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Abstract

Parasitesare sometimesable tomanipulate thebehaviorof theirhosts.However, themolecular cuesunderlying thisphenomenonare

poorly documented. We previously reported that the parasitoid wasp Leptopilina boulardi which develops from Drosophila larvae is

often infectedbyan inheritedDNAvirus. Inaddition tobeingmaternally transmitted, thevirusbenefits fromhorizontal transmission in

superparasitized larvae (Drosophila thathavebeenparasitizedseveral times). Interestingly, thevirus forces infected females to layeggs

in already parasitized larvae, thus increasing the chance of being horizontally transmitted. In a first step towards the identification of

virus genes responsible for the behavioral manipulation, we present here the genome sequence of the virus, called LbFV. The

sequencing revealed that its genome contains an homologous repeat sequence (hrs) found in eight regions in the genome. The

presence of this hrs may explain the genomic plasticity that we observed for this genome. The genome of LbFV encodes 108 ORFs,

most of them having no homologs in public databases. The virus is however related to Hytrosaviridae, although distantly. LbFV may

thus represent a member of a new virus family. Several genes of LbFV were captured from eukaryotes, including two anti-apoptotic

genes. More surprisingly, we found that LbFV captured from an ancestral wasp a protein with a Jumonji domain. This gene was

afterwards duplicated in the virus genome. We hypothesized that this gene may be involved in manipulating the expression of wasp

genes, and possibly in manipulating its behavior.
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Introduction

In host-symbiont interactions, selection may favor the evolu-

tion of parasitic strategies that favor the reproduction of the

symbiont even if this comes at a cost on host fitness as far as

host and symbiont genes are not strictly co-transmitted along

generations (Smith 2007). This situation of evolutionary con-

flict is typical of host-parasite interactions. In particular, this

conflict may explain why a wide diversity of parasites alter the

behavior of their hosts, sometimes with spectacular extended-

phenotypes (phenotype corresponding to the joint expression

of the genes of the host and the parasite). For instance, many

trophically transmitted parasites modify the behavior of their

host in a way that enhances the chance of being predated,

thereby increasing their chance to reach the next host (Moore

2013). Examples of such phenomena include mice infected by

the protozoan Toxoplasma gondii that renders infected mice

attracted by the odor of cats’ feces, thus facilitating the trans-

mission to its definitive host (McConkey et al. 2013). Striking

examples of host behavior manipulation involve parasites as

diverse as trematodes, bacteria, fungi and viruses, showing

that evolution has repeatedly favored such manipulative

strategy.

We previously described a case of behavior manipulation

involving a virus and a parasitic wasp. In this system, the wasp
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Leptopilina boulardi lays its eggs into Drosophila larvae. The

wasp then develops within the Drosophila larva which con-

tinues its own development. However, once the Drosophila

has pupated, the developing parasitoid starts to consume es-

sential organs of the Drosophila, ultimately killing the fly.

Parasitoid wasps, like most Hymenoptera, display sophisti-

cated behavior (Godfray 1994). In particular, when foraging

females encounter a new host, they have the capacity to

detect whether this potential host has already been parasitized

or not. In most conditions, parasitoid females refuse to lay

eggs in already parasitized hosts. This decision makes sense

since the second parasitoid egg is usually at competitive dis-

advantage in “superparasitized” hosts. However, females

sometimes superparasitize. This paradoxical decision was

first interpreted as being the consequence of “errors” on

the part of the egg-laying females (Van Lenteren & Bakker

1975). Later, this interpretation was challenged by experi-

ments showing that females superparasitize only when they

have no better solution around, i.e. when the overall environ-

ment quality is low. This last observation led scientist to for-

mulate an adaptive interpretation of this behavior: laying a

second egg in a host may still pay if this egg has a nonnul

probability to win the competition for the possession of the

host, which is the case. Several experiments and theoretical

models, in particular done using Drosophila parasitoids as

model system, globally validated this interpretation (Van

Alphen & Visser 1990).

Contrary to what was expected, we found that superpar-

asitism behavior in L. boulardi is in fact mostly under the con-

trol of a DNA virus called LbFV for Leptopilina boulardi

Filamentous Virus (Varaldi et al. 2003, 2006). In other

words, LbFV forces the females to accept already parasitized

hosts. Interestingly, in situations of superparasitism, the virus is

able to be horizontally transmitted to the developing parasit-

oid. Thus, this behavior modification (induction of superpara-

sitism), directly favors the horizontal transmission of the virus.

Accordingly, by a theoretical approach, we showed that the

virus is always selected to increase the natural tendency of the

wasp to superparasitize, which indicates a conflict of interest

on this trait, and shows that this is a case of behavior manip-

ulation (Gandon et al. 2006). In addition to horizontal trans-

mission under superparasitism, the virus is vertically

transmitted (from mother to offspring) with very high effi-

ciency and reaches high prevalence (~95%) in some natural

populations (Patot et al. 2010). The effect of the virus is mostly

restricted to superparasitism. For instance, females have sim-

ilar lifetime expectancy, although they incur a modest cost on

size (Varaldi et al. 2005). Interestingly, the virus also brings a

slight protection for the wasp egg against the immune reac-

tion of some Drosophila strains (Martinez et al. 2012), under-

lying the multidimensionalty of the relationship between the

virus and the wasp.

Electron microscopy investigations in female wasp ab-

domen revealed that LbFV produces large (~1 mm) flexible

rod-shaped enveloped particles. The replication of the

virus within a virogenic stroma, typical of DNA viruses,

has been observed in the nucleus of cells in wasp ovaries.

We also found that both ovaries and poison gland extracts

are infectious to uninfected parasitoid larvae and can du-

rably change the behavior of adult wasps and their off-

spring (Varaldi et al. 2006). A previous transcriptomic

work gave access to the first molecular sequence of

LbFV, and confirmed that LbFV is a DNA virus (Patot

et al. 2009).

In an attempt to better characterize this peculiar virus and

to give the opportunities to identify the molecular determi-

nants underlying the behavior manipulation induced by LbFV,

we present here its genomic sequence and its genomic struc-

ture. This work revealed that LbFV is related to the Salivary

Gland Hypertrophy Viruses found in the tstse fly and the do-

mestic fly (Abd-Alla et al. 2009), but is still very distant to

them, possibly belonging to a new virus family. We also

found that LbFV captured several eukaryotic genes. The puta-

tive function and evolutionary history of these genes are

discussed.

Material and Methods

Behavior Assay

To test the phenotype of females, we used the same protocol

as in Varaldi et al. 2003. A single isolated female 1 to 2-day old

was placed into a Petri dish containing ten Drosophila larvae

(first instar) on a layer of agar and baker yeast. The female was

introduced at 5 pm and removed the following day at 10 am

(i.e. after 17h exposure). Two or three days after, a sample of

three Drosophila larvae were dissected under the binocular

microscope to count the number of parasitoid eggs and/or

larvae. The behavior of each female was measured as the

mean number of eggs per parasitized Drosophila larva. All

experiments and rearings were conducted in a climatic cham-

ber at 25 �C and 70% humidity. Parasitoid originated from

Sienna (Italy) and the virus originated from Gotheron (near

Valence, France). The virus was transferred from the

Gotheron strain to the (initially uninfected) Sienna strain by

natural superparasitism as described in (Varaldi et al. 2003).

Parasitoids were reared on the same Drosophila melanogaster

strain (originating from Sainte-Foy-lès-Lyon, near Lyon,

France).

Isolation of Genomic DNA of LbFV

About 2 g of adult parasitoid wasps were homogenized in a

buffer (20 mM Tris–HCl pH 7.5, 10 mM KCl, 4 mM MgCl2, 6

mM NaCl, 1 mM Dithioerythrol, 0.1% Tween-20) using a

Tissue-Lyser apparatus (Qiagen) during 30 s at 30 Hz. The

solution with crushed wasps was centrifuged at 1,000�g

during 5 min and the supernatant was filtrated through

three successively filters (hydrophilic, Minisart, Sartorius) with
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pore size decreasing from 5mm to 1.2mm and to 0.45mm.Final

concentrations of 400mg/ml RNaseA and of 0.5 units/ml DNaseI

were adjusted in the flow-through and incubated 2 h at room

temperature. Nucleic acids were then extracted with SDS-pro-

teinase-Kand phenol-chloroform-pH7 andwere precipitated

with isopropanol.Thepelletofnucleicacidswasresuspended

in TE 10-1 with RNaseA and nucleic acids of low molecular

weight were removed with a precipitation in 6.5% PEG 6000

and 0.8% NaCl. Purified nucleic acids were digested by

DNase I and RNase A to determine their nature. Digested nu-

cleicacidswerethentreatedwithphenol/chloroform/isoamyl

alcohol (25:24:1, pH 6.8) and precipitated with ethanol and

sodium acetate before resolution on agarose gel.

Sequencing Strategy

The purified DNA was first sequenced using the 454 technol-

ogy on a GS Junior platform. Library construction was per-

formed with the Roche dedicated kit (Lib L protocol) according

to manufacturer instructions. About 117,777 reads were ob-

tained with a mean read length of ~370 bp. Because of the

high AT content of the genome (~80%), the genome draft

contained long homopolymers and the 454 technology gave

numerous sequencing errors. We thus decided to sequence

again on an Illumina Miseq platform. The library was prepared

using the Ovation Ultralow kit (Nugen) starting from ~40 ng

of purified virus. The mean insert size was ~580 bp (min~450

bp max~850 bp) and read length was 2�250 bp. About

14,474,973 paired-end reads of high quality (mean quality

score 34) were obtained.

Long-Reads Sequencing

Because the previous sequencing data did not lead to a single

circular chromosome (as was expected from preliminary data),

we decided to generate long reads using MinION Nanopore

sequencing (Oxford Nanopore Technologies, ONT). The quan-

tity of DNA extract (~40 ng) being limited, the Low Input

protocol for genomic DNA was used to construct the library,

following ONT and manufacturers’ instructions. The DNA was

first sheared with a Covaris g-TUBE leading to fragments dis-

tributed ~8 kb. After end-repair and dA-tailing performed

with New England Biolabs (NEB) reagents, the Low Input

Expansion Pack was used in conjunction with Nanopore se-

quencing kit (ONT SQK-MAP006) to build the final library. The

totality of the library, without supplementary purification step,

was deposited on a flow cell (R9) connected to a MinION

MK1.0. The 48-h genomic DNA sequencing script was run

in MinKNOW v0.51.3.40, but stopped after 44 h, and the

Metrichor v2.39.3 was used for base calling. Only 2D reads

(7,996 reads generated) were taken into account for the fur-

ther analyses and extracted using the minoTour interface

(http://minotour.nottingham.ac.uk/) developed by Matthew

Loose (Loose 2014).

Assembly Strategy for 454 + Illumina Dataset

After quality trimming, the 454 reads were assembled using

Newbler 2.5.3 using default parameters. This led to ten puta-

tive viral contigs from 1,559 to 24,643 bp.

From the 14 million of paired-end Illumina reads, we took

only 100,000 quality-trimmed reads to feed the Velvet assem-

bler (version 1.2.09). We used only 100,000 reads (corre-

sponding to a final 170� coverage) because we observed

that Velvet gave not meaningful results with higher number

of reads. We tested various kmer values (from 25 to 101).

Since we did not have any reference genome, it was difficult

to estimate the reliability of assemblies based on simple statis-

tics like N50 because misassemblies may artificially increase

N50. Thus, we used REAPR (Hunt et al. 2013) which is de-

signed to use mapping of paired-end reads to evaluate the

reliability of an assembly. Contigs are then cutted at points

where coverage data suggest misassemblies. The software

produces corrected N50 and other statistics calculated after

this contigs-breaking process. Based on that and on further

visual inspection of mappings, we choose k57 as the best

assembly. Because REAPR suggested misassemblies for all k

values, including the k57 assembly, we choose to run another

assembly without scaffolding with k = 57.

To confirm the sequence of these contigs, we used the

software Price (Ruby et al. 2013). This software performs a

paired-read iterative contig extension and is designed to as-

semble sequences starting from a seed. Starting from 500 bp

seeds defined in the middle of each viral contigs of the assem-

bly k57 (without scaffolding), Price was used to extend the

contigs. Price confirmed the sequence previously obtained

with Velvet and extended all but one contig of 10 bp to a

few kb. We ended up with eight putative viral contigs. REAPR

was run again using 240,000 independent reads on this new

assembly and the results suggested that one contig should be

split in three parts. Accordingly, Price did not extend this

contig but instead gave three sub-parts starting from three

different seeds (one in the 50 part, one in the middle, one in

the 30 part). Accordingly, the contig “70” has been split in

three parts.

Finally, we compared this assembly with the assembly pre-

viously obtained with 454 reads using the software Mauve

version 2.3.1 (Darling et al. 2004). The draft obtained with

the 454 reads indicated two contig connexions that were not

found in the Miseq genome draft.

Before the addition of the long-reads, the LbFV draft con-

tained eight contigs from 2,213 to 24,608 bp and was further

validated by running the REAPR pipeline. Most of the se-

quence manipulation was done in R using the package

seqinr (Charif & Lobry 2007). The data for the construction

of the De Bruijn graph were extracted from the LastGraph file

produced by Velvet and visualized by Cytoscape (Shannon

et al. 2003).
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Identification of Repeated Sequences

To identify large homologous sequences (hrs), we used a re-

ciprocal BLAST approach. The draft was blasted against itself

using default parameters, and it was evident from this analysis

that a large repeated sequence was present at each extrem-

ities of the contigs (obtained using the 454 and Illumina se-

quencing.) We then extracted the 2,500-bp left and right

flanking regions of each contig and aligned them after reverse

complementation for right extremities. The 16 sequences

were aligned using MUSCLE (Edgar 2004) as implemented

in SeaView (Gouy et al. 2010). By eye, a subset of ten se-

quences was selected because they appear to align on a

larger portion of the sequence. Based on these ten aligned

sequences, a consensus sequence was derived (60% thresh-

old). Finally a block of highly conserved 425 bp was defined by

visual inspection. This 425bp consensus sequence was

then used as a query in a BLAST against the genome of

LbFV to identify all full or partial copies of this repeated

element. All hits were then extracted and aligned using

MUSCLE and a 449bp consensus sequence was derived in

Jalview (http://www.jalview.org/). The secondary struc-

ture of this sequence was predicted using the software

RNAstructure with default parameters except that we se-

lected the DNA option.

(http://rna.urmc.rochester.edu/RNAstructureWeb/Servers/

Predict1/Predict1.html).

Simple direct repeats were searched for using Tandem

Repeats finder (Benson 1999) ran on a MacOS X with default

parameters. Only simple repeats with score> 100 were con-

sidered in the analysis and represented in the figure. Inverted

repeats were searched for using the online software einverted

(http://emboss.bioinformatics.nl).

A draft of the LbFV genome of LbFV masked for hrs se-

quence and any repetition was obtained by a reciprocal BLAST

approach. Sequences with percentage identity >90% and

with >60 nucleotides aligned were replaced by Ns.

Combinatory PCR

To identify the connexions between the eight contigs (ob-

tained after the 454 and Illumina sequencing), we designed

16 highly specific primers in nonrepeated flanking regions of

each contig (Tm ~70 �C, see table S1). The 30 end of the

primers was oriented towards the nearest end of the contig

(either left or right side) in order to amplify the putative DNA

present between the contigs. All combination of pairs of pri-

mers were included in the PCR assay, including controls with-

out DNA or with a single primer. PCRs were performed in

20 ml containing 1 ml of viral nucleic acid template (similar to

the DNA extract used for sequencing), 1� Phire Reaction

Buffer, each dNTP at a concentration of 50 mM, each of the

two primers at a concentration of 0.5 mM, 3% DMSO and 0.4

ml of Phire Hot Start II DNA Polymerase (Thermo Scientific). The

following cycling program was used: Initial denaturation 30 s

at 98 �C, Cycling conditions: 5 s at 98 �C, 5 s at 68 �C, and 2

min at 72 �C, final extension 5 min at 72 �C (Tetrad2 DNA

engine, BioRad).

Scaffolding Using MinION Long-Reads

The MinION run produced 7,996 2D reads with a mean length

of 4,183 bp (3d quartile 6,045 bp). Reads with length>3 kb

were blasted against the eight contigs previously identified

(masked for the hrs sequence) using high stringency criteria

(e-value< 10e-20 and alignment length> 1,000 bp). The

mean identity between MinION reads and the previously ob-

tained contigs (masked for repeated regions) was 78% which

is consistent with the known error rate of MinION technology

(Jain et al. 2015). The reads mapping to two contigs were then

collected and aligned with the ends of the two corresponding

contigs using mafft v7.294b (default parameters, Katoh et al.

2002). This allowed to generate a circular molecule of

111,453 bp.

Validation of the Assembly

To test the validity of the final assembly, we mapped 100,000

MiSeq reads and the totality of 2D MinION reads (n = 7,996)

against the final circular draft genome. Miseq reads were

mapped using bowtie2 with default parameters-except -X

1200 (Langmead & Salzberg 2012). Discordant mapping

were removed using samtools (Li et al. 2009). MinION 2D

reads were mapped using the software graphmap using the

following parameters: -C -t 8 -B 50 (Sovic et al. 2016). By eye

inspection of the mapping of Illumina reads (that have low

error rates), we corrected a few small residual errors present in

the draft (1 bp errors and 1 bp insertions/deletions). After a

round of correction, the reads (both Illumina and MinION

reads) were mapped again to verify the quality of the cor-

rected draft. The procedure was repeated 4 times until achiev-

ing a satisfying result (111,453 bp). Note that since MinION

has a high error rate, we decided to replace by Ns the se-

quences that were obtained only with MinION reads (hrs-con-

taining regions) in the released genome. Nevertheless, in this

article we also analyzed the hrs-containing regions by studying

the consensus MinION sequences. In particular, we tested for

the presence of conserved motifs in these hrs-containing re-

gions using the online MEME server (Bailey et al. 2009) with

the following parameters -dna -oc -nostatus -time 18,000 -

maxsize 60,000 -mod anr -nmotifs 8 -minw 6 -maxw 50 -

revcomp. We also studied the predicted 2D structure of

these regions by using the RNAfold webserver with default

parameters (except DNA option).

Gene Content and Gene Phylogenetic Reconstruction

Gene prediction was performed using the ORFFinder program

(http://www.ncbi.nlm.nih.gov/gorf/gorf.html). Only open

reading frames (ORFs) starting with a methionine and

ending with a stop codon, with at least 50 amino acids and
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with minimal overlap (<23 nucleotides) were considered as

valuable candidates for being true ORFs.

The 108 predicted ORFs were analyzed against Uniprot

using the hmmer webserver (Finn et al. 2011) using a thresh-

old of 0.001 and a BLOSUM45 substitution matrix which is

more suited to divergent alignments. For each protein, we ran

the phmmer for searching similarities with known proteins

and the hmmscan for the identification of conserved domains.

Both algorithms were ran with default parameters. Only do-

mains with individual e-value<0.0001 were reported. For

ORFs with eukaryotic homologs in public databases, we addi-

tionally searched for viral homologs in the draft genomes of

Leptopilina species (L. boulardi, L. heterotoma, L. clavipes) and

the related Ganaspis sp. (unpublished). Proteins were pre-

dicted manually from the BLAST output (for Leptopilina spe-

cies) or with Augustus gene prediction webserver using

Nasonia as gene model (for Ganaspis sp.).

To construct phylogenies, we selected a representative

subset of the proteins identified by phmmer, aligned them

using muscle and selected conserved blocks using Gblocks

as implemented in the command line version of seaview

(Gblocks was run with options -b2 -b4 -b5). The phylogenies

were constructed using PhyML (with options -d aa -m LG -b -4

-v 0.0 -c 4 -a e -f m). The branch supports were estimated by

approximate Likelihood ratio tests (aLRT).

Promoter Analysis

We searched for conserved DNA motifs in the 300bp up-

stream of each predicted ORF using the webserver MEME

(Bailey et al. 2009) with the following parameters -dna -oc -

nostatus -time 18,000 -maxsize 60,000 -mod anr -nmotifs 8 -

minw 6 -maxw 50 -revcomp. The first identified motif corre-

sponded in fact to a portion of the identified hrs sequence.

This motif was not represented in the figure (supplementary

fig. S4, Supplementary Material online). Logo motifs were

then obtained using the webserver weblogo (Crooks et al.

2004).

Phylogenomic Analysis

In order to position LbFV in the phylogeny of large dsDNA

viruses of arthropods, we constructed a local database con-

taining the predicted proteins from 13 arthropod dsDNA vi-

ruses (see table 1). We then blasted the predicted proteins

from LbFV on this database with an e-value cutoff of 0.01.

From this analysis we identified six LbFV ORFs that had at least

four hits with the 13 virus species present in the database

(ORF37, ORF52, ORF58, ORF85 and ORF106 see supplemen-

tary table S5, Supplementary Material online). The proteins

were aligned using MUSCLE and conserved blocks were iden-

tified using Gblocks as implemented in the command line

version of Seaview (Gblocks was run with options -b2 -b4 -

b5). The alignment of conserved blocks were concatenated

and a phylogeny was constructed on the combined alignment

using PhyML (with options -d aa -m LG -b -4 -v 0.0 -c 4 -a e -f m).

The branch supports were estimated by approximate

Likelihood ratio tests (aLRT). The congruency of the phyloge-

netic signal among the six genes was tested by comparing the

likelihood of individual gene tree (unconstrained) to the like-

lihood of a constrained tree using the final tree as the con-

straint. This was performed using RaxML (with a LG

substitution matrix) with an SH-test (Stamatakis et al. 2012).

All six genes showed congruent phylogenetic signal with the

final phylogeny based on concatenated data. Preliminary phy-

logenetic analysis suggested that these ORFs were not

acquired by horizontal transfer but were rather vertically trans-

mitted since the divergence with other large dsDNA viruses.

Results

Based on previous results it was known that the virus LbFV

was responsible for the superparasitism behavior in L. bou-

lardi. We established two lines with the same genetic back-

ground (origin Sienna, Italy), but displaying very contrasting

behavior (Varaldi et al. 2006). The virus-uninfected NS

(“nonsuperparasitizing”) line almost systematically refuses su-

perparasitism (fig. 1A) whereas the S (“superparasitizing”)

line, infected by the virus LbFV, displays intense superparasit-

ism tendency (fig. 1B). Importantly, both lines lay only a single

egg per oviposition but sharply differ in their decision to

accept already parasitized hosts. The S line (Sienna) was

used to further characterize the virus.

Preliminary Analysis of the Structure of LbFV Genome

Following extraction and purification of the viral genetic ma-

terial (from the S line), a gel electrophoresis revealed two

bands, one of them with a high molecular weight (fig. 2A).

This band was absent from nonsuperparasitizing lines (not

shown) and was DNAse sensitive but not RNAse sensitive

(fig. 2B). The smaller band present in both lines was in fact

an RNA virus related to Totiviridae and has been described

elsewhere (Martinez et al. 2015). We were not able to

visualize a clear band after pulsed-field gel electrophoresis

(not shown). The quantity of viral DNA obtained was low

(~40 ng) even if we pooled thousands of wasps (~2 g) for a

single purification. The DNA was first subjected to sequencing

technologies available at that time and able to work with such

low DNA quantities (454 and Illumina paired-end technolo-

gies). The reads obtained were assembled (see “Methods”

section for details). Because preliminary morphological and

genomic analysis of LbFV genome suggested that LbFV was

related to other large dsDNA arthropod viruses (Baculoviruses,

Nudiviruses, Hytrosaviruses), whose genome consists of a

large circular dsDNA molecule, we expected to obtain a

single contig after the assembly. However, independently of

the sequencing technology (454/Illumina), and of the assem-

bler used (Newbler, Velvet, Mira), we systematically ended up

with several contigs presumably belonging to LbFV genome.
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After assembly and the subsequent bioinformatic pipe-

line, we obtained eight large contigs sharing similar GC

content (~21.5%) and similar coverage (~170�). Most of

these contigs (7/8) shared similarities with known viruses

based on blast analysis (see below). Importantly, the se-

quences contained in these eight contigs were connected

in the de Bruijjn graph generated by the assembler Velvet

(fig. 3), suggesting that these eight contigs are part of a

single DNA molecule. These eight contigs sum up to

113,482 bp which is in the range of other arthropods

dsDNA viruses genome size.

Viral Contigs Are Flanked by Homologous Regions

We first searched for homologous regions (hrs) within or

among those eight contigs using reciprocal BLAST. This
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FIG. 1.—Superparasitism phenotype associated with LbFV infection: distribution of wasp eggs deposited by (A) nonsuperparasitizing uninfected females

and by (B) LbFV-infected superparasitizing females within Drosophila larvae. Wasp were tested under controlled laboratory conditions (see “Methods”

section for details). The number of female tested was 6 and 20, respectively, for NS and S lines.

Table 1

Genomic features of representative dsDNA insect viruses

Virus name Family Accession no. Genome

size (bp)

n genes AT Coding

density (%)

# BLASTp hits

with LbFV ORFs

as queries*

# best BLASTp hit

with LbFV ORFs

as queries*

Lymantria dispar multipleNPV Baculoviridae NC_001973 161,046 164 42.5 87.5 8 2

Cydia pomonellaGV Baculoviridae NC_002816 123,500 143 54.7 90.1 7 2

Autographa californicaNPV Baculoviridae NC_001623 133,894 156 59.3 97.2 5 0

Neodiprion setiferNPV Baculoviridae NC_005905 86,462 90 66.2 84.5 7 0

Culex nigripalpusNPV Baculoviridae NC_003084 108,252 109 49.1 91.2 4 0

Glossina pallidipesSGHV Hytrosaviridae NC_010356 190,032 160 72.0 86.5 16 9

Musca domesticaSGHV Hytrosaviridae EU522111 124,279 108 56.5 90.9 20 8

Gryllus bimaculatusNV Nudiviridae EF203088 96,944 98 72.0 93.6 6 2

Tipula oleraceaNV Nudiviridae KM610234 145,704 131 74.5 85.7 5 2

Heliothis zeaNV-1 Nudiviridae AF451898 228,089 154 58.2 69.4 8 2

Oryctes rhinocerosNV Nudiviridae EU747721 127,615 139 58.4 88.5 6 1

Penaeus monodonNV Nudiviridae KJ184318 119,638 115 65.5 95.6 6 0

Apis melliferaFV unassigned KR819915 496,396 247 49.2 65.0 12 4

Leptopilina boulardiFV unassigned KY009685 111,453 108 78.7 80.0 – –

*Represents e-values<0.01
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analysis revealed that all eight contigs contain one or several

copies of a very similar sequence of ~449 bp. This sequence

was only found in the 50 and 30 extremities of each contig and

the different copies of it were highly similar with each other,

with pairwise identity ranging from 85% to 100% and with a

mean of 95% (fig. 4). All eight contigs were flanked with this

homologous sequence either complete or partial. For some

contigs, several partial or complete copies of this homologous

sequence were present in the flanking regions. We found that

the consensus sequence of all copies of this element is pre-

dicted to contain a peculiar secondary structure with an hairpin

at its 30 end (between positions 365 and 449) (supplementary

fig. S1, Supplementary Material online). No other inverted se-

quence were identified by the software einverted.

Finishing the LbFV Genome

Aspreviouslymentioned,basedonpreliminarydatashowing its

apparent relatedness with other large dsDNA viruses of insects,

we expected the genome of LbFV to be composed of a single

circular DNA molecule. Yet, in spite of numerous attempts to

reduce this number either bioinformatically or experimentally,

we systematically ended up with eight contigs flanked by this

homologous region. Notably, similar assembly problems were

FIG. 3.—Simplified De Bruijn graph showing the connexions among viral contigs after assembly of Illumina reads. Each circle, so called node in the Velvet

terminology, represents a contig. Its diameter is proportional to its length. Each edge connection between two contigs indicates contiguity among contigs.

Edge width is proportional to the number of connexions found among nodes. The dark grey circles represent the eight large contigs identified by Velvet

assembler (13, 101, 65, 42, 99, 70, 67, 12).

FIG. 2.—Characterization of the viral nucleic acids. (A) Electrophoresis

of viral nucleic acids extracted from Leptopilina boulardi wasps and (B) viral

nucleic acids were treated with DNAse I or RNAse A. ND, not digested. The

ladders are expressed in kilobases.
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encountered when we sequenced the whole DNA extracted

from a single LbFV-infected female (not shown).

Togain insightsonthestructureofLbFVgenome,weblasted

the 14 millions Miseq paired-end reads against the eight LbFV

contigs masked for the hrs sequences and all other repetitive

sequences in the genome. A BLASTn with default parameters

wasused.Wethenfilteredoutthepairsof readsthatmappedto

different LbFV contigs because they may reveal contig connex-

ions. Only the reads that mapped with high specificity (percent

identity> 95%,alignmentlength>60bpande-value< 10�15)

within the 2,000bp extremities of the contigs were considered.

A total of 96 paired-end reads passed the filtering process.

Various connexions were identified for each contig extremities

(fig.5A). This result suggests that LbFVhasacertain recombino-

genic ability possibly because of the presence of the large ho-

mologous regions hrs.

Next we designed PCR primers in nonrepeated sequences

at both ends of each contig in order to amplify the putative

gaps among the eight contigs. Among the 120 PCR (16 pri-

mers, all potential connexions investigated), 51 were positive.

Importantly, most individual primer did amplify with several

other alternative primers, suggesting that each contig has sev-

eral connexions with other contigs (fig. 5B). Importantly,

within a single PCR reaction, some primer combinations

gave several bands within a single PCR reaction suggesting

that polymorphism was also present in these peculiar genomic

regions (fig. 5C). Accordingly, our attempts to Sanger se-

quence these PCR products always gave multi-peak se-

quences, suggesting the presence of polymorphism in these

regions (not shown). This PCR-based assay suggested that the

population of the virus is composed of several genome vari-

ants with the eight contigs showing different orientation and

with polymorphism in between two consecutive contigs.

However, we must stress that since those results are based

on PCR amplifications, they do not inform on the relative

abundance of each variant (neither on the arrangement

among contigs nor on the nucleotidic variation between

contigs).

Resolution of the Virus Genome Structure Using Long-
Read Sequencing

In order to resolve the structure of the genome, we sequenced

the same DNA extract by MinION Nanopore technology that

produces long reads. This approach is expected to overcome

the problem of repeat regions to assemble the eight contigs

because the reads generated are long (many kbs), largely ex-

ceeding the size of the hrs motif (449 bp). We obtained 7,996

2D reads with a mean length of 4,183 bp (3d quartile 6,045

bp). Reads with length>3 kb were blasted against the eight

contigs previously identified (masked for the hrs sequence)

using high stringency criteria (e-value<10e-20 and alignment

length>1,000 bp). The mean identity between MinION reads

and the previously obtained contigs (masked for repeated re-

gions) was 78% which is consistent with the high error rate of

MinION technology. Still, the long MinION reads allowed us to

scaffold the contigs. We selected the reads that blasted with

two contigs (n = 209 reads), aligned them with the corre-

sponding contigs and checked visually all the putative connex-

ions. We found that these connexions defined a circular

molecule encompassing the eight previously identified con-

tigs. The order was the following: contig 1, contig 3 (reverse

complement), contig 8 (reverse complement), contig 4, contig

6, contig 5, contig 2 (reverse complement), contig 7 (reverse

complement) and again contig 1.

The number of MinION reads bridging the gaps between

contigs was between 7 and 40 per connexion (the alignment

files of each connexion are available upon request). Thus, the

MinION data allowed us to scaffold the eight contigs previ-

ously obtained by 454 and Illumina sequencing leading to a

single circular genome of 111,453 bp as was expected based

on the relatedness of LbFV with other large dsDNA viruses of

insects. Interestingly, the same order and orientation of con-

tigs was obtained by assembling the MinION reads using the

long-reads assembler CANU (Koren et al. 2016, result not

shown). To further test the validity of the resulting draft, we

mapped a sample of the Illumina reads (n = 100,000) and the

totality of MinION 2D reads on the circular genome obtained

(fig. 6). The data indicated that the coverage of Illumina reads

was globally homogeneous but felt to zero between the con-

tigs, as expected. On the contrary, the coverage of the long-

reads MinION was homogeneous all along the circular

genome indicating that the assembly is correct. Thus the

MinION long-read sequences allowed to connect contigs

and resolve the overall structure of the genome. However,

because of the high error rate of MinION reads, we let the

sequences connecting the eight contigs as unresolved (Ns)

FIG. 4.—LbFV contigs identified after assembling Illumina and 454 reads are flanked by homologous regions (hrs). Alignment of homologous regions

found in the LbFV genome. The contig name, start and end position of each sequence is indicated on the left. The last line of the alignment corresponds to

the final consensus sequence of all contigs.
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because only MinION reads are available in these genomic

regions. Notably, we found no evidence of shuffled contig

orientation in the MinION dataset, contrary as was found

using PCR and Illumina data.

Analysis of the Complete Genome of LbFV: Repeated
Elements

Because of the high error rate of MinION reads we let the

sequence connecting two contigs as unresolved (Ns) in the

fasta file submitted to genbank, since they are not reliable

with ~22% error rate. However, we used the consensus se-

quence of those MinION reads to complement the data and to

identify the general features of these eight hrs-containing ge-

nomic regions (see fig. 6 for the localization of the hrs-con-

taining regions). The GC content of these regions was much

higher than in other regions of the genome (0.347 vs. 0.213,

�2 =251.12, df =1, P value< 2.2�10e-16, fig. 6). Furthermore

we identified eight highly conserved homologous blocks

among the eight regions (supplementary table S2 and fig.

S3, Supplementary Material online). All blocks were repeated

several times within each genomic region with a clear nonran-

dom distribution, suggesting a function role for them.

Moreover, the predicted 2D structure of those regions was

extremely complex and stable, explaining the difficulty for ob-

taining good PCR amplification (supplementary fig. S5,

Supplementary Material online). Several DNA viruses such as

baculoviruses contain homologous regions in multiple loca-

tions of the genome. They function as origin of replication

and for some baculoviruses also as enhancer of the transcrip-

tion of adjacent genes (Hilton and Winstanley 2008).

In addition, direct repeats were also found in four putative

gene coding sequences (ORF51, 61, 74, 108). ORF51 contains

two repetitions of a 33bp motif (94% identity) followed by

two repetitions of a 69bp motif (98% identity). Consequently,

the predicted protein contains two peptide repetitions

(ELGDKMPCKRK–ELGKKMPCKRK, KPSSSKIPNEK

KDIINNDNNDDN-KPSSSKIPNEKKDIINNDNNDDN). ORF61 con-

tains a direct repeat of 33 bp repeated 23.5 times (93% mean

identity). Again, the predicted protein from this ORF contains a

corresponding 23 repetition of the consensus peptide TTTTT

STTLKP. ORF74 contains a 27bp motif repeated 3.3 times

(96% mean identity) leading to the repetition of a 9 amino

acid motif (ARTASPRKR) in the predicted protein. Finally,

ORF108 contains a 21bp motif repeated 12.7 times that trans-

late into a repetition of a 7amino acids peptide (EDKKIM).

ORFs 46 and 47 correspond to the direct repetition of a

194bp DNA motif. In addition, ORF33 and ORF35 were very

FIG. 5.—Connexion among contigs identified by (A) mapping paired-end reads on the LbFV contigs masked for repeated sequence. The eight LbFV

contigs are arbitrarily ranked according to their length and represented within a circular chromosome. Grey areas indicate genomic regions homologous to

the hrs motif. The blue lines represent the mapping of paired-end reads on different contigs extremities. In total 96 blue lines are represented corresponding

to 96 paired Illumina reads. (B) PCR amplification. The 16 PCR primers used in this experiment are symbolically represented by the arrows (not scale). 51 out

of 120 primer combinations gave a positive PCR and are represented by a blue line connecting contig extremities. The red lines indicate two cases where the

PCR was positive with a single primer. (C) The PCR amplifications often gave several bands. As an example, the PCR product obtained with the 7f and 2r

primers (identified in fig. 5B by stars) is shown. The full set of gel images is provided in supplementary figure S2, Supplementary Material online. �, molecular

weight marker; 7f2r, PCR product.
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similar to each other as well as ORF11 and ORF13, suggesting

a duplication event took place for these ORFs.

Polymorphism

By mapping the Illumina reads on the final genome sequence,

we found clear evidence of single nucleotide polymorphism

(SNPs) at two positions, using a minimal allele frequency of

0.1. In position 39,694, the base was either an A (65.4%) or a

G (33.3%) out of 162 reads (2 occurrences of T were also

observed at that position but this may be the consequence of

sequencing error). This A/G polymorphism is expected to

translate into amino-acid change in position 73 of ORF39

(Tyr =>Asn). In the intergenic position 85367, we identified

an A/T polymorphism (42% A, 58% T out of 176 reads). In

addition, apparent mismatches were observed in the reads

mapping in the hrs-containing regions and in the repeated

region of ORF61. However, it is unclear whether this is a con-

sequence of true polymorphism or to incorrect mapping of the

reads in these repeat-containing regions.

Gene Content and Evolutionary History

A total of 108 putative almost nonoverlapping open reading

frames (ORFs) starting with a methionine and a minimum

length of 50 amino acids were identified (min = 51,

max = 1,613, mean = 277.4 amino acids) and distributed

equally on both strands (fisher test P value = 0.17). All together

the predicted ORFs cover 80% (out of 111,453 bp) of the

genome which is in the range of what is observed for other

arthropods large dsDNA viruses (table 1). Among these ORFs,

only 33 have significant protein and/or domains hits (e-

value<0.001) identified by hmmer algorithm (table 2).

Putative Structural Proteins

Based on their hmmer best hits, three LbFV ORFs were iden-

tified as putative structural proteins: ORF52 and ORF63 which

are homologous to per os infectivity factors (Pif) (respectively,

pif-2 and p74) and ORF106 which is homologous to

Occlusion-Derived Virus (ODV) enveloppe protein. Pif proteins

are typically found in arthropod large dsDNA viruses such as

Baculoviridae in which they are essential to ensure oral infec-

tivity (Peng et al. 2010; Mu et al. 2014). BLASTp searches (not

shown) revealed the presence of a odv-e66 domain in ORF106

(e-value = 6.06e-17).

The closest homologs of these three LbFV ORFs (52, 63 and

106) were found in Hytrosaviridae, although homologs in

other arthropod large dsDNA viruses were also detected.

Hytrosaviridae is a recently described family of dsDNA viruses,

with two representative species infecting the domestic fly

Musca domestica and the tsetse fly Glossina pallidipes.

Hytrosaviruses induce a salivary gland hypertrophy symptom

although they often persist as a latent asymptomatic infection

(Abd-Alla et al. 2008). In Hytrosaviridae, the homologs of the

three LbFV proteins are part of the proteome of mature viral

particles either in MdSGHV (Garcia-Maruniak et al. 2008) and/

or in GpSGHV (Kariithi et al. 2010, 2012) suggesting that ORFs

52, 63 and 106 encode structural proteins of LbFV. ORF106

was predicted to contain a Lyase domain in its N-terminal part.

Lyases are enzymes responsible for the breaking of chemical

bonds capable of acting on chondroitin, such as Chondroitin

sulfate proteoglycans (CSPGs), or hyaluronan. CSPGs are pre-

sent in various insects’ tissues. In the silkworm, where its dis-

tribution has been analyzed in detail (Sugiura et al. 2013),

CSPGs seem to concentrate at the peritropic membrane

where baculovirus infection initiates. Interestingly, it has

been found that ODV-e66 has a chondroitinase activity that

may facilitate infection during oral infection (Sugiura et al.

2011). The lyase domain identified in ORF106 may thus

have a similar chondroitinase property for LbFV.

ORF81 contains an ATPase domain with homologs in ar-

chaea, eukaryotes and bacteria and also in Hytrosaviridae. The

proteins encoded by the homologs of ORF81 in both species

of Hytrosaviruses have been detected in mature particles of

MdSGHV and GpSGHV, suggesting that they may also be

structural proteins of LbFV.

Based on the hmmer search, ORF78, ORF85, ORF92,

ORF96 and ORF97, have either no hits or hits with

Hytrosaviridae. However, using a BLASTp search on a

custom database containing the arthropod large dsDNA vi-

ruses presented in table 1, we found a putative homolog of

each of these LbFV proteins in the genomes of both GpSGHV

and MdSGHV but not in other virus species. Interestingly, the

corresponding hytrosavirus proteins were identified as struc-

tural proteins either in GpSGHV or in both MdSGHV and

GpSGHV, suggesting that they may represent additional struc-

tural proteins of LbFV.

The nine putative structural proteins identified may thus be

involved in the high infectivity of LbFV under conditions of

superparasitism. They may also be involved in vertical trans-

mission efficiency since vertical transmission may imply the

recolonization of the developing embryo by LbFV particles

that are simultaneously injected into the Drosophila larva.

ORF61 Has a Mucin-like Structure

As previously mentioned, ORF61 is a high molecular weight

protein containing 23.5 repetitions of a threonine rich motif

(TTTTTSTTLKP) which makes it a mucin-like protein. Mucins

have typically high molecular weight and contain a large cen-

tral region formed of multiple tandem repeats of a serine or

threonine-rich motif which is usually heavily glycosylated.

They are found in eukaryotes but also in some viruses, such

as in Filoviridae (Hashiguchi et al. 2015), Herpesviridae

(Altgärde et al. 2015), Paramyxoviridae (respiratory syncitial

virus, RSV), and HIV, where they are incorporated into the

envelope. ORF61 may thus also be a structural protein of

LbFV. Mucin-like proteins found in viruses mediate the binding

with host cell surface by interacting with host
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glycosaminoglycans, such as chondroitin sulfate and sulfated

hyaluronan (Altgärde et al. 2015). Because ORF61 has a pu-

tative glycosaminoglycan-ligand activity and ORF106 has pu-

tative glycosaminoglycan-breaking activity, we can speculate

that both ORFs may work in conjunction to facilitate LbFV

entry into the cell. Alternatively or in addition, the glycosami-

noglycan-breaking activity of ORF106 may be required for

releasing the virus from its interaction with host cell surface

glycosaminoglycans induced by ORF61 to ensure particle re-

lease. ORF61 contains a signal peptide on its N-terminal

region (positions 1–24).

A DNA Polymerase but No RNA Polymerase Identified

AputativeDNApolymerase (ORF58) related toDNApolB found

in some archaea, eukaryotes and large dsDNAviruses was iden-

tified (table 2) together with a putative helicase (ORF67).

Like those of most large DNA viruses, the LbFV genome was

expected to encode a DNA-dependent RNA polymerase for the

transcription of its genes. This function is normally fulfilled by a

complexofproteins includingat least twoRNApolymerasesub-

units and initiation, elongation, and termination factors. Like in

Hytrosaviridae sequenced so far, none of the 108 LbFV ORFs

showed similarity with known DNA-dependent RNA polymer-

asesubunits.EitherthehostRNApolymeraseisresponsibleforall

the transcription LbFV genes, or a yet unidentified complex of

proteins encoded by the genome of LbFV fulfills this function.

bro Proteins

ORF14 showed similarity with bro proteins which are typically

found in baculoviruses and other large dsDNA viruses, as well

as in dsDNA phages and prokaryotic transposons (Gauthier

et al. 2015). The function of bro proteins is still unknown,

although it has been suggested that BRO-A and BRO-C are

DNA binding proteins that influence host DNA replication and/

or transcription in baculoviruses (Zemskov et al. 2000).

Although normally found in several copies in the genomes,

only one representant of bro protein was identified in the

genome of LbFV.

Two Inhibitors of Apoptosis Were Acquired from
Eukaryotes

As often found in large dsDNA viruses, we found two putative

ORFs (ORF27, ORF66) with similarities with inhibitors of apo-

ptosis. The phylogenetic analysis of both genes suggests an

horizontal acquisition from eukaryotes (fig. 7; supplementary

table S4, Supplementary Material online). For ORF27, all hy-

menoptera sequences clusters within a monophyletic clade

that includes ORF27 in a basal position. This suggests that

LbFV acquired this anti-apoptotic gene by horizontal transfer

from an insect host, most likely an Hymenoptera (fig. 7A). The

second putative inhibitor of apoptosis encoded in the genome

of LbFV (ORF66) clusters with an entomopoxvirus (fig. 7B). All

other sequences (n = 17) that we were able to include in the

analysis, except 4, are insect sequences, thus suggesting an

horizontal acquisition from an unidentified ancestral insect

host. Interestingly, the phylogeny suggests other cases of hor-

izontal acquisition from insect hosts by large dsDNA viruses.

Tipula oleracea nudivirus which is known to infect diptera

seems to have acquired its inhibitor of apoptosis gene from

a diptera, as could be expected. Neodiprion NPVs which infect

Hymenoptera form a monophyletic clade relatively well sup-

ported (aLRT = 0.91) with Hymenopteras, suggesting that it
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acquired its anti-apoptotic gene from an ancestral

Hymenoptera. Finally, Helicoverpa zea sNPV forms a cluster

relatively well supported (0.87) with two Hemipteran species

which may suggest that HzNPV acquired this gene from an

Hemipteran. This may sound surprising since nowadays

Helicoverpa zea sNPV infects Lepidoptera, even if host

switches may have occurred in the past explaining the pattern.

The repeated acquisition of inhibitors of apoptosis by dsDNA

viruses most likely reflects an adaptation of these intra-cellular

parasites to manipulating the host immune defense that con-

sists in eliminating infected cells.

ORF60 May Be Involved in Membrane Fusion

ORF60 contains a putative Lecithin cholesterol acyltransferase

domain. This domain is shared by proteins found in numerous

prokaryotes eukaryotes, archaea and in some viruses. To date

it has been identified only, to our knowledge, in Hytrosaviridae

in both representants of this group MdSGHV (Garcia-

Maruniak et al. 2008) and GpSGHV (Kariithi et al. 2010).

Lecithin cholesterol acyltransferase (LCAT) is involved in high

density lipoprotein (HDL) maturation in mammals (Piper et al.

2015) and may be involved in membrane fusion in viruses.

LbFV Captured a Gene with Jumonji C Domain
from Its Host

Interestingly, two genes (ORF11 and ORF13) share a Jumonji C

(JmJC) domain. JmjC containing enzymes represent the most

important class of demethylase enzymes and catalyse lysine

demethylation of histones (Klose et al. 2006). They are thus

involved in the regulation of the transcription. Different classes

of JmJC proteins have been documented in eukaryotes and

prokaryotes. In addition, it has been reported that a couple of

viruses with very large genome size (pandoravirus and mega-

virus) encode proteins containing JmJC domain. However,

there was no detectable similarity between these viral JmJC–

containing proteins and the two proteins found in LbFV

(ORF11 and ORF13, not shown). Instead we found only eu-

karyotic homologs in the databases (including Leptopilina spe-

cies) that we aligned and used to construct a phylogeny (fig. 8

and supplementary table S4, Supplementary Material online).

Interestingly, the phylogeny suggests that LbFV captured an

ancestral JmJC-containing gene from its insect host and that

afterwards a duplication event took place leading to two di-

vergent copies of the JmJC-containing gene in the genome of

LbFV. The horizontal transfer probably involved an ancestral

Hymenoptera since the branch leading to the two LbFV ORFs

is nested within a well supported clade of Hymenoptera

(aLRT = 0.92).

Other Putative Functions

Other putative, functions were identified: phosphohydrolase

(ORF37), kinase (ORF49 and ORF50), ATPase (ORF81). Finally

ORF101 contains a MSV199 domain which may have DNA

binding properties (Iyer et al. 2002). ORF85 showed similarity

with the baculovirus core gene of the protein Ac81 which

function is unknown. Finally, there was no evidence of the

presence of tRNAs in the genome, according to the softwares

t-RNAscan-SE (Lowe and Eddy 1997) and ARAGORN (Laslett

& Canback 2004).

Promoter Analysis

Because promoter analysis may help identifying groups of

genes with similar transcription regulation, we searched for

conserved motifs in the 300bp upstream of each ORF. Six

motifs with variable levels of conservation (mean identity be-

tween 51 and 98%) were identified by MEME (supplementary

fig. S4 and table S3, Supplementary Material online). In par-

ticular, we found a 11bp long TATA repetition (motif #4) in 32

ORFs, sometimes in several copies. No conserved motif was

found for 28 ORFs. None of the six identified motifs were

particularly associated with the nine genes encoding the pu-

tative structural proteins (glm models, all P value>0.05).

Phylogenetic Position of LbFV

We first searched for homologs to the 108 LbFV ORFs in the

generalist database Uniprot using hmmer algorithm. Among

the 33 for which we obtained a hit, only 18 had their best hit

with known viruses. Among these 18 ORFs, ten of them had

their best hit with either Musca domestica SGHV or Glossina

pallidipes SGHV. The other viral best-hmmer hits point to-

wards other large dsDNA viruses (baculoviruses: ORF14,

ORF37, entomopoxviruses: ORF1, ORF33, ORF35, pithovirus

ORF67, iridoviridae ORF58).

To ascertain the position of LbFV within the phylogeny

of arthropods large dsDNA viruses, we searched for LbFV

orthologs for each of the 108 LbFV predicted proteins

within the predicted proteome of 13 representative arthro-

pods dsDNA viruses (table 1). Most of the best hits (17/32)

were obtained with Hytrosaviridae. Six LbFV genes had at

least four orthologs in four virus species from our custom

database. These six genes were used to reconstruct the

phylogeny of the 14 viruses (supplementary table S5,

Supplementary Material online). Three of these genes

were putative structural genes (ORF52, ORF63 and

ORF106), one is a homolog of Ac81 found in all baculovirus

genomes, nudivirus and Hytrosaviridae (ORF85) (Rohrmann

2014), one is a putative DNA polymerase (ORF58) and one

is a putative phosphohydrolase (ORF37). Based on the con-

catenated alignment of conserved blocks identified in the

six ORFs, we constructed a phylogeny based on maximum

likelihood. The phylogeny obtained (fig. 9) was globally well

resolved and each family Hytrosaviridae, Nudiviridae and

Baculoviridae were found to be monophyletic with the ex-

pected relationship among them (Bézier et al. 2015). From

this analysis, the position of the recently sequenced

Filamentous virus of Apis mellifera was unclear, but
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appeared to be very distantly related to LbFV. LbFV clus-

tered within a very well supported clade (aLRT = 1) includ-

ing the two Hytrosaviridae genomes sequenced so far.

Altogether the results suggest that LbFV is related to

Hytrosaviridae. However, LbFV is phylogenetically distant

from them and may thus be the representant of a new

virus family.

Discussion–Conclusion

We presented here the genome of the behavior manipulating

virus LbFV. This DNA virus is characterized by a very high AT

content (~80%), encodes for 108 putative ORFs, with few

(33/108) having homologs in public database. The genome

is ~111 kb long, circular and contains an homologous re-

peated sequence (hrs) located in eight genomic regions of

the genome sometimes in several copies. The presence of

homologous segments has been reported in other viruses

and is indeed considered to increase genome plasticity, facil-

itating the intra and intermolecular recombination (Imperiale

& Jiang 2015). In particular, the presence of two inverted re-

peats flanking segments of unique sequences is responsible

for frequent inversions in the genomes of Herpesviridae. As a

result, the herpesvirus population consists of an equimolar

mixture of four virus recombinants (Bataille & Epstein 1995;

McVoy & Ramnarain 2000). In this work, we found some

evidence of recombination among the hrs regions. These ev-

idences come from mapping the 14 millions Miseq reads on

the contigs and from PCR assays. The presence of pairs of

reads mapping to alternative contigs suggests that there is

some recombinant viruses in the population. However,

those alternative variants may be in extremely low frequency

in the population, explaining why only 96 Illumina reads were

detected (out of 14 million reads mapped). The PCR assay

confirms the presence of multiple connexions among the

eight identified blocks but again does not inform on the fre-

quency of such recombinants. Surprisingly, the addition of

long reads (MinION) revealed that the LbFV population is in

fact composed of one unique major genomic form with a

unique organization of the eight blocks on the chromosome.

0.2
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However, because the output of MinION is orders of magni-

tude below that of Illumina sequencing (~8,000 MinION reads

vs. 14 million Illumina reads), we cannot exclude that there are

some genomic rearrangements segregating at low frequency

in the population. Importantly, the PCR assay also indicated

that there is polymorphism in the genomic regions separating

the eight blocks since several bands were obtained for some

connections (fig. 5C). Note that for some other connexions we

did not get any PCR product which may be explained by the

highly stable secondary structures that is predicted in these

hrs-containing regions (supplementary fig. S5, Supplementary

Material online). The coexistence of several variants even

within single individuals is well known for some large

dsDNA viruses, such as the white spot syndrome virus

(WSSV) in regions with variable number tandem repeats

(VNTR, Hoa et al. 2011). Because these regions in LbFV

genome contain repetitions of the hrs sequence we have to

rely on the long reads to decipher them since Illumina reads

are too short to be correctly mapped in these regions.

However, since MinION reads have a high error rate, we

cannot either confirm or infirm the presence of polymorphism

in these regions because the variation observed may be due to

error rate and/or to true polymorphism. However, these data

suggest that the virus population is composed of a major ge-

nomic organization with low-frequency rearranged genomes.

In addition, the presence of polymorphism in the unresolved
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hrs-containing regions is very likely, although again the fre-

quency of the minor alleles is unknown. This raises the ques-

tion of the adaptive significance of this polymorphism and we

may speculate that it could allow the virus to quickly adapt to

new environments, such as new parasitoid lineages.

The phylogenetic analysis clearly indicates that LbFV is re-

lated to Hytrosaviridae with which it forms a monophyletic

group. However, LbFV is only distantly related to

Hytrosaviridae and may thus represent a new virus family.

Genomic data on additional related viruses will be necessary

to answer this question. The evolutionary origin of LbFV is

unclear but it is interesting to note that the related

Hytrosaviridae infect Diptera. Whether the ancestor of LbFV

infected a Diptera, like Drosophila, is obviously a tempting hy-

pothesis since host-parasitoid relationship may favor the occur-

rence of horizontal transfer (Renault et al. 2005). Alternatively,

we can imagine that LbFV is a representant of a new family of

insect viruses that ancestrally infected Hymenoptera.

The question of how parasites manages to manipulate the

behavior of their hosts is an open intriguing question (Van

Houte et al. 2013). To our knowledge, parasites genes directly

or indirectly involved in the behavioral manipulation have been

unequivoquely identified only in a few systems involving bacu-

loviruses responsible for the tree-top disease of their caterpillar

hosts: when the caterpillar is infected, it climbs to the top of

the plant where it eventually dies and liquefies, thus releasing

its viral particles. This behavior modification is supposed to

enhance baculovirus dispersal. Interestingly, one of the gene

identified (ptp gene) as being involved in the manipulation has

been acquired through horizontal transfer from the

Lepidopteran host (Hoover et al. 2011; Katsuma et al.

2012). Similarly, we found that the genome of LbFV encodes

two proteins with a predicted JmJC domain (ORF 11 and 13)

and that this gene has been captured from a wasp ancestor

followed by gene duplication (fig. 8). Proteins containing JmjC

domain are predicted to be metalloenzymes that adopt the

cupin fold and are candidates for enzymes that regulate chro-

matin remodeling. JmjC domains have been identified in

numerous eukaryotic proteins containing domains typical of

transcription factors and we may speculate that this gene me-

diates the manipulation of wasp gene expression, possibly in

relation with the behavioral manipulation. Interestingly, we

found that ORF13 is upregulated in the head of the wasp

compared with the expression in the abdomen (Varaldi J

et al. unpublished). All these elements make ORF13 a good

candidate for being a gene that have been co-opted by the

virus to manipulate the behavior of the wasp. Additional func-

tional tests of this hypothesis are obviously required.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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