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Biased knowledges of viral diversity

:‘f 2,100,000 viral sequences in GenBank (April 2017)
1%  Viruses WEST NILE DENGUE
() 4,404 S/I*;S\'f/ 1%
400,000
HEPATITIS
14%
INFLUENZA
26% Many known
viruses in interest
animals
Order 8 !
Family 122 z S .
Genus 735 ? Viral biodiversity relatively

Species 4,404 400,000 unknown



“Viruses should be considered as viruses

Vl I"U S d eﬁ n |t| @) n because viruses are viruses.”

Lwoff, 1957, ] Gen Microb

Envelop
(facultative)

Virus typical structure Capsid

Genome

l

Group| Grouplll Group il Group IV GroupV Group VI Group VI
/\DMI BEGOGAGC SN ININSNS NSNS DOOGDU\
DNA(+/- + RNA (+/-) RNA(+) RNA(-) RNA(+) DNA(+/-)
e only one type
7 classes Baltimore classification (1971) transmissible form

strictly intracellular and potentially pathogenic entities with an infectious phase

unable to grow and to undergo binary fission

- Use cellular components

- Different from bacteria (e.g. ribosomes & energy)



Ubiquitous viruses

All type of environment
- Marin
- Terrestrial

Extreme conditions
- pH
Temperature
Pression
Salinity ...

Santos, F., et la, 2011, ISME
Prangishvili, D, 2003, Res Microbiol
Boujelben, et al, 2012, Appl Environ Microbiol

Santos, et al, 2010, Environ Microbiol
Suttle, C. A,, 2007, Nat Rev Microbiol

Abundant 103! viral particles
on Earth

Play a major role in
ecosystems equilibrium

(e.g.in Oceans)

Breitbart & Rohwer, 2005, Trends Microbiol
Suttle, C. A., 2007, Nat Rev Microbiol

All type of organisms
- Archea

- Bacteria

- Eukaryota

- Viruses

Prangishvili, 2013, Annu Rev Microbiol
Ackermann, 2003, Res Microbiol
Koonin, et al, 2015, Virology

Sun, etal, 2010, ] Virol

La Scola, et al, 2008, Nature

Abundance

Prokaryotes
Protists
Viruses

Suttle, 2007



Long-term viral evolution

Host-pathogen
interactions

20 x 1«
@« @ v
“rul ) Ko 4
Constant arm-race » NS
between host & viruses — — »>
Red queen theory
Virus “win” Host “win” Virus “win”

Host-virus co-evolution

Viruses involved in host genome evolution & in horizontal gene transfers

. . Drezen, et al, 2016, Pichon, et al, 2016

Numerous integrated viruses Bézier et al, 2013, Herniou et al, 2013
Valles et al.,, 2012, Wu et al,, 2012

Feschotte and Gilbert, 2012, Thézé et al., 2013



Environmental genomics & viral diversity

Genomics # Environmental genomics
| individual / | species global scale (water, soil, feces ...)

How study viral diversity ?

[MDINNINIL - oNA Barcoding  es. tes for bactera

- Metaviromic Option choose by numerous studies

Viral diversity study with discovery of 99% unknown viruses
Paez-Espino, et al, Nature, 2016

Studies on groups of hosts (Arthropods)
Viral diversity of specific hosts

Expand of host range
Li, et al, eLife, 2015; Shi, et al, Nature, 2016

Science.

Yo,

O T

Viral purification from pool of ‘“things”
e.g. TARA Oceans (20L of seawater per samples)

Brum, et al, Science, 2015

Our approach — Meta-transcriptomic

Transcriptomes — used to functional studies, gene expression ...

Lot of data wasted (~10%)
While great source of information !



Meta-transcriptomic approach

Organism

Complex
environment

(RNA)

Transcriptome A

|

/ﬁjg Meta-transcriptome

A Bacterial, fungal..

él! . transcripts (DNA

. transcripts

L Virus genome

Virus

Animal
transcripts

(mRNAy




?

Obijectives .

How viral diversity is represented in animal species !

How to find viruses ?

Methodological aspects

Host shifts
Virus evolution
Viral systematic, taxonomy

Part 2 Discovery of new viruses



| Bioinformatic pipeline
Detection of viral sequences
Genome reconstruction '




Part |: Material

Dataset o
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Crustacea Nematoda

Gayral et al, Mol Ecol Res, 201 |

Cahais, Gayral et al, Mol Ecol Res, 2012
Gayral et al, PLoS Genet, 2013
Romiguier et al, | Evol Biol, 2014
Romiguier, Gayral et al, Nature, 2014




Pipeline |/2 : Automatic phase

From transcriptomes to list of viral protein

Part |: Methods

] .
e === == ||lumina reads

Assembled contig
| ABYSS &CAP3
l / ORF
5’

3’

Prodigal /

Translated protein . BLAST

-»“‘,

Viral database

—>

Coe ., e 3.5 millions sequences

& o

Taxonomy database
(NCBI)

BLAST % identity
hit

Contigl Viral hit | %identity . Genus A Virus A

Contig2 Viral hit2 % identity Genus B Virus B

Reciprocal
BLAST

Whole database
90 millions sequences

| Species |
Genus |
Family |
Order |
Reign




Pipeline 2/2 : Manual phase

Part |: Methods

From list of viral protein to viral genomes and phylogenies

List of viral
proteins

Genome coverage

:WM
PR PP PP LLEIEE PO ERE PP EFPETT AP TPETEEEL PP PEEPE

Mapping Genomic organization
5 e . 3
Intel"Pr’QS(:an replicase
N R —
capsid

MAFFT
GBlocks
ModelTest — Maximum likelihood
ProtTest N — I .

— 3¢ Bayesian method
PhyML —5

MrBayes




Il Description of new
viruses in animals




Data

523 individual

|35 non model

transcriptomes species
~10 milliard
Reads | |
Contigs | | ~34 million
Total proteins | | ~18 million
~20 000 = 0.1% of total proteins
~200

I[E+00  [E+OI |[E+02  |E+03

|[E+04 |E+05 |E+06 IE+07 IE+08 [E+09 |E+I10

Log scale



~50 new full-length viruses

(

1

LBOBBEBC

JAVAVAV

TAXONOMY POTENTIEL HOST
Parvoviridae Lamellibrachia
Reoviridae Thymelicus, Myrmica, Halictus
Partitiviridae Messor
Totiviridae Formica
Mononegavirdles Microtus, Hippocampus, Myfrrr:.ca, Formica, Camponotus,
Armadilidium
Arenaviridae Basilicus
Bunyaviridae Messor, Eunicella, Formica, Melitaea, Necora
Orthomyxoviridae Hippocampus
Rhabdoviridae Formica, Thymelicus, Camponotus, Culex, Sepia
Unassigned Ciona
. Crocodylus / Emys | Lepus / Microtus / Tupinambis
Retroviridae
Pleurodeles | Salamandra
Arteriviridae Microtus
Coronaviridae Hippocampus
Melitaea | Messor | Halictus
) X Ostrea, Rhizaria, Formica, Myrmica, Mytilus, Galba
Picornavirales
Pheidole / Polyergus / Allolobophora / Cystodites / Formica
Betaflexiviridae Allolobophora
Benyviridae Basilicus, Parus
Flaviviridae Physa
Nodaviridae Melitaea
Tombusviridae Physa
Virga-Negevirus Culex

Virgaviridae

Unassigned

Armadilidium / Ciona / Formica
Necora, Polyergus, Armadilidium
Halictus, Messor

Mammalia

Cnidaria -5

Porifera ¢
™.

.Sauria

Chordata
# Deuterostomia

“ ®Metazoa \r
h | Annelida g

| Protostomia
Hymenoptera .

Arthropoda;
. ’

* Insecta | Mollusca 7=




What was found in

mosquitoes !

PopPhyl

¢ Culex pipiens (n=18)
* Culex hortensis (n=2)
Culex torrentium (n=2)

22 individual
transcriptomes

i

Algeria

200 400 km <

Tunisia GA35C

¢ Non-infected C. pipiens
¢ Infected C. pipiens

uifE ’
GA35C (2005) Moknine (Tunisia)
438bp 504bp
ORF1 JDRF2 ORF3
280 3,29 4bp 3574 . 4036 2’118bp 6153 6216 6719

Coverage (log scale)

1000

Uniform coverage (1322X)

Transcriptome 227X

2000

T
3000

T
4000

5000

T
6000

7000

Culex pipiens Associated
Tunisia Virus strain

Moknine (CpATV)




CpATYV genomic organization

ORF1 ORF2 ORF3 ORF4
> 6.8kb

1 . e e 705
1097 aa  Plasmodium similarities ad

" Viral helicase RdRp

Capsid Capsid
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Same genomic organization as new insect viruses
Except methyltransferase



Comparative genomics
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Replicase phylogeny
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viruses

1 Bofa virus

Buckhurst virus
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Benyviridae
Tymoviridae
Alpha-flexiviridae
Beta-flexiviridas
Mycoflexivindze
Clade 1

Clade 2

Clade 3

Clade 4

Clade 5
Clade 6

Clade 7

Clade 8

Cifevirus
Hfng‘Wf‘US

Nelorpivirus

Sandewavirus
AT ’\b o
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Pomowirus
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Closteroviridae
fdaeovirus
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Unassigned families

Virgaviridae
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Capsids phylogeny

BYV
BVQ ]
Pomovirus
— 0.72 BBNV
4@ CWMV Furovirus
ScrCsv
Tobravirus
067 Hordeivirus
| Pecluvirus
1
Tobamovirus
TSA Argochrysis armilla ™, ]
TSA Latrodectus hesperus venom ‘=
_______________ TSA Cotesia vestalis________ i
voe [—TSA Musca domestica ) i
i Boutonnet virus i l o
.3 ! / I\ 1
99 AsV1 v 77 ) \ i
CpATV. @SN . P B
"""""""""" ASVL TN
0.81 TSA Musca domestica K
13 CpATV «
____________________________ Boutonnet virus.” |
0.0 1.0

Phylogenetically closely related to plant viruses Virgaviridae

Origins for the two capsids :

: Closterovirus /_Closteroviridae

Virgaviridae

two independent events of acquisition from plant viruses

In silico virus detection : still functional?




ML models characterize gene evolution

JC69 HKY85

O=—0 0=0 020

XL X 10X

V- 7o <
O—=0 O o=c

4

Nonsynonymous / Synonymous substitution

TCCGATATATGGCAACCCGACAAA
S DI W Q P D K

TCAGATCTATGGCAGCCCCACAAA
Synonymous substitution rate S DLWQ PR K

non-synonymous substitution rate
dN/dS =

dN/dS < | evidence of stabilizing (=negative) selection
gene with (important and) conserved function
dN/dS = | evidence of neutral evolution
gene with no function (loss)
dN/dS > | evidence of positive selection
gene with important function, new variants are selected for = adaptation



ML models characterize gene evolution : CpATV

0.69

 Nested models assuming one or several
dN/dS ratio for the branches of interest

TSA Argochrysis armilla

i Ton atrodectus hesperusvenom o Compared with Likelihood Ratio Tests
E 0.99 TSA Musca domestica
0f2 53— Boutonnet virus
.99 ASV1
ORF | Helicase RdRp Capsids
Branch or ORFI ORFI o and K
subtree of interest
ORF2 (k):0.10
0.004 0.003
CpATvV ORF4 (0): 0.08
dN/dS Nemcl:;:::Ict :;:::; 0.0l 0.008 0.0l
y 0.004 0.006 0.02

infectious viruses
p-value 0.93 0.56 0.95




To sum up

Culex pipiens Associated Tunisia Virus (CpATY)

— [ > 6,8kb
Helicase Replicase Capsid Capsid
Small
RNA
virus . .
Related to mosquitoes Related to two different Similarities to Plasmodium
viruses plants viryses (malaria agent)

[
S S

N

Functional virus (under purifying selection)
Two strains with conserved indel polymorphism
Conserved genomic organization compared to other new insect viruses

Mosaic virus / Multiple origins

New viral genus or family

Is CpATYV infectious for mosquitoes and/or plants ?

Can CpATV modulate arbovirus transmission?



What about other viruses ?

Mononegavirales

TAXONOMY POTENTIEL HOST
Virga-Negevirus Culex
Parvoviridae Lamellibrachia
Retroviridae Pleurodeles | Salamandra
Partitiviridae Messor
Totiviridae Formica

Microtus, Hippocampus, Myrmica, Formica, Camponotus, Armadilidium

Arenaviridae Basiliscus
Bunyaviridae Messor, Eunicella, Formica, Melitaea, Necora
Orthomyxoviridae Hippocampus
Rhabdoviridae Formica, Thymelicus, Camponotus, Culex, Sepia
Unassigned Ciona
Retroviridae Crocodylus / Emys | Lepus / Microtus / Tupinambis
Arteriviridae Microtus
Coronaviridae Hippocampus
Melitaea / Messor | Halictus
) . Ostrea, Rhizaria, Formica, Myrmica, Mytilus, Galba
Picornavirales
Pheidole / Polyergus / Allolobophora | Cystodites / Formica
Betaflexiviridae Allolobophora
Benyviridae Basilicus, Parus
Flaviviridae Physa
Nodaviridae Melitaea
Tombusviridae Physa
Virgaviridae Armadilidium [ Ciona / Formica
Unassigned Necora, Polyergus, Armadilidium
Sinaivirus Halictus, Messor |

+ &

*

(

Virus-centered

Host-centered

Epidemiology:
prevalence, transmission,
host range, geographic distribution...



Conclusions - perspectives

v~ Innovative methodology

From transcriptomes to viral evolution, genomes & phylogenies

v" Toward global viral diversity pictures in non-model animals

NGS 34 generation: virome analysis, complex trophic
interactions, gene networks, community ecology...
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Two strains — one virus

GA35C (2005) Moknine (Tunisia) mmmmmms)  GA3S5E (201 1) El Habibia (Tunisia)
438bp 504b -
Same genomic 7 Aol T!-‘T“-% 6820bp | * o
et 3,294bp 2,118bp P
organisation L

=
8
IL
=3

T
Algeria <L Tunisia \q GAIC
Uniforme coverage (320 X) Transcriptome 205X I /

Ve *» Mon-nfected C. pipiens
/ » Infecied C. pipiens

Coverage (log scale)

o
Lorrm L

T T T T T T
0 1000 2000 3000 4000 5000 6000 7000

2 CPATV strain El Habibia 26 SNPs (Single Nucleotide Polymorphims) between

the both strains (0,4% variation)

INDEL 4450 CpATV_M CpATV_EIH
. . . 2005 2011
Polymorphism maintained over 6 years (2995) o1l
- 81,8% - 78,5%
4450 A 19,2% A 21,5%
CpATV |
— ORFI JORF2_ M ORF3 - LR = ¢ oo
Helicase RdRp Capsid Capsid
A insertion L | - ’
- Premature STOP codon

- Two smallest proteins
- Role for funtionnality ?






Bees disappear

COLONY COLLAPSE DISORDER IN AMERICA

oM g ;ﬂ
bl
2 of honeyhee colonies

10- 20- : 0 in the United States

15% 25% 35% 34 22% 0 died in the wmter of
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2012 -

*Graph depicts percentage of honeybees lost each winter in America.

http://www.fix.com/blog/bring-back-the-bees/ M u It i faCto ri a I
Nutritional causes
stress

Mites Pesticides

Varroa destruct

Pesticide

Lack of %% :‘i
genetic % . ,‘x\
diversity P

" eria, fungi &

Loss of viruses

natural
habitat

Stress transports
Climate change

MISSING

Impact of
pathogens

correlated with

CCD

Cornman et al. 2012



Emergence of viruses in honeybees

Time of first documentation of major honeybee viruses since 1960

s, 1975
AV | s SEee an
Yoos 1P g [ CWV VDVl | | LSV-I
Baly et al SBPV | et Ry BVY DWYV | Willmeon  Fuyskieal | BSRY
ABPV |5 | BVX || BQCV / 7 e o et | ALPV. || RV | T [ ekt
CBPV |[SBV | |ABV || KBV |/ |EBV | /| TSBV BBPV IAPV | /| TRSV
1960 1970 1980 1990 2000 2010 2(50



Biological data

Sampling

=

Messor barbarus (n=20)
Messor bouvieri (n=1)
Messor capitatus (n=3)
Messor concolor (n=1)
Messor structor (n=4)

A Aphaenogaster subterranea (n=1)

Halictus scabiosae (n=11)

Halictus sexinctus (n=1)
/ * Halictus simplex (n=1)
\3 6 species = 3 species
| 30 individuals | 3 individuals

- 5 new complete viral genomes (ssRNA+ virus)




Results

Same genomic organization as a bee virus Lake Sinai Virus

size in nucleotides 2000 nt 4000 nt 6000 nt
L 1 1 ]
ORFI
1 Unknown ’_I_I—‘ Capsid I— Lake Sinai virus
| RdRp |

1600
1400
1200
o 1000
g
g
G 800
600

400

200

o
640X VLR PR F SIS IP PSP SF PP PP PP T FP PP F L L FF LR P LS PSS IS TP PSSP

3000
2500
2000
1500
1000

500

Mapping coverage of a complete genome

Runckel et al, 201 |




Lake SinaiVirus — History

» " Y%

A g4\ J N
b
Belgium honeybees
Ravoet et al
USA honeybees

Spanish honeybees
Granberg et al

2013

Runckel et al

2011

It Discovery

USA honeybees
Daughenbaugh et al 4
Belgium honeybees
Ravoet et al
Colombian Bumblebees
Bombus atratus
Gamboa et al

2012

USA honeybees
Cornman et al

ﬁ 2014

Belgium solitary bees
Andrena vaga,Andrena ventralis
Osmia bicornis, Osmia cornuta

Ravoet et al
.

L ]

African honeybees
Amakpe et al
Belgium honeybees
Bombus pascuorum
Bombus lapidarius
Parmentier et al




Lake SinaiVirus —VWhat do we know !

Is LSV a harmless virus?

LSV is infectious : viral genome replicates in honeybees

Discovered during CCD + positive correlation with
weak bee colonies %

oonm

Daughenbaugh et al, 2015

LSV is closely related to Anopheline Associated C
Virus (AACV)
and Chronic Bee Paralysis Virus (CBPV)

2 77 I
RdRp phylogeny MJQ@
Arthopoda  Insecta # Coleopter: bi-segmented )'3 M
P Y. Diptera: Culicidae v %CBPV 3 iy \\ \
* Diptera: Drosophilidae 1,00 s
k3 Hymenoptera
¥ Lepidoptera
Malacostraca ™ Decapoda
Chordata  Actinopterygii W~ Perciformes
@ Pleuronectiformes
Nematoda Chromadorea ¢© Rhabditida
Unknown  Unknown & Batguano

Schuster et al, 2014 05



4 EoES

RdRp protein ML phylogeny T ey WIS

— NoV AF174533 > (‘ﬁ
091 —PaV NC 003691 Nodaviridae
— MoNV KJ632942 = V

0.6 — AACV NC 023682
— CBPV NC 010711 %%

HsAV : Halictus scabiosae Adlikon Virus

. , [HSAV H
HsAV E || ldentity 98,7% i New genus ! Halictivirus
dos HsAV D i
' LSV 1 HQ871931
I LSV VBP256 KM886904 || Identity 32,5%

1 LLSV 2 HQ888865
LSV exp10 KM886905 - LSV clade
LSV VBP022 KM886902 ‘

LSV VBP166 KM886903
0.95; GAO9R LSV2 9313 1259 7403 5359

GAO9R LSV1 920 5680 W} LSV in ant _

00 09
Discovery of a new genus of wild bee virus ! \/

0.99

LSV described for the first time in ants !



Small scale evolution of Sinaivirus

Focus on LSV diversity

Sinaivirus
Build a most exhaustive phylogeny LSV
and resolved ant LSV position 9
Method '

RT-PCR detection with homemade degenerated
primers for LSV detection

Unknown ] Capsid ’-
RdRp

Sanger sequencing T ¥

ORFI/RdRp

Allow amplification of
all LSV strains

ML phylogeny



Focus on LSV diversity

Sampling for ML phylogeny tree building

Build a most exhaustive phylogeny

All known sequences in public database

6 known LSV genomes ?
-

47 partial LSV published sequences NCBI

Genbank

New LSV sequences

4 LSV sequences found in ants in silico

33 LSV sequences found in honeybees in vivo

Runckel et al, 201 |

Cornman et al, 2012

Ravoet et al, 2013, 2014, 2015
Granberg et al, 2013

Cepero et al, 2014
Daughenbaugh et al, 2015
Parmentier et al, 2016

Bigot et al, in prep

14 samples France
4 samples Italia

3 samples Canada

7 samples Australia
5 samples China
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LSV diversity
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Halictivirus resolves Sinaivirus phylogeny

LSV in other non-Apis bees even in ants

Two LSV strains co-infecting a
unique ant

Once observed in bees

Increase complexity
for management of infection

Diversity not correlated with
geographical origins
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TO s u m u P Article 4, Bigot et al, Virus Evolution, in prep

43 hymenopteran transcriptomes
—> 5 complete viral genomes + 2 partial genomes in ants

- 2 viruses
New HsAV virus — Halictivirus new genus !
HSAV @ LSV described for the first time in ants
i + co-infection
LSV & W
Sinaivirus

Underestimated sampling for bee virus discovery ?

Are bee viruses common in ants ?

What about bee viruses in wild hymenoptera ?



