Only over 100 mirusvirus MAGs have been obtained to date, with no isolated viruses yet cultivated, and their eukaryotic host range

remains largely unknown. Gaia et al. 2023, Nature
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1) STATION LOCATION and DEPTHS - monthly samples

1998 - current : SPOT program (physical, chemical): 0,10, 20, 30, 40, 50,60, 100, 250,500, 750, 885 m
2000 - current: MO program (diversity, biomass, rates): 5 m,DCM, 150 m, 500 m, 885 m

[ lLos Angeles§

Santa Monlca Basin

: " ?ﬂl‘.ll']ltrf‘l
Coastal temperate system Ny
Oligotrophic to mesotrophic
San Pedro Basin (sill depth ~740 m)

Maximum depth ~890 m

Google Maps Collins et al.(2011), DSR-I

San Pedro Ocean Time- Presented by Diane Kim at the International Ocean Carbon Coordination
Project (IOCCP) and the Ocean Carbon and Biochemistry Program (0OCB)
series (SPOT) International Time-series Workshop (http://www. whoi. edu/website/TS-
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15 - 20 L seawater 1 L seawater

Sterivex, 0.2 - 80

AE filter, 1.2 - 80
pm - <
Eukaryotes + particle-

pm -

Prokaryotes and
associated prokaryotes cukaryotes
Sterivex, 0.2 - 1.2 pm ~ Anotop, 0.02 - 0.2 pm
: < - 0.02 um > Viruses and lysed cell
Free-living prokaryotes | B fragments
and picoeukaryotes

*  Viromes:
* Metagenomes:

* 2009 —2016: 0.02 — 0.2 um size fraction surface (5m)
*  V4-V5 Amplicons:

* 2009 —-2013:0.22 - 1 um size fraction surface (5m)

* 2014 —-2019: 1 - 80 um size fraction surface (5m)
* 2005 —2019: monthly, variable depths and size fractions
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(2) Eukaryotic 18S excluding Metazoa and Syndiniales sequences (Particle—attached Cellular Fraction)

1o [ Clloraplenphycens Q g g g 3
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I HBl ‘! i g l 1 E . r“LISn’l—{:llIH!’E[I_\IIIZIIIM!“
fih 1] | | | | b | | |l || | | ‘ ‘ _|- qul_" i I| I!'Id i 5 'fl : i == dinoflagellates; 28.5%), Spirotrichea (18.5%),
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L Hij i i Ity . S Sopta e : R : :
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i I | | ' II| | | I Dlnophyceae | |§ :;,\}'T:r?s.:‘r:}ihyceue .
: s g =z ——— : : R [ the spring algal bloom.
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O OQverall, the SPOT 18S eukaryotic community exhibits a
seasonal variation with one peak community similarity
(Bray-Curtis) at 1-year intervals;

O Likewise, the giant virus community exhibited seasonally-
predictable changes in composition, with peak community
similarity occurring at 1-year intervals;

©  From the CCA analysis results, it is evident that the seasonal
dynamics of giant viruses can be explained by seasonally
recurring patterns, such as temperature fluctuations

(dominant environmental driver) and spring phytoplankton

blooms.

Feng et al.,
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* Different NCLDV phylotypes showed seasonal variations  Laperriere SM#, Minch B#, Weissman JL, Hou S*, Yeh YC, Ignacio-Espinoza JC,

. . . Ahlgren NA, Moniruzzaman M*, Fuhrman JA". Phylogenetic proximity drives temporal
with bi-annual and annual peaks, respectively; g ylog P y p

succession of marine giant viruses in a five-year metagenomic time-series. [2024
* Non-seasonal giant viruses showed stochastic variations. preprint version on bioRxiv] Laperriere et al., under
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* Giant viruses with closer phylogenetic distances have consistent seasonal succession patterns;
* When the seasonality patterns of closely related viruses are inconsistent, it is usually coupled with a switch in the host being

infected;

P apMgaviales mainly form, clusigss & spring ansearlywinter, whils, Nniteryirales-mainly form, ghusters in,late stmmer;and aupmn.

succession of marine giant viruses in a five-year metagenomic time-series. [2024 preprint version on bioRxiv] Laperriere et al., under



https://doi.org/10.1101/2024.08.12.607631
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Effects of ocean warming in the earth system

T® v T ENSO I@

Rainfall Tropical cyclone intensity CO, concentration impact EEI

'@ '@ '€

Coastal infrastructure Sea ice

Ice sheets

Evaporation Helemmphlc Protists
G = 4 Cosst ' nlrmmn * L 4 - A 'i}
T O oy =, @, ¥ oy
\ 4-7 level heatwaves Carbon,
Au_tolmphs;

Ocean ecosystems Ocean warming acu:l Q\_}gen
and biodiversity Fisheriesand :

aquaculture /==

systems O Oi} Salinity
T Global increase
l Clobal decrease

OCIEE’" Stratification Density
'Giant viruses on the Greenland ice

: Fluxes &L Documented T° effects

—={ Infection &? Hypothesized T® effects

- ' iﬁ ﬁi gi H -

Wieczynski et al. 2023, FEMS Microbiology Ecology

Under global warming, how do giant
virus communities evolve to regulate
marine primary productivity?

* Large-scale time-series metagenomic

dataset may help answer this question.

|||||
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(a) Effects of Environmental Factors on the Relative Abundance of Imitervirales
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Ohserved Values

Relative Importance

The relative abundance of Imitervirales exhibited a

significantly positive linear correlation with temperature,

while showing negative correlations with both primary

productivity and total nitrogen.

We randomly split the dataset into an 8:2 ratio, allocating

80% as the training set and 20% as the test set, and employed

a gradient boosting regression model (best model) to

predict changes in Imitervirales abundance in response to

environmental factors.

The future distribution of Imitervirales will be predicted

under global ocean warming by integrating projected marine

environmental parameters spanning 2025-2100 from CMIP6

into our models.

Feng et al.,
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* We recovered 241 high-quality, non-redundant giant virus metagenome-assembled genomes (MAGs), representing four
taxonomic orders: Imitervirales (n=139), Algavirales (n=81), Pimascovirales (n=12), and Pandoravirales (n=9);

* Additionally, we recovered 25 non-redundant Mirusvirus MAGs, spanning the MR 01 (15), MR 02 (5), MR 03 (2), MR 07 (2),
and E 01 (1) lineages, consistent with the findings from the TARA Oceans Mirusvirus study, where MR 01 was the most

abundant and MR _07 the least.
* The known diversity of SPOT giant viruses at SPOT was increased by over threefold.

Feng et al.,
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Jd  Imitervirales show adaptation to warming
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D Auxiliary metabolic genes
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* SPOT NCLDVs and mirusviruses ubiquitously encode genes involved in the ubiquitin system, deubiquitination, and apoptosis processes;

* Bac _rhodopsin is ubiquitous in Imitervirales infecting photosynthetic hosts, whereas heliorhodopsin is prevalent in mirusviruses and NCLDVs
Feng et al.,

primarily infecting non-photosynthetic hosts.
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Rhodopsins of giant viruses may

play unrecognized biological roles.

Potential enzymatic protein
from mirusviruses

Feng et al.,
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O The co-occurrence network analysis indicates that dinophyceae are the primary hosts of Imitervirales.

O We predict future ocean warming will increase the abundance of Imitervirales infecting dinophyceae, while decreasing the abundance of

Algavirales infecting pico-sized algae.

Feng et al.,
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Main conclusions:

® The diversity of SPOT NCLDVs is high and exhibits seasonal patterns.
® Temperature is the primary driver of seasonal fluctuations in giant virus communities.
® The genetic diversity of Imitervirales underpins their adaptability to ocean warming.

® Giant viruses can serve as predictors for global ocean warming.
Future perspectives:

® The phylogeny, metabolic potential, and hosts of unclassified NCLDVs.

® The origin and ecological significance of metabolic genes of giant viruses.

® High-throughput identification methods for hosts of NCLDVs and mirusviruses.
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