








Giant viruses versus tiny ones

Mimivirus

Capsid diameter:  ~400 nm
Genome size: 1,181,404 bp
# of genes: 1,018

Courtesy Prof D. Raoult

Porcine circovirus 1

Capsid diameter: ~17 nm
Genome size: 1,758 nt
# of genes: 2

Courtesy Prof S. McNulty




The (described) virosphere: 120 distinct taxa

Adenoviridae, Alloherpesviridae, Alphaflexiviridae, Alphatetraviridae, Alvernaviridae,
Amalgaviridae, Ampullaviridae, Anelloviridae, Arenaviridae, Arteriviridae, Ascoviridae,
Asfarviridae, Astroviridae, Bacilladnavirus, Bacillarnavirus, Baculoviridae, Barnaviridae,
Benyviridae, Betaflexiviridae, Bicaudaviridae, Bidnaviridae, Birnaviridae, Bornaviridae,
Bromoviridae, Bunyaviridae, Caliciviridae, Carmotetraviridae, Caulimoviridae,
Chrysoviridae, Cilevirus, Circoviridae, Clavaviridae, Closteroviridae, Coronaviridae,
Corticoviridae, Cystoviridae, Deltavirus, Dicistroviridae, Dinodnavirus, Emaravirus,
Endornaviridae, Filoviridae, Flaviviridae, Fuselloviridae, Gammaflexiviridae, Geminiviridae,
‘Gemycircularvirus’,  Globuloviridae,  Guttaviridae, = Hepadnaviridae, @ Hepeviridae,
Herpesviridae, Higrevirus, Hypoviridae, Hytrosaviridae, Idaeovirus, Iflaviridae, Inoviridae,
Iridoviridae, Labyrnavirus, Leviviridae, Lipothrixviridae, Luteoviridae, Malacoherpesviridae,
Marnaviridae, = Marseilleviridae, = Megabirnaviridae, = Mesoniviridae, = Metaviridae,
Microviridae, Mimiviridae, Myoviridae, Nanoviridae, Narnaviridae, Nimaviridae,
Nodaviridae, Nudiviridae, Ophioviridae, Orthomyxoviridae, Ourmiavirus, Papillomaviridae,
Paramyxoviridae, Partitiviridae, Parvoviridae, Permutotetraviridae, Phycodnaviridae,
Picobirnaviridae, Picornaviridae, ‘Pleolipoviridae’, Plasmaviridae, Podoviridae,
Polemovirus, Polydnaviridae, Polyomaviridae, Potyviridae, Poxviridae, Pseudoviridae,
Quadriviridae, Reoviridae, Retroviridae, Rhabdoviridae, Rhizidiovirus, Roniviridae,
Rudiviridae, Salterprovirus, Secoviridae, Sobemovirus, Siphoviridae, Spiraviridae,
‘Sphaerolipoviridae’, Tectiviridae, Tenuivirus, Togaviridae, Tombusviridae, Totiviridae,
Turriviridae, Tymoviridae, Umbravirus, Varicosavirus, Virgaviridae




The (described) virosphere: 120 distinct taxa
Anelloviridae,
Bacilladnavirus,
Bidnaviridae,
Circoviridae,
Geminiviridae,
‘Gemycircularvirus;,
Inoviridae,
Microviridae, Nanoviridae,
Parvoviridae,
‘Pleclipoviridae;’,
Spiraviridae,
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Genomes of eukaryotic sSSDNA viruses are <10 kb
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Majority of ssDNA viruses replicate via RC mechanism




Overview of ssDNA viruses

Host/virus taxon Virion morphology CP fold Genome topology Genome size (kb) Replication
protein
Bacteria
Microviridae Icosahedral Jelly-roll Circular 4.4-6.1 RC-Rep
Inoviridae Filamentous/ a-Helix Circular 4.5-12.4 RC-Rep
rod-shaped
Mycoplasma virus Pleomorphic NA Circular ~14P Unknown
L172 (unclassified)
Archaea
Pleolipoviridae® Pleomorphic NA Circular (ss or ds) 7-10.6 RC-Rep
Spiraviridae® Coil-shaped NA Circular 24.9 Unknown
Eukarya
Anelloviridae Icosahedral NA Circular 2-4 _
Bidnaviridae Icosahedral NA Linear, segmented, ITR 6-6.5 per segment DNA Pol B
Circoviridae Icosahedral Jelly-roll Circular 1.7-2.3
Geminiviridae Icosahedral Jelly-roll Circular, segmented 2.5-3 per segment
(geminate)
Nanoviridae Icosahedral NA Circular, segmented 0.98-1.1 per segment
Parvoviridae Icosahedral Jelly-roll Linear, ITR 4-6.3
Bacilladnavirus Icosahedral NA Circular, partially ds 5.8-6
Gemyecircularvirus® Icosahedral NA Circular 2.2

TBC, to be confirmed; NA, not available; ITR, inverted terminal repeats.
# Taxa not (yet) approved by ICTV.

® Complete genome sequence is not available.

Krupovic, Curr Opin Virol 2013




Bilateral evolutionary relationship

RC plasmids ~ +RNA viruses




Relationship between ssDNA viruses and RC plasmids

RC plasmids

RC endonuclease domain

SF3 helicase domain

Motif | Motif I Motif Il Walker A Walker B Walker C
M!crovr’rfdaqu)Xl?tl IVFDTLTL GRLHFHAVH VEEYVAKYVN
Inoviridae |¢'Lf WYELTLTY FREPFHYHVML CVGEYLAKYAS
Pr‘eoﬁpoviridaﬂ HRPV-1 VMVTLTTD GLPHLHVCW VAGY LGKYLS
ﬁ]rvovin’dae | AAV2 YEIVIEKVE SYFHMHW LWV IPNYLLPETO WLEGPA-TTGKTNI VIWWEEGEK PVIVTR
Circovirfdael PCV2 WAET LN P RTPHLOGFA NEKEYCSKEGHN VIVGEP-GCGESEW VVWVIDDEY SILITS
Nanoviridae | BBTV WMETINKNE GTRHVOGEYWV ARSYCMKEDT WWVYGPKGGEGETTY IWIFDIPR EVIVMA
Gemfnfvfridae| MSV NTELTYPH GDMHLHALL VEDYILKEPL YIVGEPT-RTGESTW YNIVDDIFE PTITILA
Gemycircu:'arvfru5|SSHADV-l YVLLTYAD GGETHLHCEA GYDYATRKDGD VLYGPS-OTGEET SW YAVEDDIR ESIWCS
@dﬂadnavfruﬂCleV SOFT LINAD GALHAHIYEFE ATNYVLDDAK ILYGAG-GTGKTTT IWHEEEET TWI FTy
Porphyra | plasmid LFFELTYPC GYDHEFHVLL SLEKYICKEGD YIHGKP-GIGKTNM ATGFDDVN PEVEFIS
Phytopr‘asma|pAYWB-ll CELVINAN KSPHYHIYL ALMYMTHANS FITGDS-GSGESTL CITLDDLR LITITT
Lactococcus | pQA504 FGFTOOFK KELHMHAWVT MLAY LNVHAKD YIQGAP-RMGKTEFEF IWFMDDLR VIVITS
5taphyr‘ococcu5|SAP1108 TEKFMYT OO VAEHLHVET GYLYLLHETEK WIFGKS-STGEESMM VLITIEEFR LITINT
B.ff.fdobacfer.fum|p4l\/| TDWLLTIR GYRHYQIFA ABVGYCSKEKT FLYGET-GVGKTSH ILLLDEET RIWWVWS
Pofyomavfrfdm’;’lSVd-O ACFATYTT SYNHMNILEF YLMYSALTRD LFKGFPI-DSGETTL LWVVFEDVE PGIVTM
Papillomaviridae | HPV16 GWE YVEAV WEMVWVLL LY AALYWYKTGI LLYGAA-NTGKSLE IGMLDDAT FPPLLIT

D Prokaryotic ssDNA viruses

D Eukaryotic ssSDNA viruses

|:| Eukaryotic and bacterial plasmids

D dsDNA viruses with JR-CPs

Krupovic, Curr Opin Virol 2013




Circoviridae

Microviridae
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Geminiviridae

Picornaviridae

Sobemovirus

Tymoviridae

4
ssDNA
Jelly-roll ssDNA viruses  ssRNA viruses Iflaviridae Bacillarnavirus
= Circoviridae Alphatetraviridae  Luteoviridae Labyrnavirus
U\ Geminiviridae Alvernaviridae Marnaviridae Sobemovirus
WA A | Microviridae Astroviridae Nodaviridae STNV-like satellites
Parvoviridae Bromoviridae Picornaviridae
ﬁ ‘ ﬁ ﬁ a Caliciviridae Secoviridae dsRNA viruses
dsDNA viruses  Carmotetraviridae Tombusviridae  Birnaviridae
NC N\ > Papillomaviridae Dicistroviridae Tymoviridae
T — Polyomaviridae  Hepeviridae Permutotetraviridae










STNV
Mastre
Begomo
Curto
Topocu

STNV
Mastre
Begomo
Curto
Topocu

STNV
Mastre
Begomo
Curto
Topocu

STNV
Mastre
Begomo
Curto
Topocu

Satellite tobacco
Necrosis virus

(ssRNA)
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Begomoviruses

Curtoviruses

Mastreviruses

circoviruses

- geminiviruses

phytoplasmal plasmids




Geminiviruses contain prokaryotic promoters

In vivo GUS expression by TLCV promoters in £ co/i and Agrobacterium
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Plasmid-to-virus transition

geminivirus

RNA virus







Chimeric viruses: RNA-DNA hybrid virus (RDHV)

Boiling Springs Lake RDHV : 4.1kb
sSDNA

R . Ror
— RCRep )




Chimeric viruses: RNA-DNA hybrid virus (RDHV)

Boiling Springs Lake RDHV : 4.1kb
ssDNA

Porcine circovirus : 1.7kb
ssDNA




Chimeric viruses: RNA-DNA hybrid virus (RDHV)

Tombusvirus : 4.7kb
ssRNA

Boiling Springs Lake RDHV : 4.1kb
ssDNA

Porcine circovirus : 1.7kb
ssDNA




Recombination between RNA and DNA viruses

sSRNA virus

DNA virus

.
WA

tombusvirus RdRp
mmp tombusvirus capsid protein
mmp circovirus capsid protein
mmp circovirus RCR Rep
> other ORFs




Chimeric viruses display various genome organizations

é Circo-like replication-associated gene N ( Nano-like replication-associated gene h
ssONA Viruses ssDNA Viruses
fanounsie segments Vommmmm—m)»
Described Chimeric Virus . SRR Vi
Boilng Spangs Lake N e ——r—— A CHIVE
RDHV - =
Virome bly of Chimeric Vi S —
[ eee—— e G—
CHIVE  ee—— s e T e
B —— T —— — E— u—
a2 ¢ CHIVE e e e
Lo R T e — CHIVID A ———
Lo I — e — — CHIVIT e ey
CHIVS e — CHIVIZ e e e
(. s g _J
4 . .. . )
Emmmm)  sSDNA virus replication-associated gens Gemini-like replication-associated gene
Emmmm)  sSDNA virus capsid gene ssDNA Viruses
— Tombusvirus-like capsid gene Gerinivirid: { 4
— Uncharacterized predicted genes e oly of Cha .y
A Stem-loop structure (putative replication origin) CHIV13 —-—-—
' 1Kbp
X >




All chimeric viruses encode tombusvirus-like CPs




Unique CP gene transfer between RNA and DNA viruses
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Multiple transfers of the RC Rep genes
CHIV13
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0.92

Multiple transfers of the RC Rep genes

Nepavirus
Niminivirus
AR Baminivirus
0.77 Maize streak virus
0.80 Bean yellow dwarf virus
0.98; Pepper golden mosaic virus
0.57 0.99 Horseradish curly top virus
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BBC-A 254688514

0.74

Geminiviridae (5SDNA viruses)
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ssDNA virus

ssRNA virus

DNA virus




Evolutionary continuum between ssRNA and ssDNA viruses

ssRNA virus

JR-CP
0=l

RC plasmid RC plasmid

(ss intermediate)

ssDNA virus




Polyphyletic origin of ssDNA viruses

VIROGENESIS
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viruses
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Bidnaviridae

BmBDV-2 (VD1)

BmBDV-2 (VD2)

» Infect silkworm (Bombyx mori);
 Bipartite, linear ssDNA genome;
 Virions are spherical, non-enveloped;

* TIRs do not form typical T-shaped structures;

Encode protein-primed PolB.

ORF1 (NS2)
'_I_l> ORF2 (NS1-C) ORF3 (structural) ORF4 (PolB)
I
TIR TiR
O?Fl (structural) ORF2 (NS3)
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Densovirinae (arthropods)
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Polinton-1_DR

Polinton2_DR

Polinton-1_CI

Polinton-2_CI

Polinton-1_XT

Polinton-2 XT

Polinton-1_CB

Kapitonov and Jurka, Proc Natl Acad Sci U S A 2006




Krupovic et al. Biclogy Direct 2014, 9:6
http://www biologydirect.com/content/9/1/6
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Conservation of major and minor jelly-roll capsid
proteins in Polinton (Maverick) transposons
suggests that they are bona fide viruses

Mart Krupovic'", Dennis H Bamford” and Eugene V Koonin®
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ORF1 (NS2)

l ORF2 (NS1-C) ORF3 (structural) ORF4 (PolB)
BmBDV-2 (VD].) Parvovirus Parvovirus Polintovirus
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Parvoviridae ‘ ' Polintoviruses

Bidnaviridae

Baculoviridae ‘ ‘ Reoviridae




— VA W <2 parvovirus

PRO  MCP mCP ATPase \ Pl

Ancestral polintovirus

|. Parvovirus integration

PRO MCP mCP ATPase
-WW Hybrid parvo-polintovirus
!

Lx\m\ I
Tom—— e II. Polintovirus gene deletion,
DELETION loss of RCRE

R D) BTN T @R Monopartite bidnavirus

Replacement with reovirus . . .
IIl. Emergence of bidnaviruses

and baculovirus genes 7

> > <@ > BEET) BTN TR @RI  Siartite bidnavirus




Viral ‘Russian doll’

=

Parvoviridae

" ~
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Wasp (host) genome




Evolutionary continuum between small RNA and DNA viruses

ssRNA virus
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