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Abbreviations

Viruses

AbMV — Abutilon mosaic virus

BBMYV — Broad bean mottle virus

BBNV — Broad bean necrosis virus
BGMYV — Bean golden mosaic virus
BNYVV — Beet necrotic yellow vein virus
BSBV —Beet soil-borne virus

BSBMYV —Beet soil-borne mosaic virus
BVQ —Beet virus Q

BWYV — Beet western yellows virgsow Turnip yellows virus- TuYV)
BYDV — Barley yellow dwarf virus
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EWMV — European wheat mosaic virus
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HIV — Human Immunodeficiency virus
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TBSV —Tomato bushy stunt virus
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TMV — Tobacco mosaic virus
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Other abbreviations
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ICTV — International committee on taxonomy of viegs
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pm — micrometer

min — minute
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Abbreviations

MM — molecular mass

MRNA — messenger RNA
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TM — transmembrane motif
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UTR — untranslated region
UVs — ultraviolets
V — volts
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General Introduction

Sugar beet, generalities

History and cropping

Betavulgaris ssp. wlgaris, which includes sugar beet, descends from
Beta vulgarisssp.maritima or Beta maritima(Francis, 2006). Originating
from the Mediterranean shore, this beet subspecissalready cropped as
vegetable five hundred years A.C.N. and its leavere eaten following the
example of spinachConsumed as such until Middle-Ages, more than two
thousand years have been necessary to developcialspeerest for beets
existing varieties and sweetness. Intensively growiBurope to compete for
sugar production with sugar cane coming from Sauthmlonies at the
beginning of the 18 century, sugar beet is now well-established ifd$ie
from many countries with temperate climate from dpa but also Africa,
America and Asia (Fig. 1) (Draycott, 2006).

Fig.1. World map showing sugar beet growing countries and regions in black
and the sugar production in thousands of tons (adapted from Draycott, 2006).

B. vulgarisis a halophytic plant — adapted to salty enviromimebelonging
to the Chenopodiaceadamily. Sowed in spring and harvested in late
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General Introduction

autumn, sugar beets go firstly through a shoot thrpte favor secondly the
taproot development and sugar storage (Milford,6200levertheless, beet
cropping and therefore sugar production may be ctdte by various

pathogens at the different growing stages.

The major diseases affecting sugar beet crops

Nematodes, fungi, bacteria and viruses are alfasoopic pathogens
that commonly attack sugar beet culture (Whitneyl @uffus, 1986).
However, as the development and severity of onearmther disease is
strongly governed by environmental conditions, elight countries or even
regions will be confronted with different pathogexsnbinations. By way of
example, major diseases occurring in Belgian sbgat fields are listed in
Table 1 (adapted from Hermann and Wauters, 2002).

Table 1. Occurrence and severity of the major fungal, nematode and viral pathogens
of sugar beet in Belgium (adapted from Hermann and Wauters, 2002).

Pathogen Disease Pathogen name Occurence Severity
type
Alternaria Leaf Spot Alternaria spp. +
Beet" and Seedling “Uromyces betae & N .
Rusts ®Puccinia subnitens
Cercospora Leaf Spot Cercospora beticola + +4++
. Aphanomyces
Damping-off cochlioides * ++
Fungus Powdery Mildew Erysiphe polygoni +++ +++

Phoma Leaf Spot -
Root Rot Phoma betae +
Ramularia Leaf Spot Ramularia beticola + +4+
Rhizoctonia Foliar ; . .
Blight — Root Rot Rhizoctonia solani + +4++
Verticillium Wilt Verticillium albo-atrum +
Clover Cyst -

Nematode Nematode Heterodera trifolii e+ 4t
Rhizomania Beet necrotic yellow + +++

) vein virus
Virus Beet yellows virus &
Viral Yellowing Beet mild yellowing ++ +++
virus

Amongst the fungal and viral pathogens that arelgrenant in Belgium,
this thesis will focus on pomoviruses that arerfeaund associated with the

viral agent responsible for the rhizomania syndrafgugar beet.
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General Introduction

The rhizomania syndrome of sugar beet

General considerations

In 1952, severe problems of sugar beet growth wererded in Padan
Plain, the boarding region of P& River that goasubgh North Italy from
West to East. These observations led Antonio Cgnexaking at the
“Istituto di Patologia Vegetale” of the Bologna Waeisity, to publish in
1959 the first report of rhizomania-like symptoriitirteen years later, the
same author named the disease “rhizomania” (Cari®@8), an Italian term
meaning “root madness”, as an extreme rootletsferation constitutes the
main symptom. Shortly after Canova’s communicatiomBizomania
syndrome has been identified in many other coutied sugar beet crops
from all around the world are now under threat (Ma@et al, 2009).
Symptoms of the viral rhizomania disease are mdodglized on the lower
part of the plant. Roots of infected beets appeaarded’ because of an
excessive proliferation of lateral rootlets, whitduses more or less taproot
stunting (Fig. 2a and b). Browning of the vascutgstem as well as
constriction of the main root are visible on beetsss-sections (Fig. 2c).
Necrosis and yellowing of the leaves veins (Fig), 2ttributed to the
presence of virus in the aerial parts, are ratheg Bs the viral pathogen
remains in most cases confined into the roots systeess specific to the
syndrome but more frequent in infected crops isl¢hees’ yellowing (Fig.
2d). Foliar wilting may also be observed in somsesa(Fig. 2€).
Economically, both the downsizing of the primarytand the reduced
sugar content in infected beets are responsiblesfigjar yield decrease
commonly around 50-60%, and sometimes up to 80% @vennet al,
20009).

19



General Introduction

4

Talerant

Fig. 2. Rhizomania symptoms caused by BNYVV infection on sugar beet with (a)
reduction of taproot size for varieties susceptible to BNYVV compared with a tolerant
one, (b) lateral rootlets proliferation, (c) browning of the vascular system and
constriction of the main root, (d) leaves yellowing for susceptible varieties, (e) foliar
wilting and (f) yellowing as well as necrosis of the leaves veins (pictures kindly
provided by Y. Galein).

The pathogerBeet necrotic yellow vein virus

Identified as the causal agent of the rhizomayimlome of sugar beet
in the early seventies (Tamada and Baba, 1973)Bé®t necrotic yellow
vein virus (BNYVV) has since been characterized as belongmghe
Benyvirusgenus. Virions are rod-shaped and not envelopea biplogical
membrane (Tamada, 1975). Particles of differerdssare visible under the
electron microscope (Fig. 3), as four to five phesise single-stranded
RNAs of different lengths compose the BNYVV genoffég. 4) (Putz,
1977; Bouzouba&t al, 1985; Bouzoubaat al, 1986; Bouzoubaat al,
1987; Kiguchiet al, 1996; Koeniget al, 1997b).

20



General Introduction

Fig. 3. Electron micrograph of
BNYVV particles (kindly provided
by T. Tamada). Rod size is
correlated with the length of the
encapsidated RNA. White bar
represents 100 nm.

RNA-1
237 kDa >
RNA-2 "
CAP, _ poly(A)
21kDa RT 75kD
2 i Length scale (kb)
0.5 1.0 1.5 2.0
RNA-3 4.6 kDa L L 1 1
CAP._ql]_pnly(A) [l Replication
|:| Structure
RNA4 6.8KDa [l Transmission
[l Cell-to-cell movement
CAP, Iy(A .
._-_p0 VA [] Long-distance movement
[l Suppressor of PTGS
RNA-5 B
O Pathogenicity
CAPO—-— poly(A) ] Unknown

Fig. 4. Schematic representation of the BNYVV multipartite genome composed of
four to five single-stranded positive-sense RNAs (from sequences of Bouzoubaa et
al., 1985; Bouzoubaa et al., 1986; Bouzoubaa et al., 1987; Kiguchi et al., 1996). All
RNAs are 5-capped and 3'-poly-adenylated. Viral replicase contains conserved
methyl-transferase (MTR), helicase (HEL) and RNA-dependant-RNA polymerase
(POL) motifs. The coat protein (CP) and a read-through (RT) domain are encoded by
RNA-2, as well as the Triple Gene Block (TGB) proteins. The molecular mass is
indicated for each protein in kilodalton (kDa) below, above or inside the
corresponding ORF. Function(s) attributed to each protein or nucleotide sequence
is/are specified through a color code in or outside the boxes, respectively. The star
indicates the leaky termination codon position of RT domain.
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General Introduction

The viral replicase is encoded by RNA-1 (6.7 kileds kb). Following
translation, the resulting 237 kilodalton (kDa) tgio undergoes an
autocatalytic cleavage that gives rise to proteink50 and 66 kDa (Hehet
al., 1997). The first one contains the methyl-trarefe (MTR) and helicase
(HEL) conserved motifs while RNA-dependant RNA pobrase (RdRp)
motif is present in the last one. RdRp is generdtlyolved in viral
replication (Quadt and Jaspars, 1989).

RNA-2 (4.6 kb) first open reading frames (ORFs) aatec for the 21 kDa
coat protein (CP) and a 54 kDa read-through (RMalo. This last is added
to the CP during translation when the first UAGpstmdon is bypassed by
ribosomes that produce then the 75 kDa CP-RT (kapter I, preliminary
concepts) (Ziegleret al, 1985; Niesbach-Klosgent al, 1990). The N-
terminal part of the RT domain is involved in viedsembly (Schmitt al.,
1992) whereas the C-terminal part is essentiatierviral transmission by
the protist vector (see next sub-section) (Tamadhkusume, 1991). Two
transmembrane motifs (TM1 and TM2) predicted inRffedomain and their
interaction in biological membranes, thought todependant on a KTER
peptide motif (Lysine — Threonine — Glutamic aciédrginine, respectively)
(Tamadeet al, 1996; Diacet al, 1999a; Adamet al, 2001) (Fig. 5), may
be some crucial motifs involved in the virus traission. Triple Gene Block
(TGB) proteins, which coding sequences are locdtedhstream that of CP-
RT on RNA-2, allow BNYVV to move from cell to cah the infected plant
(Gilmer et al, 1992). Finally a 14 kDa cysteine-rich protein R{©)
suppressing post-translational gene silencing (BTi@plants (Dunoyeet
al., 2002) is also expressed from BNYVV RNA-2 (Gilne¢ral., 1992).

The third RNA encodes for two pathogenicity-ass@cigroteins of 25 kDa
(p25) and 6.8 kDa (N), p25 being largely respomsifor the rhizomania
symptoms in the fields (Jupit al, 1992; Tamadat al, 1999; Kleinet al,
2007). Another 4.6 kDa protein of unknown functioay be expressed from
RNA-3, but has never been detected. Long-distarmeement — systemicity
— of BNYVV in Beta macrocarpaas also been shown to rely on RNA-3,
but rather on the nucleotide sequence than onéhefehcoded proteins
(Tamadeet al., 1989; Laubeet al, 1998).

22



General Introduction

N-terminus

C-terminus

Plasma membrane

Fig. 5. BNYVV predicted TM1 and TM2 in the CP RT domain, interacting at the
inner side of the plasma membrane through the KTER motif and an arginine residue
(R). Potential asparagine(N)-arginine interaction is also represented at the outer
side of the membrane. Adapted from Diao and co-authors (1999a) and Adams and
co-authors (2001).

A 31 kDa protein (p31) involved in viral transmissi and pathogenicity
(Tamada and Abe, 1989; Rahenal, 2007) is encoded by RNA-4. P31 has
a PTGS suppressor activity in roots but not in ésav

The fifth RNA encodes another pathogenicity-asgedigprotein of 26 kDa
(Link et al, 2005). However, viral isolates containing RNA&f reported
only in Japan (Tamadet al, 1989), Pithiviers area of France (Koepigal,
1997b), China (Liet al, 1999), Kazakstan (Koenig and Lennefors, 2000)
and England (Harjet al., 2002).

Each RNA of BNYVV is capped and multiple adenosif@sn a Poly(A)
tail at the 5 and 3’ extremities, respectively {Pat al, 1983). Cap-like
structures consist of a 7-methylguanosine basedirtk the 5' extremity of
viral RNAs via their 5" hydroxyl group by a triphpisate bridge (Fig. 6) and
can be represented as ‘Gippp. Mimicking 5-capped and 3'-
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General Introduction

polyadenylated mRNAs from eukaryotic cells, cap Boty(A) structures of
viral RNAs are supposed to protect them from deaiad by cellular
enzymes but also favor their translation and regibon (Mandahar, 2006).

OH CH, Tri-phosphate bridge
I - ~
N~
I > o o
Sy N TR I
HN™ SN
CHy0—P—0—P—0—F—0-—CH,
(0] OH OH OH o | A, C, Uor G base |
N
H H
OH OH
\ J

A,C,UorG |

7-Methyl-guanosine group

Fig. 6. Chemical structure of a 7-methyl-guanosine group or cap, linked to the 5’
end of a mRNA by a triphosphate bridge (adapted from Banerjee, 1980).

BNYVV two first RNAs are essential and sufficiertr fviral multiplication
when mechanically inoculated to the leaves of@henopododiacealants
B. macrocarpaB. vulgaris Chenopodium quinoand Tetragonia expansa
(Koeniget al, 1986; Kuszalat al, 1986; Tamadat al, 1989). They carry
housekeeping genes necessary for local viral imfiecT his allowed Quillet
and co-authors (1989) to develop a replicativeirsttd BNYVV named
“Stras12”, by extracting total RNA from leaves icfied with transcripts
from full-length cDNA clones of BNYVV RNAs-1 and -However, RNAs-
3 and -4 are necessary for the efficient virus pgapion between plants and
production of typical rhizomania symptoms (Lemadteal, 1988; Koeniget

al., 1991).
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General Introduction

Among BNYVV populations infecting sugar beet, thtgpes A, B and P are
identified. These can be distinguished accordingidoleotide and amino
acid specificities, while differing only from 1 8% at the genomic level
(Kruseet al, 1994; Koeniget al, 1995). Different geographical localizations
and degrees of aggressivness are also attributedge types of BNYVV. In
Europe, whereas the A-type is rife in most countgeowing sugar beet, the
B-type stays rather confined to the central pamainly Belgium, Germany
and France (Koenig and Lennefors, 2000; Schireteal, 2005; Koeniget
al., 2008). The P-Type, which induces more symptdms tA- and B-types
in infected fields, is reported in France and thetéd-Kingdom (Koeniget
al., 1997b; Schirmeet al, 2005; Warckt al,, 2007).

The vectorPolymyxa betae

BNYVV is transmitted to beet by means of a soildmrvector,
Polymyxa betae(Tamada, 1975). This single-celled endoparasitea is
eukaryotic protist belonging to thBlasmodiophoridaefamily, formerly
considered as a fungi group but reclassified asopoa in the Cercozoa
group (Barr, 1992; Braselton, 1993p. betaeinfects mainly roots of
Chenopodiaceaeln addition, five special forms of another Polyray
speciesP. graminis are also reported to vector many viruses in baogbical
and temperate regions, mainly on cereals (Legetvad, 2000; Legrevest
al., 2002; Kanyukat al, 2003; Dieryclet al, 2009).

Life cycles of both Polymyxa species are highlyikimand that ofP. betae
is represented on figure 7. The primary roots imdec begins with
swimming biflagellate single-cells (2-4 um diamgtéhe zoospores, which
encyst on plant rootlets and inject their cytopl@soontent inside root cells.
It develops first into a plasmodium stage whichfedéntiates either in a
zoosporangium or a sporosorus. The sporangial pleasks to immediate
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ROOTS
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Zoosporangia

LATENCY

Fig. 7. Life cycle of Polymyxa betae in roots of Beta vulgaris, as described by Keskin
(1964) (zoospore picture kindly provided by N. Desoignies).

production of zoospores and a new infection cyelleereas the sporogenic
phase ensures the long-term persistence in tharsitielayed production of
zoospores. One or the other phase is preferredndeme on the external
conditions or the host type and new zoospores eleased from sporosori
when conditions are favorable again (Keskin, 198éskin and Fuchs,
1969).

Whether the relation betwedh betaeand beets is harmful or not for the
plant still remains to be determined. However, #gnf the rhizomania-
responsible BNYVVP. betaeallows the dissemination of at least one of the
worst viral disease of beet. Moreover, sporosontaming viral particle of
BNYVV ensure the long-term persistence of the diseia soils (up to 15
years) (Abe and Tamada, 1986).
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Two BNYVV-associated pomoviruses

Two other viruses, also thought to be transmitte€henopodiaceae
plants byP. betae(lvanovicet al, 1983), are frequently detected in beets
infected with BNYVV (Meunieret al, 2003; Rattiet al, 2005). These are
the Beet soil-borne viru$BSBV) andBeet virus QBVQ), belonging to the
Pomovirus The Potato mop-top virugPMTV) constitutes the type-species
of this viral genus.

The “Potato-mop top-like” viruses

Four virus species are listed in tlR®movirus genus,Virgaviridae
family. The type species PMTV proved to share ingoutr similarities with
the three otheBroad bean necrosis viru¢gBBNV), BSBV and BVQ
(Koenig and Lesemann, 2005). When visualized untter electron
microscope, these viruses appear as rods of ~FDaad 70 nanometers
(nm) with an axial canal (Fig. 8).

IS

o

Fig. 8. Electron micrograph picture of PMTV particles (from Cowan et al.,
1997, with agreement of the Society for General Microbiology). Rod size is
correlated with the length of the encapsidated RNA. White bar represents
100 nm.
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Virions are free of any enveloping membrane andaiorthree linear single
stranded positive-sense RNAs of 6.0, 3.0-3.5 amd32 kb. RNAs are
consensually numbered according to their size, ftbm biggest to the
smallest one, as previously shown with BNYVV. Howeva deleted form
of PMTV was first described and RNAs-2 and -3 hdeen inverted
compared to the three other pomoviruses. As RNAsbmus have
nevertheless been conserved after the identifitatib common PMTV,
RNAs-2 and -3 of this virus are rather referredoaging to the proteins they
encode. Here is presented the particular genomganization of the
Pomovirusgenus (Scotet al, 1994; Koeniget al, 1996; Koenig and Loss,
1997; Koeniget al, 1997a; Koeniget al, 1998; Savenkoet al, 1999;
Sandgreret al, 2001) (Fig. 9).

The 6 kb long RNAs-1 encode putatively for two pins. The smaller one,
encoded by the 5 proximal ORF, comprises MTR ardLHonserved
motifs in the N- and C-terminal parts, respectivelyne larger protein is
produced by addition of a read-through domain te $maller one (see
Chapter I, Preliminary concepts). This RT domaintams the RdRp motif.
However the replication mechanisms of pomovirusasehnever been
investigated.

Structural proteins are presumably expressed frdfAdR2 (3.0-3.5 kb) that
encode for the CP and a RT domain, following thengxe of BNYVV.
Nevertheless, the size of the RT portion is ratlaiable when comparing
between the four viruses, with BVQ presenting thmaltest one. Studying
PMTV, several functions have been attributed to Rie part of the CP.
Using naturally occurring strains with shorter R@nthins, Reavy and co-
authors (1998) evidenced that the transmission MTVP by its natural
plasmodiophorid soil-borne vectddpongospora subterrangeelies on the
CP-RT C-terminal part. The transmission-relatechdnaembrane motifs
TM1 and TM2 are also predicted in the RT domairthef PMTV CP, like
for BNYVV and other beny-, furo- and pomovirusesansmitted by
Polymyxasp. (Diaoet al, 1999a; Adamt al, 2001). As evidenced for
BNYVV (Haeberléet al, 1994), the CP-RT of PMTV is localized at one
extremity of the viral particles (Cowaet al, 1997). However, whereas the
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Fig. 9. Schematic representation of the BSBV, BVQ and PMTV genomes, composed
of three single-stranded RNAs of positive polarity (from sequences of Scott et al.,
1994; Koenig et al., 1996; Koenig and Loss, 1997; Koenig et al., 1997a; Koenig et al.,
1998; Savenkov et al., 1999; Sandgren et al., 2001). 3' ends of all viral RNAs fold in
tRNA-like structures whereas 5’ ends are thought to be capped. RNAs-1 encoded
replicases contain methyl-transferase (MTR), helicase (HEL) and RNA-dependant-
RNA polymerase (POL) conserved motifs. The POL motifs are translated as read-
through (RT) domains. Triple Gene Block (TGB) proteins are encoded by the
smallest RNAs, RNA-2 for PMTV and -3 for BSBV and BVQ. PMTV RNA-2
comprises also a short cysteine-rich protein (CRP) encoding ORF, absent from
corresponding RNAs-3 of the other two pomoviruses. Structural coat proteins (CP)
and RT domains are expressed from PMTV RNA-3 and RNAs-2 of BSBV and BVQ.
However, two additional small ORFs encoding for putative proteins of unknown
functions are encoded by BVQ RNA-2. The molecular mass is indicated in kilodalton
(kDa) for each protein under or inside the corresponding ORF. Function(s) attributed
or suspected for each protein is/are specified through a color code. Leaky termination
codons positions for RT domains are indicated by stars.
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distal situation of the CP-RT in the benyvirus fmdes is supposed to
promote assembly with the CP (Schreittal, 1992; Haeberlét al., 1994),
no such involvement in encapsidation is observedhi® PMTV RT domain
(Torranceet al, 2009). More recently, the long-distance movenwnthe
CP-RT encoding RNA (RNA-CP) proved to be dependantthe RT C-
terminal domain, whereas the two other RNAs mowghidless of the RT
presence (Torrancet al, 2009). Finally, while the PMTV RNA-CP is
known for some time to be necessary for the symptoduction on
Nicotiana benthamiang§Savenkowet al, 2003), the involvement of the RT
domain in virulence potentially through a subdomainSD2) has been
evidenced only recently (Torrane al, 2009). The large RT domain of
PMTV CP might therefore be considered as a multifional operating
system involved in functions as diverse as transions systemicity and
symptom expression, through distinct domains.

Pomoviruses smallest RNAs (RNA-3, 2.5-3 kb) coneré least three
overlapping ORFs coding potentially for the famongvement-responsible
TGB proteins. Viral cell-trafficking mediated by Bp1, p2 and p3 has been
widely studied for PMTV (Zamyatniret al, 2004; Hauptet al, 2005;
Tilsner et al, 2010) and contributed to better understand theexying
mechanisms of cell-to-cell movement for multipartriod-shaped viruses.
Finally, a fourth little CRP is encoded by PMTV RNASB and that is
absent from genomic RNAs of the three other BBN®BY and BVQ.In
vivo, this 8 kDa CRP is found associated with the efedopic reticulum
membranes, potentially through a predicted trandonene segment, and
increases the symptoms severity (Lukhovitsketyal, 2005).

Following the example of BNYVV, pomoviruses RNA€ dhought to be 5'-
capped. 3’ ends, in turn, are not polyadenylatadréher predicted to fold
in transfer RNA-like structures (TLSs) (Savenlaial, 1999; Koeniget al.,
1998) like other tymo-, furo-, peclu-, tobamo-, fm@, cucumo- or
hordeiviruses (Dreher, 2009). These viral TLSsadrerucial importance for
the stability of viral RNAs and generally involvesh encapsidation,
translation or replication processes.
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Beet soil-borne viru§BSBV)

The BSBYV tripartite genome is organized as desdriln the previous
section (Fig. 9) (Koeniget al, 1996, 1997a; Koenig and Loss, 1997).
However, contrary to the well-studied PMTV, no ftional study has been
carried out on BSBV. Except for the CP that hambdetected by Western
blotting (Koeniget al,, 1997a), neither the expression nor the funatiotine
six other putative proteins have been investigafédtus, even when two
presumably transmission-related TM1 and TM2 arelipted in the BSBV
CP RT domain (Adamst al, 2001), the involvement of the CP-RT in the
transmission of this pomovirus by its vecRarbetaehas never been shown.

First identified in England (lvanoviet al, 1983), BSBV is now reported in
Germany and Sweden (Lesenetral, 1989), Finland (Bremest al., 1990),
France, ltaly, Spain and The Netherlands (Lindste993), The United
States (Lindsten and Rush, 1994), Belgium (Stasal, 2001a), Iran
(Farzadfaret al, 2002), Syria (Mouhannet al, 2002), Bulgaria, Hungary,
and Turkey (Meunieet al, 2003), Austria, Croatia, Lithuania, Japan and
Switzerland (Rattet al., 2005), Poland (Borodynket al., 2006) and China
(Wang et al, 2007). Transmitted by the same vector as thd-kmeln
harmful BNYVV (lvanovicet al, 1983) and often found associated in the
fields, the BSBV pathogenicity proved to be difficto determine in the
complex rhizomania syndrome. Mechanical inoculaiohBSBYV to leaves
of different Chenopodiaceapecies and cultivars highlighted its ability to
induce strong reactions oBhenopodiumsp. but occasional or even no
symptoms orBetaandSpinaciasp. (Henryet al, 1986). Mainly chlorotic or
necrotic spots, rings and ringspots appearing as ss five days post-
inoculation (dpi) were recorded. Different appraesihave also attempted to
assess the damages due to an infection by BSBWats ofB. vulgaris
Prillwitz and Schlésser (1992) opted for inoculgtinruliferous sporosori of
P. betaeto healthy beets. They observed typical rhizomékeasymptoms
on the roots, with abundant proliferation of latewtlets and browning of
vascular rings, and recorded up to 40% lossesaif neight but no foliar
symptoms. Moreover, pre-infection with BSBV reducgdnificantly the
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titer of BNYVV, when this last was inoculated lat&uch cross-protection
against BNYVV has also been evidenced with theetjoselatedBeet soil-
borne mosaic virus(BSBMV) (Mahmood and Rush, 1999), another
Benyvirustransmitted byP. betaeand only reported in the United States
(Wisleret al, 1994; Rattet al, 2009). When mechanically inoculated to the
beet roots (Kaufmanet al, 1993), BSBV has been shown to be responsible
for tap-root weight reduction of 20% even if noidol symptoms were
visible. However, the variability between the diéfet plants submitted to
the same treatment was quite high. Finally, fiebdeyvations in Sweden
(Lindsten, 1993), the United States (Rush and Held#95) and Germany
(Koenig et al, 2000) have evidenced no obvious impact of BSB\Vtle
sugar yield and no clear symptoms, neither ondbésy nor on the leaves. In
light of these observations, various experimenpgiraaches have therefore
shown mixed results, even diverging, with regards the BSBV
pathogenicity. Working with full-length infectiousDNA clones of BSBV
has thus been proposed by Kaufmann and co-auti®@3) as a good
alternative for testing the pathogenicity of a amifi viral population.

Beet virus QBVQ)

BVQ was previously considered as a one of the BS&type because
of the antisera cross-reactivity and their similggnomes. Only the
sequencing of unpurified virus in the late ninetigbowed the BVQ
“Wierthe” serotype to be considered as a virus iggedistinct from the
BSBV “Ahlum” serotype (Koeniget al, 1998). ORFs encoding for
structural and non-structural viral proteins argamized similarly to those of
BSBYV and the other pomoviruses, except the RT domgthe CP (35 kDa)
that is much shorter and lets place for two add&ioORFs coding for
putative proteins of 9 kDa and 18 kDa (Fig. 9). lwer, neither thé vivo
expression of the BVQ putative proteins nor thespective functions have
been investigated until now. Moreover, the shortkB& RT domain has
been predicted to contain a single transmembrale A&11, but no TM2
(Adamset al, 2001). This special organization of BVQ RNA-2nsttutes
an exception among thRomovirusgenus and raises questions about the
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BVQ transmissibility as both TMs are thought to required for the viral
transmission by its putative plasmodiophorid ved®otbetae

BVQ has been identified in sugar beet crops fronigiBen (Staset al,
2001b), Bulgaria, France, Germany, Hungary andNétherlands (Meunier
et al, 2003), Iran (Farzadfat al, 2005), Croatia, Italia, Lithuania, England
(Rattiet al, 2005), Poland (Borodynko, 2006) and Spain (RaBigtonellet
al., 2006) but not in China (Wargg al, 2007). However, the incidence of
BVQ may vary from 30% of the tested samples in Belgugar beet crops
(Staset al, 2001a) to 1.5% in Iranian ones (Farzadfaml, 2005) and is
always lower to that of BSBV, which is reported86% and 9.5% of the
tested fields for the same countries, respectivdtyreover, mixed infections
of BVQ with BNYVV and/or BSBV are mostly reportedléunieret al,
2003; Rattiet al., 2005).

According to the different serotypes of BSBV reatdn the nineties, BVQ
was still considered as belonging to the groupdb(d 2). But studies on the
BSBV pathogenicity used the viral serotypes -2 l{itz and Schldsser,
1992) or —N (Henryet al, 1986), or detected BSBV using monoclonal
antiboby (MADb) 2 specific for the Ahlum serotypegifmannet al., 1993).

It seems therefore that no mix-up has arisen betveth pomoviruses and
the pathogenicity of BVQ has never been investijatefore 1998 (Koenig
et al, 1998). From that time, BVQ has been reportegréaluce lesions that
spread along the veins @ quinoaleaves five dpi (Koenigt al, 1998;
Rubies Autonelket al, 2006), but mechanical inoculation of beet rcatg
leaves have been unsuccessful (Koeetigal, 1998). The impact of an
infection by BVQ on the beet root-weight has therefnever been tested
and its involvement in the rhizomania disease reamaimystery.
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. Table 2. BSBV four serotypes according to
Group Name Origin Prillwitz and Schlésser (1992). Ahlum
. serotype corresponds to BSBV and the
Wierthe Germany | \wierthe one is now assimilated to BVQ.
1 ] The group 3 has however since been
Dornheim Germany attributed to another rod-shaped virus with
multipartite genome, the BSBMV (Wisler et
Ahlum Germany al., 1994; Heidel et al., 1997), and the
group 4 should probably also be
86-109 Sweden considered as such.
2
1530 Belgium
BSBV-N England
3 Texas 7 USA
4 Spinach Spot USA
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Beet soil-borne virugndBeet virus Q although being present in most
of the countries growing sugar beet and frequdotind associated with the
rhizomania- responsible BNYVV, are poorly understods recently as four
years ago, the full-length sequence available &mheRNA of both viruses
still derived from laboratory-maintained strainglastudies of their genomic
variability were restricted to the RNA-2 encodedtcproteins (Stast al.,
2001a; Lenneforset al, 2005) and the 3’ extremity of BSBV RNA-3
(Koenig et al, 2000). No particular interest had also been rtaike the
potential proteins encoded by their tripartite gees and their expression or
functionin plantahad never been investigated. Finally, whereaB®BBV
pathogenicity was much disputed depending on thperaxental or
observation approach, the BVQ one just remainedestipn mark. In light
of this, we decided to get an insight into the ipatar biology and
functioning of these two beet pomoviruses. In orttertackle with the
multiplication dynamics of BSBV and BVQ, a revergenetic approach —
from gene to function, by contrast with the traafitl forward genetic going
from function to gene — was developed and bothivo experiments andh
silico analyses were performed.

On one hand, interest was taken in the potentialiycated CP RT domain
of BVQ, encoded by genomic RNA-2. Systematic pharsequencing of

BVQ strains from different parts of Europe was perfed to determine the
common arrangement of BVQ CP-RT coding sequencearlyzing the

genome organization of BVQ strains directly trappeBetabait plants that

were grown in infested soil under controlled coiodis, we made sure
working on fresh BVQ strains. The variability bebmeviral strains was also
assessed at the nucleotide and amino acid levetlistmguish conserved
regions from hot spots of diversity in both the gme and the potential gene
product. Finally, predictions of transmembrane dediwere carried out in
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the collected sequences to search for new trangmisslated motifs still
lacking in BVQ CP RT domain. Rearrangements in BRIQA-2 and results
from thein silico analyses are describeddnapter II.

On the other hand, the behaviour of sugar beet pooses was investigated
in planta Full-length cDNA clones were developed for altaligenomic
RNAs of BSBV and BVQ to perform single- or mixedentions, following
the multiple virus associations observed in thedéie Multiplication
requirements of viral transcripts from construcesevdetermined on lab host
plants by intra- or inter-specific genome combioasi. The infectiousness
was assessed for the different transcripts arragemey detecting viral
RNAs and structural proteins in the infection preuand symptomatic
reactions were analyzed to characterize one otheanatral component as
potential pathogenic factor. When the involvemenviral transmission of
BVQ RT domain was investigatéd silico, the detection oh vivo produced
CP and CP-RT for both BSBV and BVQ might give fertinformations on
their potential role in viral replication or symptdanduction.Chapters | and
Il deal with the specific multiplication dynamics 8SBV and BVQ
transcripts, respectively.
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A full-length infectious clone ofbeet soil-borne virus indicates
the dispensability of the RNA-2 for virus survivalin planta
and symptom expression of€henopodium quinoa leaves

Opening comments

Reverse genetics has now entered the virologisbeuor studying viral
functioning and full-length infectious clones cange very useful tools
For RNA viruses, full-length cDNA copies of eachiatigenomic RNA
are flanked with a T7 transcription promoter at hend of the coding
strand following reverse transcription and polynserachain reaction
(RT-PCR). Amplicons are then stabilized by clonindacterial plasmid
and viral RNAs may be producéd vitro from these constructs by usirjg
the RNA polymerase from phage T7 (Fig. 13). Beseiditsuch approach
are manifold. Full-length cDNA clones make easyestihg, disrupting
or even modifying genes of interest. This provetecighly efficient to
investigate the pathogenicity and particular bigloed other BSBV- and
BVQ-related viruses, e.g. the identification of teins involved in
BNYVV cell-to-cell movement (Gilmeret al, 1992), pathogenicity
(Jupinet al, 1992) or transmission (Rahiet al, 2007) and in PMTV|
long-distance movement (Torrancet al, 2009) or Vvirulence
(Lukhovitskaya et al, 2005). Working with viral transcripts fron
constructs may also guarantee single-virus infactlo the context of
frequent mixed-infections of beet with BNYVV, BSB&hd/or BVQ
(Meunier et al, 2003; Rattiet al, 2005), this avoids the hard and
uncertain task of selecting specifically the debiverus from naturally
infected plant. Moreover, preliminary viral muliigdtion onC. quinoa
leaves before starting vivo experiments may modify the viral genome,
as discussed in chapter Il, and affect the virablv@ur.

-
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For these reasons, full-length cDNA clones wereettgned for the three
BSBV genomic RNAs (cloning performed by Mohsen Melny. RNAs
carrying house-keeping genes necessary for BSB¥stablish a loca
(a)symptomatic infection in leaves 6f quinoaandB. macrocarpavere
then identified by means of different transcriptsmbinations. Such
experimental approach was greatly favored by thiipautite genome of
BSBV. The location of the putative replicase, stuual and movemen
proteins encoding genes on separate RNAs made dleetion or
suppression of one or another function easier. Nlesiess, a clong
mutated for the RT domain of the CP was used téemiftiate the
involvement of CP and CP-RT proteins in viral npllidation and
symptom induction.

Published in Journal of General Virology in 2009, | ssue 90.

Fig. 13. Strategy for producing
viral RNA transcripts in vitro.
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Preliminary concepts

Depending on a host cell for their multiplicatimmuses hijack cellular
elements at their advantage and minimize the sizeheir functional
genome. Viruses therefore developed many diffestrategies to enable but
also regulate efficiently the expression of thewnoproteins from the
compacted molecules composing their genomes. Meredtie range of
functions of viral proteins may be broadened byeptél post-translational
modifications (PTMs).

RNA genomes partitioned, better access to viral ges

While some viruses produce all their proteins fransingle coding
molecule, viral genomes may also be split in mldtipNAs or RNAs
fragments (Mandahar, 2006). Such a fragmentatiameiviral genome has
two major advantages. On one hand, this makes goslguences more
accessible for the translation by ribosomes. A<rilesd hereafter, specific
strategies of proteins expression are required V@®RAs are in single queue
on the same genomic molecule. On the other handtjpemtite genomes
make finer the control of expression for genes Whioding sequences are
separated on different genomic segments. The etjgit and translation
steps are finely regulated for each fragment thnaigacting sequences (on
the same molecule). As presented in the genersbdattion, BNYVV,
BSBV and BVQ genomes are all segmented, compostmlipfo five RNAs
for the first and three for the lasts. Thus, theapue viral replicase,
structural and movement proteins are encoded oaragpRNA molecules
for both the BSBV and BVQ.

Viral strategies to express compacted genomes

Most of the eukaryotic mRNAs carry a single ORRhey are called
mono-cistronic — and are scanned by ribosomes th&in 5’ end toward the
3’ extremity to find and translate the coding setwee (Kozak, 1999).
Translation is then initiated at the AUG start coddthin the best context —
the most common one in plants being @GAAUGGC, with nucleotides in
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bold of high importance — and terminates when entaing a UAA, UAG
or UGA stop codon (Caskest al, 1968; Kozak, 1986; Futterer and Hohn,
1996). Because of this major constraint that govéine proteins production
in eukaryotes, viruses use multiple strategiesxfwress their own proteins
from compacted genomes. These can be divided imteetcategories,
depending on whether transcription, translatiorpast-translation stage is
concerned (Drugeort al, 1999; Mandahar, 2006; Ryabogt al,, 2006).
Although presented separately in the following isex, several of these
mechanisms may be combined by the same virus specie

At transcriptional level

Viruses may specifically express one or anothetgim from a genomic
molecule by controlling the messenger RNAs (MRN@E). 10).
While viral genomes composed of single-stranded RN#ith positive
polarity can be directly used by ribosomes for Bgrizing proteins,
negative-stranded RNA should be first transcrilmedroduce the messenger
molecule. Minus-sense RNA genomes, as those ofddwatuses, are
therefore complexed with the viral polymerase todpice infectious viral
particles. In addition, different proteins may als® encoded by both the
genomic RNA and its complementary strand. SaofbisenseRNAs are
used by the tenuiviruRice stripe virugRSV), for instance (Ramirez and
Haenni, 1994).
The splicing of viral mMRNAs, which is reported only among plasmtuses
with DNA genomes such aeminiviridae(Schalket al, 1989; Drugeoret
al., 1999), generates new coding sequences in theAniiyNemoving parts
of it.
Subgenomic(sg) RNAs are mRNAs produced by the viral polyrseriiom
transcription promoters inside the non-coding strafhey make possible
the translation of coding sequences downstreambthgroximal ORF(s).
This strategy is widely used by plant viruses alidwes for instance the
expression of TGB proteins as those of BNYVV (Gitmet al, 1992),
PMTV (Savenkowt al, 2003) and putatively BSBV and BVQ.
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At translational level

When the mRNA carries multiple ORFs, those dovestr the 5'-
proximal one may be also used for the proteins ytdn directly by
ribosomes (Fig. 11). However, distinction should ade between the
following mechanisms.

Ribosomes may pass through the first 5’-proximaltstodon and begin
translating at the second one. Such an unconvexteaky scanningallows
the expression of proteins from ORFs that are aartisee and autonomous
(one gene after the other) or in-frame (both gearesmerged, but one is
shorter than the other), or overlapping. The seabad codon is preferred to
the first one that is bypassed by ribosomes bectdngstatter is placed in a
suboptimal context different from the aforementdn®ACAAUGGC (in
plants) or is a non-AUG alternative start codonZ&la 1989; Ryabovat
al., 2006). Leaky scanning from overlapping ORFsrigppsed to allow the
expression of the third gene from TGB (TGBp3) amlviruses (Zhou and
Jackson, 1996; Verchett al, 1998) like those of BNYVV (Gilmeet al,
1992), BSBV and BVQ.

After translation of the first ORF(s), ribosomes ymalso reinitiate
translation with the following one(s). The effictnof re-initiation is highly
dependant on the length of the first ORF(s), ugustiiort (SORF), and the
distance between the two start codons (Ryabevaal, 2006). This
termination-reinitiation process is reported foe @auliflower mosaic virus
(CaMV) (Fitterer and Hohn, 1991) but not for plaRNA viruses
(Mandahar, 2006).

Jumping of the ribosomal machinery scanning the mRNa downstream
coding sequence is referred ahinting”. In this case, the region between
the take-off and landing sites is not scanned bgsomes. Such jumps are
favored by strong RNA secondary structures and \iiese described for
CaMV (Futtereret al, 1990). However, no plus-sense RNA virus is reggbr
to use such translation strategy (Mandahar, 2006).

During the elongation step of translation, ribosemey switch the reading
frame by one nucleotide towards the 5 (-1nt) or(81lnt) extremity of
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mMRNA. This frameshift leads to the production of two proteins that have
similar N-terminal sequences but differ from theftsposition to the C-
terminal ends. A slippery sequence of seven nudestseparated by four to
nine nucleotides from a downstream hairpin str@;taonstitutes the signal
for +1 frameshifting, most common among plant RNiAuses of positive
polarity (Drugeoret al., 1999).

Finally, the stop codon of some coding sequencey B as leaky
terminators, i.e. once out of ten ribosomes can adother amino acid
instead of stopping translation and continue toniret and final termination
codon. Such aad-through mechanism therefore adds a read-through (RT)
domain to the protein encoded by the ORF upstréensuippressible STOP
codon. This strategy is reported for many plant RNAIses (Maiaet al,
1996) and enables the expression of the BNYVV CP{RiEgler et al,
1985). The polymerases and CP-RTs of BSBV and B¥)tzought to be
produced by read-through.

At post-translational level

For some viruses, the coding sequences are scaobatpthat several of
them may be placed end to end, leading to the faomaf (a) merged
ORF(s). To produce separate structural and nowtstal proteins, the
merged protein(s) — opolyprotein(s) — undergo proteolytic cleavage.
Examples of autocatalytic cleavages are showrhifamous polyprotein of
potyviruses (Allisoret al, 1986) (Fig. 12a) as well as the BNYVV replicase
(Hehnet al, 1997) (Fig. 12b).

Post-translational modifications of viral proteins

Once translated from their mRNA, viral proteinsymalso undergo
post-translational modifications (PTMs) differentorh the proteolysis
discussed before. These subtle changes may in cases greatly contribute
to the proteins structure and functidthosphorylation and glycosylation
are widely reported as regulatory mechanisms afifgqiroteins enzymatic
activity, folding, stability, subcellular localiZzah or interactions (Dwek,
1996; Cohen, 2000). Whereas phosphorylation cansist adding a
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\ & 4
Autocatalytic cleavage

Fig. 12. Two types of polyproteins undergoing proteolytic cleavages are shown. (a)
The Tobacco etch virus (TEV) monopartite genome encodes for a single polyprotein,
subsequently cleaved in at least nine different proteins (adapted from sequence of
Allison et al., 1986). Autocatalytic cleavage sites are indicated (). (b) BNYVV RNA-1
encoded replicase contains papain-like protease domain (PRO) responsible for
autocatalytic processing of the polymerase (adapted from Hehn et al., 1997).

phosphate group (RPto the lateral chain of an amino acid residue,
glycosylation leads to the linkage of a glucidicleonle to an asparagine
(N-glycosylation), serine or threonine (O-glycosia). Commonly
observed among eukaryotes and prokaryotes (MoedsVamderleyden,
1997; Cozzone, 1998), viruses also resort to sudidsPto modulate the
properties of their proteins. Some plus-sense RNiigses regulate the
function of their replicase through their phosphated state (Jakubiec and
Jupin, 2007). Glycosylation of the CP , for inst&ane reported foPlum pox
virus (PPV) andPotato virus X(PVX), although the functional role of such
modification remains unclear (Fernandez-Fernamded, 2002; Baratovat
al., 2004). Mostly involved in the cellular proteidegradation pathway but
also in functions as diverse as cellular traffickor gene expression (Marx,
2002), ubiquitination is used by viruses for thaiwn advantage as well. The
addition of 8.5 kDa ubiquitine on lysine residues lthus been shown to be

45



Chapter | — BSBV RNA-2 transcripts are dispensabf@anta

part of viral replication folTomato bushy stunt viruldBSV) (Barajas and

Nagy, 2010) and is involved in budding of severaledoped viruses — virus
release through the plasma membrane of the hdsfisshcson and Ploegh,
20009).

As a matter of course, physico-chemical propermieproteins undergoing
such PTMs are modified and these may be detecteéxperimental

conditions.
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For a better understanding of the functionality and pathogenicity of beet soil-borne virus (BSBV),
full-length cDNA clones have been constructed for the three genomic RNAs. With the aim of
assessing their effectiveness and relative contribution to the virus housekeeping functions,
transcripts were inoculated on Chenopodium quinoa and Beta macrocarpa leaves using five
genome combinations. Both RNAs-1 (putative replicase) and -3 (putative movement proteins)
proved to be essential for virus replication in planta and symptom production on C. quinoa,
whereas RNA-2 (putative coat protein, CP, and a read-through domain, RT) was not. No
symptoms were recorded on B. macrocarpa, but viral RNAs were detected. In both host plants,

Received 23 June 2009

Accepted 1 September 2009 the CP-RT.

the 19 kDa CP was detected by Western blotting as well as a 115 kDa protein corresponding to

Beet soil-borne virus (BSBV) is a pomovirus transmitted to
Chenopodiaceae by the protist Polymyxa betae (Ivanovic et
al., 1983), which is also the vector of the aetiological agent
of the rhizomania syndrome of sugar beet, beet necrotic
yellow vein virus (BNYVV) (Tamada & Baba, 1973).
Originally reported in Italy (Canova, 1959), rhizomania
disease is now widespread in most countries where sugar
beet is grown (McGrann et al., 2009) and BSBV is often
found in beet infected with BNYVV (Meunier et al., 2003).
However, the pathogenicity of BSBV and its contribution
to the rhizomania syndrome remain unclear, with opinions
still divided on this (Prillwitz & Schlosser, 1992; Kaufmann
et al., 1993; Lindsten, 1993; Rush & Heidel, 1995).

The BSBV genome consists of three single-stranded RNAs
of positive polarity, packaged into rod-shaped particles
(Koenig et al., 1996, 1997; Koenig & Loss, 1997). RNA-1
(5.8 kb) encodes the putative viral replicase. The 19 kDa
coat protein (CP) and a putative 85 kDa read-through
(RT) domain are encoded by RNA-2 (3.5 kb). RNA-3
(3.0 kb) comprises three open reading frames (ORFs)
encoding three putative proteins (48, 13 and 22 kDa)

The GenBank/EMBL/DDBJ accession numbers for the sequences
reported in this paper are FN386612, FN386613 and FN386614.

thought to be responsible for the viral cell-to-cell
movement, resembling the well-known triple gene block
proteins (TGBs) (Fig. 1).

In this study, the contribution of each RNA component to
and i was in
and symptom expression was in
through the use of full-length ¢cDNA clones on two host
plants, Chenopodium quinoa and Beta macrocarpa. This last
plant species was preferred to the natural host Beta vulgaris
with a view of developing the basis for further molecular
analysis of viral systemicity, following the example of
previous studies on BNYVV (Lauber et al., 1998).

vesticated
vestigated

Full-length ¢cDNA sequences were generated from an
Iranian BSBV isolate (Nyshabour, Khorasan Razavi
Province), which was trapped from infested soil in roots
of B. vulgaris. After total RNA extraction from sugar beet
roots using the SV total RNA isolation kit (Promega), the
three genomic RNAs were reverse transcribed and
amplified by PCR (RT-PCR) using expand reverse
transcriptase and the expand long template PCR System
(Roche). Primers matching the extremities of the three
viral RNAs were designed following the only references
known to date (Koenig et al., 1996, 1997; Koenig & Loss,
1997). Forward primers were flanked with a T7 promoter
sequence (TAATACGACTCACTATAG) (Fig. 1). Ampli-

014548 © 2009 SGM  Printed in Great Britain
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T7
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19 kDa RT 104 kDa
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48 kDa 2K peal
L [5 |
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—
13 kDa
Fig. 1. Schematic representation of the BSBV tripartite genome: RNA-1 encodes the putative replicase with conser Ja}

methyl-transferase (MTR), helicase (Hel) and RNA-dependent RNA polymerase (Pol) translated as an RT domain; RNA-2
encodes the putative CP and an RT domain; RNA-3 encodes the putative TGBs-1, -2 and -3. The asterisks (*) represent the RT
stop codons. The molecular mass of the putative proteins is given beside each arrow beneath or above the corresponding ORF.
The full-length cDNA clones (pUBS-1-wt, -2-wt, -2-rtBsiWI, -3-wt; pUC19 backbone) are under the control of a T7 promoter
and possess a unique restriction site (4) for linearization and run-off transcription. pUBS-2-rtBsiWI clone has a frameshift at
the beginning of the CP-RT domain coding sequence as a result of the 4 nt insertion (underlined). The probes used for
Northern blot detection of the three viral RNAs are positioned above the corresponding full-length clone (NB-1, -2 and -3).

cons were gel purified using QIAquick gel extraction kit
(Qiagen) and inserted into the pGEM-T vector (Promega).
Ligation products were transferred into the Escherichia coli
strain JM109. Full-length ¢cDNA clones were then sub-
cloned into pUC19 and maintained in the E. coli strain
DH5-4, to obtain the final constructs pUBS-1-wt (RNA-1),
pUBS-2-wt (RNA-2) and pUBS-3-wt (RNA-3) (Fig. 1). A
full-length cDNA clone of RNA-2 containing a frame shift
mutation in the coding sequence for the putative CP-RT
domain (clone pUBS-2-rtBsiWI, Fig. 1) was obtained by
filling a BsiW1 digestion (target site position 907-912) with
DNA polymerase I Klenow fragment (Promega) followed
by self-ligation with T4 DNA ligase (Roche).

The four full-length ¢cDNA constructs in pUCI9 were
linearized with Spel or Ncol (Fig. 1) before run-off
transcription with the RiboMAX large-scale RNA produc-
tion system - SP6 and T7 (Promega) in the presence of Cap
analogue m7G(S')ppp(5’)G (New England Biolabs). The
transcripts were mechanically inoculated in a 50 mM
KH,PO, (pH 4.2) and 0.04 % bentonite buffer on both C.
quinoa and B. macrocarpa leaves. In vitro transcript
combinations of RNA-1 (1), -2 (2), -2 carrying a frame
shift mutation in the RT domain coding sequence (2*) and
-3 (3) were tested as follows: 14243, 142*+3, 142, 143 and

2+3. Inoculation buffer alone was applied for the negative
control. C. quinoa and B. macrocarpa were exposed to light
for 16 h per day at 15-20 "C and 20-25 "C for night and
day, respectively. The experiment was carried out on one C.
quinoa plant (three leaves inoculated) and two B. macro-
carpa plants (two leaves inoculated per plant) for each
condition and repeated twice to ensure reproducibility.

Symptomatic lesions appeared on all the C. quinoa leaves
inoculated with BSBV full-length transcripts of RNAs
14243, 142*+3 or 143 at 3 days post-inoculation (p.i.).
Small necrotic spots, necrotic ringspots (data not shown)
and chlorosis were clearly developed 7 days p.i. (Fig. 2).
However, the infection of the B. macrocarpa plants with the
same three combinations of BSBV full-length transcripts
did not produce any symptoms on the inoculated leaves
(data not shown). These observations indicated that the
presence of the BSBV RNA-2 was therefore not necessary
for symptom expression, which occurred only on C.
quinoa.

C. quinoa- and B. macrocarpa-inoculated leaves were
harvested at 7 and 10-17 days p.i., respectively. The
RNAs were extracted from the whole leaves using the
polysomes extraction protocol (Jupin et al, 1990) followed
by phenol extraction and ethanol precipitation of the
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(a) (O] e)

(e

Fig. 2. C. quinoa leaves 7 days after inocu-
lation with BSBV full-length transcript mixes
14243 (a), 142 (b), 14243 (¢), 243 (d) and
143 (e) and a negative control (f). Only
genome arrangements 14+2*43 (a), 1+2+3 (c)
and 143 (e) provoked the appearance of
symptoms on the inoculated leaves, with
necrotic spots and ringspots (data not shown)
and slight yellow chlorosis.

RNAs. The viral RNAs were detected by Northern blot with
random DNA probes synthesized with the Prime-a-Gene
Labelling System (Promega) and labelled with [«- 2pldCTP
(1.14x 10" Bq mmol '; Perkin Elmer). The probes
matched nucleotide positions 3510-4015 (NB-1), 2281—
2711 (NB-2) and 1930-2330 (NB-3) of RNAs-1, -2 and -3,

Genomic combinations 142%+3, 14243 and 143 resulted in
corresponding viral RNA amplification on both host plants
(Fig. 3a, b, lanes 1, 2 and 4), whereas 142 and 2+3 did not
(Fig. 3a, b, lanes 3 and 5). The BSBV RNAs -1 and -3 full-

(a) 1 2 3 4 5 6 *C

T —

© ,

length transcripts were therefore required for the efficient
viral replication in planta, in contrast with BSBV RNA-2
that appeared dispensable for the viral RNA replication.
However, even if no viral RNAs were detected in plants
inoculated with the combinations 142 and 2+3 (Fig. 3a, b,
lanes 3 and 5), a potential undetected infection cannot be

142 1g the p e
movement proteins encoded by RNA-3, the RNAs-1 and -2
might indeed replicate in the first inoculated cells but
couldn’t spread to the neighbouring ones (Hull, 2009).
This will be further characterized using protoplast
inoculation.

|._1 16 kDa CP-RT

|. . - -F:S::té

1 2 3 4 5 6 *C

- 19 kDa CP
— !l

F—! 15 kDa CP-RT

™ l._mmacp

Fig. 3. Northern (a, b) and Western (c, d) blot analysis for the detection of BSBV RNAs and structural proteins in C. quinoa
(a, ¢) and B. macrocarpa (b, d) leaves, 7 and 10-17 days p.i., respectively. Plant leaves were either inoculated with one of the five
genome arrangements of BSBV full-length transcripts tested [combinations 14+2*+3 (lane 1), 14243 (2), 142 (3), 1+3 (4) and
243 (5)] or mock-inoculated (6). The three BSBV genomic RNAs were detected in total RNA extracts using random DNA probes
labelled with [2->?P]dCTP and diluted transcripts constituted positive controls (*C) (a, b). The 19 kDa CP and 115 kDa CP-RT
proteins of BSBV were immuno-detected with primary polyclonal antibody directed against viral particles (c, d).
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All three replicative combinations raised the infection rate
by 100% in both host plants, except the 14+2*+3 which
infected half of the inoculated B. macrocarpa.

BSBV CP and CP-RT proteins were detected by Western
blotting after SDS-PAGE separation of total protein
extracts from symptomatic samples and whole asympto-
matic leaves. Structural proteins were revealed using a
polyclonal antibody directed against viral particles
(DSMZ). The primary antibody was diluted 1:10000 in
TBS buffer containing 0.1% Tween 20, 5% powdered
skimmed milk, and supplemented with total protein
extracts from healthy C. quinoa or B. macrocarpa. Anti-
rabbit alkaline phosphatase-conjugated secondary IgG
(Sigma-Aldrich) was diluted 1:10 000 in TBS-Tween—-milk
buffer and the blots led with premixed BCIP—

NBT solution (Sigma-Aldrich).

were revea

A 19 kDa protein was detected in both C. quinoa and B.
macrocarpa plants inoculated with the 142*+3 and 14243
mixes of BSBV RNAs transcripts (Fig. 3¢, d, lanes 1 and 2)
but not when RNA-2 was omitted (combination 143; Fig.
3¢, d, lane 4). Thus, the BSBV RNA-2 transcripts are
indeed responsible for the expression of the 19 kDa protein
in planta, which corresponds to the BSBV CP of the same
predicted molecular mass that is encoded by the BSBV
RNA-2 first ORF. Another protein with an estimated
molecular mass of 115 kDa was also observed in the leaves
of both plants inoculated with the genome combination
14243 (Fig. 3¢, d, lane 2) and not detected in the leaves
inoculated with the BSBV RNA-2 transcripts mutated for
the RT domain of the CP (genome combination 142%+3;
Fig. 3¢, d, lane 1). This product therefore corresponds to
the predicted 104 kDa BSBV CP-RT protein. Transcript
progeny analysis confirmed the stability of the frame shift
mutation (data not shown).

According to the different genomic combinations of BSBV
full-length transcripts inoculated, our study showed that
both the putative replicase (RNA-1) and TGB proteins
(RNA-3) of BSBV are essential and sufficient for the
replication of such RNAs in the inoculated leaves of C.
quinoa and B. macrocarpa. In addition, the symptom
expression on C. quinoa did not depend on the presence of
the BSBV RNA-2. The BSBV CP and CP-RT encoded by
the BSBV RNA-2 are therefore not required for viral
infection in the plant hosts or for symptom production on
C. quinoa leaves. The dispensability of the CP for viral
replication in planta is a common phenomenon, shared by
the closely related pomovirus potato mop-top virus
(PMTV) on Nicotiana benthamiana and Nicotiana cleve-
landii (McGeachy & Barker, 2000; Savenkov et al., 2003), as
well as other viruses such as the well-known tobamovirus
tobacco mosaic virus (TMV) on Nicotiana tabacum (Siegel
et al., 1962). However, whereas symptom production due
to TMV does not depend on the presence of the CP, no
symptoms are expressed when PMTV lacks the CP and
CP-RT. Thus, despite their taxonomic proximity and a
highly similar genome organization, the BSBV and PMTV

pomoviruses retain their own particularities. Nevertheless,
it should be borne in mind that PMTV is a potato virus
and symptom expression could be host-dependent.

It is also worth noting that, as the primers used to amplify
full-length ¢DNA  sequences of BSBV were designed
according to a previously published nucleotide sequence
of a German isolate, the biological properties of the
resulting full-length ¢cDNA clone might have been modi-
fied. However, viral terminal sequences are mostly highly
conserved for a virus species as they are involved in viral
replication (Duggal et al., 1994; Koenig et al., 2000), and
the BSBV full-length clone replicated efficiently.

Consistent  with earlier findings reporting on foliar
symptoms on Chenopodium spp. and occasional lesions
on Beta spp. leaves when inoculating BSBV from the crude
sap of infected plants (Henry et al., 1986), transcripts from
the full-length clone of BSBV induced clear symptoms only
on the C. quinoa leaves. Following the example of BSBV,
the two first BNYVV RNAs, carrying the genetic material
homologous to one of the three BSBV RNAs plus a cystein-
rich protein (pl4) with PTGS suppressor activity
(Bouzoubaa et al., 1986, 1987; Dunoyer et al, 2002), are
also unable to induce a systematic symptomatic foliar
reaction on Beta spp. However, lesions on Beta spp. leaves
are clearly produced when at least BNYVV RNAs-1, -2 and
-3 are present (Tamada et al, 1989; Rahim et al., 2007).
Although BSBV and BNYVV both naturally infect sugar
beet, BSBV lacks the genetic material necessary to induce
clear symptoms on B. macrocarpa leaves whereas BNYVV
has this through RNAs-3 and -4.

The use of a polyclonal antibody directed against BSBV
viral particles allowed two proteins expressed from BSBV
RNA-2 transcripts to be detected. As expected, the Western
blot analysis showed the production of the BSBV 19 kDa
CP in both C. quinoa and B. macrocarpa. However, whereas
the expected molecular mass of the CP-RT is 104 kDa, a
protein with an estimated molecular mass of 115 kDa
corresponding to the CP-RT was identified in both host
plants. It could be assumed that post-translational
modifications of the CP-RT domain, such as phosphor-
ylation or glycosylation events, are responsible for this
115 kDa observed molecular mass of CP-RT. Actually,
post-translational modifications can reduce the protein’s
electrophoretic mobility in SDS-PAGE and many viral
structural proteins are described as glycosylated and/or
phosphorylated (Hahn & Shepherd, 1980; Seddas &
Boissinot, 2006; Akamatsu et al, 2007; Hafrén &
Mikinen, 2008; Zayakina et al, 2008). Another hypothesis
would involve the intrinsic properties of the BSBV CP-RT,
knowing that highly hydrophilic domains containing many
charged residues, such as arginine (Hu & Ghabrial, 1995),
or the presence of transmembrane motifs (Rath et al,
2009) in proteins might influence their migration on SDS-
PAGE. This is supported by the presence in the RT domain
of the BSBV CP of two predicted transmembrane helices, as
is also reported for the closely related beet virus Q (BVQ)
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(Crutzen et al., 2009), which would be essential for viral
P. betae (Diac et al, 1999
Adams et al, 2001). Further experiments need to be
performed to determine the specificity of CP-RT, from the
post-translational modification or intrinsic properties,
which influences the molecular mass of the protein on
SDS-PAGE.

The rhizomania syndrome of sugar beet and its causal
agent, BNYVV, have been widely studied since the 1970s
because cropping losses, commonly about 50% and
sometimes up to 80 %, have been attributed to the disease
(McGrann et al., 2009). However, the involvement of BVQ
and BSBV in the disease, often associated with beet infected
with BNYVV, has never been clearly established and no
particular interest in understanding their specific function-
ality was followed. Our study describing the first infectious
full-length ¢cDNA clone available for a beet Pomovirus
therefore provides a useful tool for further investigating the
pathogenicity of BSBV in the complex rhizomania
syndrome, as well as its replication and infection mechan-
isms, and the potential viral interactions with other beny-
and pomoviruses on both susceptible and rhizomania-
resistant beets.
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CHAPTER I

The beet virus Q coat protein readthrough domain is longer
than previously reported, with two transmembrane danains

Opening comments
Since the identification of BVQ as a distinct vigecies and sequencing
the entire genome of a BVQ strain maintained @nquinoa leaves
(Koenig et al, 1998), no further interest has been taken is tmus.
However, the RNA-2 encoded 35 kDa CP RT domairnisf BVQ strain
is much shorter when compared with BBNV, BSBV aidTR/, as RT
domains of 53, 85 and 71 kDa are described foretb#ser pomoviruses,
respectively (Table 3). Moreover, two small ORFsling for putative
proteins of 9 and 18 kDa of unknown function aated downstream of
the CP-RT coding sequence. These little proteisplaly no homolog
among furovirusesensu lato(fungal-transmitted rod-shaped viruses,|as
plasmodiophorids were first considered as belongiaogthe fungi
kingdom), but their coding sequences present giitida with internal
parts of BSBV and PMTV RT domain (Koergg al, 1998). Finally, the
35 kDa RT domain of BVQ is predicted to lack thensmission-relateq
TM2 and this raises questions about the transniliggiby its putative
vector, P. betae Following these observations, it has been hysited
that such special organization of BVQ RNA-2 redlilfeom deletion(s)
event(s) in a longer RT domain like those of ottlesely related viruse$
(Koenig et al, 1998; Adamset al, 2001). To identify the commo
arrangement of the BVQ RT domain and get an insigld the
transmission characters of this virus, interest iasen in RNA-2
organization of BVQ strains coming from differerr{s of Europe.

—
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Table 3. Listing of plant RNA virus species that possess a coat protein (CP) with
read-through (RT) domain. Accession numbers are given for the CP-RT encoding
Luteoviridae-belonging viruses.
Suppressible stop codons and molecular masses (MM) of the RT domains are
indicated. Potential transmembrane motifs (TMs) predicted by Adams and co-authors

RNAs. Only

type-species are

indicated for

(2003) for soil-borne viruses are mentioned. Vector types are also specified.

Virus Accession | Amber | CP-RT T™s Vector
number codon MM
Luteoviridae
Enamovirus
PEMV L04573 UGA 33 -
Luteovirus Aphids
BYDV-PAV D01214 UAG 50 -
Polerovirus
PLRV D00530 UAG 57 -

Benyvirus Soil-
BNYVV X04197 UAG 54 TM1 - TM2 borne
BSBMV | NC_003503 | UAG 53 TM1 - TM2

Virgaviridae
Furovirus
CWMV | AJ012006 UGA 65 TM1 - TM2
EWMV | NC_002330 | UGA 65 TM1 - TM2
OGSV | AJ132579 UGA 57 T™1
SBWMV | AB033690 UGA 64 TM1 - TM2 Soil-
SrCSV | AB033692 UGA 62 TM1-TM2 | borne
Pomovirus
BBNV | NC_004424 | UAA 53 TM1 - TM2
BSBV | NC_003518 | UAG 85 TM1 - TM2
BVQ | NC_003511 | UAG 35 T™1
PMTV-Sw | NC_003724 | UAG 71 TM1 - TM2
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Preliminary concepts

The CP-RT protein, a common organization

The addition of a RT domain to the viral CP isdubg several single-
stranded positive-sense plant RNA viruses belonginglifferent families
and genera (Table 3). Soil-borne pomoviruses BBB8BV, BVQ and
PMTV encode for CP-RTs (Koenigf al, 1997a; Luet al, 1998; Koeniget
al., 1998; Reavyet al, 1998) as well as the oth®lirgaviridae-belonging
Chinese wheat mosaic virulCWMV), European wheat mosaic virus
(EWMV), Oat golden stripe virugOGSV), Soil-borne wheat mosaic virus
(SBWMYV), Sorghum chlorotic spot viruéSrCSV) fromFurovirus genus
(Diao et al, 1999a; Diacet al, 1999b; Shiraket al, 2000; Yamamiya and
Shirako, 2000). These two last genera are traretnity plasmodiophorids.
CP-RTs coding sequences are also found on RNAs-Deofyviruses,
BNYVV and BSBMV (Ziegler-Graffet al, 1985; Niesbach-Kltsgest al.,
1990; Leeet al, 2001), both vectored by the protistbetag Tamada, 1975;
Wisler et al, 1994). Finally, RNAs-1 of aphids-transmitted uges from
Luteoviridaefamily are also reported to encode for a RT donzaided to
the CP. From the numerous virus species compodiegltiteoviridae
family, Pea enation mosaic viruPEMV) (Demleret al, 1997), Barley
yellow dwarf virus(BYDV) (Chenget al, 1994) andPotato leaf roll virus
(PLRV) (Bahneret al, 1990) type-species can be cited Esramo, Lutec
andPolerovirusgenera, respectively. Two amber codons are maisdyl to
produce the RT domains of CPs. UAG leaky codoroisiél among luteo-,
polero-, beny- and pomoviruses, whereas UGA isnteddor enamo- and
furoviruses. Another UAA suppressible codon is jsgad for BBNV only.
Molecular masses of the different RT domains rdmgjeveen 33 kDa for the
shortest (PEMV) and 85 kDa for the longest one (B5B
Besides these plant viruses, the CP-RT organizatioalso reported for
another bacteria-infecting virus. RNA phage Q bethjch parasites the
well-known enterobacterig&scherichia coli belongs to theAllolevivirus
genus, Leviviridae family. Its monopartite single-stranded RNA genome
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comprises 3 ORFs, of which the middle one encodeshie CP-RT or Al
protein (Kozlovskeet al, 1993). The 14 kDa CP and a 22 kDa RT parts are
shorter than those of the above-mentioned plant RNAses and the
function of the RT domain is still not yet defined.

Although all aforesaid viruses produce structurBHETs, it is worth noting
that, while benyviruses and virgaviridae are rodpsd viruses with helical
symmetry, virions of luteoviridae and alloleviviess appear spherical with
icosahedral symmetry. Therefore the CP-RT struciise varies depending
on the virus genus.

Roles attributed to RT domains of viral CPs

As a structural protein being part of the viraitjgdes, CPs RT domains
of plant viruses have been shown to be essentialddous functions at
different stages of the viral cycle (Fig. 14).

Mutational analyses evidenced that CP RT domain beajnvolved either
directly or indirectly in thesymptom induction, as evidenced faithe Beet
western yellows virulBBWYYV, Luteoviridag, PMTV or SBWMV (Chenret
al., 1994; Bruyéreet al, 1997; Torrancet al., 2009). For these viruses, this
function is attributed to the C-terminal part oé throtein. However, the RT
nucleotide sequence might be involved in this phgmo expression rather
than the gene product. Targeted by innate defersbamnisms of the plant —
RNA silencing machinery, the RT coding sequenceldcdoe cleaved in
small interferering RNAs (siRNAs). Symptom prodoatimight then result
from the interference of these siRNAs with plant M#&® (Silhavy and
Burgyan, 2004).

The N-terminal extremity of BNYVV CP RT domain, s to the linked
coat protein, is known to be necessary for thd @saembly(Schmittet al,
1992). In this case, virus encapsidation by the paateins is thought to be
initiated by the formation of a nucleation compleere CP-RT proteins
interact with the viral RNAs extremity via the CRarp and between
themselves with the N-terminal portion of the RTrdon (Fig. 14)
(Haeberléet al, 1994). However, virions formation is not alwaependant
on the RT part of the CP, as shown for the lutédaeg BWYV (Reutenauer
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TRANSMISSION

RT domain

-—  cP
MULTIFUNCTIONAL

6% j VVV

Fig 14. Mutlifunctional aspect of the BNYVV, BWYV, PEMV, PLRV, PMTV and
SBWMV coat proteins (CP) read-through (RT) domains. For these viruses, RT part
may be involved in viral transmission by aphids or plasmodiophorids vectors,
symptom expression, virion formation (encapsidation model adapted from Haeberlé
et al., 1994) or long-distance (systemic) movement in plants.

SYMPTOM
EXPRESSION

et al, 1993) and BYDV-PAV (Mohart al, 1995), or PMTV (Torrancet
al., 2009).

Systemic movemenbf the virus in the infected plant may also invothe
CP RT domain, as reported for the BWYV, PMTV andRRL(Mutterreret
al., 1999; Peteet al, 2008; Torranceet al, 2009). Nevertheless, the RT
domains seem to be only part of the long-distanceement for these
viruses, as they are not strictly essential fohquerposes.
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Finally, more common is the involvement of the Rdnin in the viral
transmission by means of aphid or protist vector. It is wellekvn that
deletion events or amino acid changes in the CRd&fain of BNYVV,
BWYV, PEMV, PMTV and PLRV affect greatly their tramissibility
(Tamada and Kusume, 1991; Jolly and Mayo, 1994ulBret al, 1995;
Demler et al, 1997; Reavyet al, 1998). Nevertheless, whereas the N-
terminal part of the RT is necessary for the BWYWdaPLRV
transmissibility by aphids (Bruyeret al, 1997; Peteet al, 2008), the C-
terminal extremity of RT domains has been shownb& of crucial
importance for the transmission of BNYVV and PMTY htheir protist
vectors (Tamada and Kusume, 1991; Reatyal, 1998). Thus, the two
transmembrane helices TM1 and TM2 predicted inGRs RT domains of
plasmodiophorid-transmitted viruses (Table 3) ax@ppsed to facilitate the
uptake of viral particles into the vector, as présd in the general
introduction for BNYVV, PMTV, BSBV and BVQ (Diacet al, 1999a;
Adamset al, 2001). However, no TMs2 are predicted in RT diosaf
BVQ and OGSV CPs (Adanet al.,, 2001).

Spontaneous deletion mutants for the CP-RT

To ensure continuous supply of fresh working matelaboratories use
to multiply the viral strains of interest in labdilants. In such cases, the
natural propagation of the virus by its vector nieeybypassed in order to
optimize the virus production, for instance throughkchanical inoculation
of the leaves. However, aberrant genome arrangamapypeared quickly
because of such practices. In this way, spontandeletions have been
reported in CPs RTs of BNYVV, BSBV, SBWMV and PMTafter serial
passages off. expansaC. quinoa Triticum aestivumor Nicotiana sp.,
respectively (Tamada and Kusume, 1991; Céteal, 1995; Koeniget al,
1997a; Reavet al, 1998; Koenig, 2000; Sandgrenal, 2001) (Fig. 15).

For these viruses, sequences deletions of 3 to A0&€& described in the C-
terminal moieties of CPs RT domains, N-terminaltipois being free of
such deletion events. Moreover, according to whetle number of
nucleotides removed is a multiple of 3 or not, ¢bding sequence following
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BNYVV

SBWMV

PMTV
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— [ )il }— Yu2Pisolate, 21 nt
— [ 1 }- Rg1 isolate, 3 nt

— cp ] RT - Wt

—~ T}~ A} 16kbclone, s19nt
-~ T F—  {F 14kpclone, 759 nt

I o - 12kbclone, 964nt
—::}*\/”‘j:— 1.0 kb clone, 1030 nt
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] | |~ PMTV-S, 109 nt

—{ | {4 PMTV-T, 543 nt & 109 nt
~ | J— '+ APMTV-Se &-D,941nt
—{_cr ] RT } Wt
[ M aAhlum,136nt

Fig. 15. Occurrence and positions of spontaneous deletions in sequences coding for
read-through (RT) domains of coat proteins (CP) of BNYVV (Tamada and Kusume,
1991; Koenig, 2000), BSBV (Koenig et al., 1997a), PMTV (Sandgren et al., 2001)
and SBWMV (Chen et al., 1995). Boxes represent ORFs that are translated (full
lines) or not (dashed lines). Oblique bars between boxes indicate deletion position.
The wild-type (WT) organization of CP-RT coding sequence is shown for each virus
species. Names of deleted isolates and length of deleted parts are also specified.

the deleted part is in frame or not with the préugdne and RT domains
undergo internal deletions or are truncated. Istergly, these deleted
strains replicate efficiently in the inoculated Vea in spite of the major
rearrangement of their viral genome. Neverthelesd) BNYVV and PMTV
deleted forms were not transmissible any more Ileyr ttespective vectors
(Tamada and Kusume, 1991; Rea\al, 1998). A potential involvement of
the RT domains deleted parts in natural viral tmsiesion by the
plasmodiophorid vector has therefore been hypatbdsi
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Ten beet virus Q (BVQ) strains from six different countries were sequenced to characterize the
readthrough (RT) domain of the coat protein (CP). The GenBank/EMBL/DDBJ accession
numbers for the sequences reported in this paper are FM244643-FM244652. With three
nucleotide additions of 5, 285 and 1 nt, the common RT of 76 kDa was found to be longer than
the single reference available to date (35 kDa). It is hypothesized that multiple inoculation cycles
on Chenopodium quinoa were responsible for these three deletions in the C-terminal part of the
BVQ RNA-2 previously described. Two putative transmembrane domains, TM1 and TM2, were
predicted in the consensus amino acid sequence of the ten BVQ strains, and the putative BVQ
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TM2 was aligned with that of potato mop-top virus.

Beet virus Q (BVQ), first reported as one of the two beet
soil-borne virus (BSBV) serotypes (Lesemann et al., 1989;
Barbarossa et al., 1992), has been described as a distinct
member of the genus Pomovirus as BSBV, potato mop-top
virus (PMTV) and broad bean necrosis virus (BBNV)
(Koenig et al., 1998). Co-isolated with the causal agent of
the rhizomania syndrome, beet necrotic yellow vein virus
(BNYVV), the role of BSBV and BVQ in the disease
remains a matter of debate (Prillwitz & Schlosser, 1992;
Kaufmann et al, 1993; Lindsten, 1993; Rush & Heidel,
1995). However, the almost ubiquitous association of at
least one of these viruses in co-infections with BNYVV
(Meunier et al., 2003) raises questions about their role in
the disease syndrome.

The tripartite genomic organization of the two pomo-
viruses is almost identical (Koenig et al., 1998). However,
there is a major divergence for RNA-2. The sequence
coding for the coat protein readthrough (RT) domain is
shorter for BVQ, with two additional ORFs encoding 9 and
18 kDa proteins (p9, p18) (Koenig et al., 1998) (Fig. 1a). It
has been hypothesized that this special genomic organiza-
tion of BVQ RNA-2 might have resulted from deletion
events from an original sequence comprising a longer RT
protein, similar to that of BSBV (Koenig et al., 1998).

This hypothesis was challenged by the systematic partial
sequencing of RNA-2 for ten BVQ sources, where genomic
RNAs were purified as described by Meunier et al. (2003).
Soils producing rhizomania symptoms were collected in
Belgium (Beclers, Mazy, Seneffe, Silly, Walviert), France

The GenBank/EMBL/DDBJ accession numbers for the sequences
reported in this paper are FM244643-FM244652.

(Pithiviers), Germany (Langendorf), Hungary (Tom-
paladony), Spain (Ciudad Real) and The Netherlands
(Kamperland). RNA extracts containing BVQ particles
were identified using multiplex RT-PCR (Meunier et al.,
2003). These extracts were then selected to amplify the
BVQ RNA-2 region included between the coat protein stop
codon and the RNA-2 3’ extremity using RT-PCR with
Expand Reverse Transcriptase (Roche) and Expand Long
Template PCR System (Roche). The ten amplified
fragments were purified from the electrophoresis gel with
a QIAquick Gel Extraction kit (Qiagen) and subsequently
sequenced with four pairs of primers, forward and reverse.
Sequencing was performed in a DNA sequencer ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems) and
consensus sequences were obtained with ContigExpress
and Vector NTI version 7.1 software (Invitrogen).

The sequencing results revealed a different arrangement for
the coat protein RT domain of BVQ from the one
described previously (Fig. 1a) (Koenig et al., 1998). The
sequenced RT was longer, with 291 nt within three distinct
nucleotide additions, I1, 12 and I3, being responsible for
this rearrangement (Fig. la). Five additional nucleotides
were located at positions 864-868, almost 100 bp before
the putative 35 kDa coat protein RT domain stop codon
(975-977) (Fig. 1a, addition I1). A supplementary 285 nt
were present at positions 1223-1507, that is, in the stop
codon of the putative p9 coding sequence (Fig. 1a, addition
12). Finally, a single-nucleotide addition was noted at
position 2043 (Fig. 1a, addition 13).

These three genetic modifications in the nucleotide
sequence of BVQ RNA-2 induced major changes in the
coding sequence length and amino acid composition of the
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BVQ CP-RT longer than previously reported

(@)

&
(Koenig et al., 1998)

(c)
5UTR 3UTR PMTV TM1 NHGQGLPWLLAFLLLLLSVVVVYSTIYLNDWLYR
Evasians  SUTR T T TR
in this study) BSBV TM1 VDGDGLAWVLAAIFAFLSMLFFSLMCEFGSRRFL
BVQ TMa VDGHGIAWVIASIFALLSVCIVSFFIFSSNKFAA
" 12 13
BVQ T™Mb TTADVASYALAASSSIYALSMEVKHGK
RT.70kDa PMTV TM2 TTADIIAYLVSGVMAAYALVAVSKGGI

05kb 1.0kb 1.5kb 2.0kb

TMa

TMb
50aa 100 aa 150 aa 200 aa

Fig. 1. (a) Schematic representation of the RNA-2 genomic organization for BVQ previously described (Koenig et al., 1998)
compared with the ten from this study that all contain three nucleotide additions of 5 (11), 285 (12) and 1 (I3) nt responsible for
the longer putative RT domain of 76 kDa instead of 35 kDa. Nucleotide additions are represented by black boxes. The rt35
(grey box), p9 (vertical hatching) and p18 (diagonal hatching) nucleotide sequences conserved in the 76 kDa RT coding
sequence are shown, as well as the untranslated regions (UTRs) and the coding sequences of the coat protein (CP) and the
putative readthrough domains (RT). (b) Integrally and partially conserved rt35 (grey box), p9 (vertical hatching) and p18
(diagonal hatching) peptidic motifs as well as predicted transmembrane helices TMa and TMb are represented on the
consensus amino acid sequence of the 76 kDa RT domain. The amino acid sequence coded by the |12 nucleotide addition is
also indicated (black box). The A, B, M and C conserved domains are localized with horizontal arrows («). Variant amino acids
are positioned with vertical arrows (1). (¢) Amino acid sequences of the two BVQ transmembrane domains TMa, aligned with
TM1 of BSBV and PMTV, and TMb, aligned with TM2 of PMTV (Adams et al., 2001). Transmembrane helices are underlined

and amino acids of crucial importance for helices interaction are in bold.

coat protein RT domain (Fig. 1a and b). Indeed, nucleotide
additions I1 and 12 suppressed putative 35 kDa RT and p9
stop codons, respectively, whereas the I3 moves the final
stop codon from position 2105-2107 to 2098-2100.
Reading frames between the I1 site and the beginning of
the putative p9 sequence, and the I3 site and the final stop
codon are moved by +1 and +2 nt, respectively. The
expected molecular mass of the putative coat protein RT
domain common for the ten sequenced BVQ strains
is therefore 76 kDa instead of 35 kDa. This longer RT
integrates the full amino acid sequence of the putative p9
but, because of the I1 and I3 nucleotide additions, the C-
terminal extremities of amino acid sequences suggested for
putative 35 kDa RT and p18 are modified (Fig. 1b)

The nucleotide and amino acid changes between all ten
BVQ strains sequenced for the RT domain of the coat
protein are listed and positioned (Tables 1 and 2). For a
total length of 2097 nt and 699 aa, the ten BVQ strains had
an identity of 99.05-100% at the nucleotide level and
98.71-100 % at the amino acid level. This extremely low

variability of the BVQ genome had been reported for other
strains sequenced for the coat protein gene (Stas et al,
2001; Lennefors et al., 2005).

Three domains A, B and C are reported to be conserved
between the RT domains of the three pomoviruses PMTV,
BVQ and BSBV. A fourth one, M, is conserved only by the
latter two (Koenig et al, 1998). Despite the major
rearrangement observed for the RT domain of the ten
BVQ strains, these motifs were localized on the putative
76 kDa RT (Fig. 1b). Three varying amino acids were
localized in domain B and only one in each domain A and
C. Domain M was free of any amino acid mutation. The
minimal variability within these four motifs A, B, M and C
between the ten BVQ strains confirmed their importance
for the virus.

A single transmembrane motif (TM1) is identified in the
BVQ coat protein 35 kDa RT domain (Adams et al., 2001).
However, two complementary transmembrane domains,
TM1 and TM2, are of crucial importance for the viral
transmission by protist vectors such as Polymyxa and

http://vir.sgmjournals.org
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BVQ CP-RT longer than previously reported

Table 2. Varying residues in the amino acid sequence of the coat protein RT domain for ten BVQ strains, compared with the

consensus sequence

Source*

Position numbert

30 151 155 199

447

477 494 497 512 526

G-Langendorf (CAR91970.1) 1
N-Kamperland (CAR91971.1)
B-Beclers (CAR91969.1)
B-Seneffe (CAR91968.1)
B-Silly (CAR91965.1)
F-Pithiviers (CAR91973.1)
S-Ciudad Real (CAR91974.1)
B-Walviert (CAR91967.1)
B-Mazy (CAR91966.1)
H-Tompaladony
(CAR91972.1)
Consensus

L

M 1 M R

[ NN

> » »ww

*Origin of each strain with its corresponding accession number.
F+41 position begins at the first amino acid after the readthrough.

Spongospora (Diao et al., 1999; Adams et al., 2001). In this
context, the identification of a new RT domain for the
BVQ coat protein also provided new material for
bioinformatic analysis. Predictions of transmembrane
motifs with the consensus peptidic sequence of the RT
domain were carried out using programs HMMTOP
(Tusnady & Simon, 1998), T™MHMM (Krogh et al., 2001),
TMPred (Hofmann & Stoffel, 1993) and TopPred (von
Heijne, 1992). The results were correlated with the capacity
of predicted motifs to form u-helices, which were proposed
by Gor (Garnier et al, 1996), Jpred (Cole et al., 2008),
PSIpred (Jones, 1999) and sopma (Geourjon & Deléage,
1995) analysis.

Two motifs appeared to form transmembrane helices, TMa
and TMb (Fig. 1b and c). The first one corresponded to the
TM1 already predicted for the shorter putative BVQ
35 kDa RT (Adams et al., 2001) and was located at the N-
terminal extremity of conserved domain B. The second
transmembrane domain was specific to the putative
76 kDa RT domain and positioned on both the p9 peptidic
motif C-terminal part and the N-terminal extremity of the
peptidic sequence coded by the 12 addition (Fig. 1b). It is
also important to note that, although BVQ TMa can be
aligned on the TM1 of BSBV and PMTV, TMb was aligned
only on TM2 proposed for PMTV (Fig. 1¢) (Adams et al.,
2001).

Two amino acid residues from predicted TMa and TMb
are also highlighted in Fig. 1(c). One is an aspartate (D)
residue located at the TMb N-terminal extremity, whereas
the other is a lysine (K) residue situated at the C-terminal
extremity of predicted TMa. As suggested for some
benyviruses, furoviruses and pomoviruses (Adams et al.,
2001), the electrostatic interaction between these basic (K)
and acidic (D) residues at the inner side of the membrane

is necessary for an efficient viral transmission by the protist
vector. In that way, the D residue corresponds to the E
residue from the KTER motif, described as essential for the
transmission of BNYVV by Polymyxa betae (Tamada et al.,
1996). It is also worth noting that no amino acid changes
were observed for these two motifs among all ten
sequenced BVQ strains originating from six countries.

The sequencing of ten BVQ strains from Belgium, France,
Germany, Hungary, Spain and The Netherlands seems to lift
the veil on the genomic organization of RNA-2. Indeed, the
shortness of a putative coat protein 35 kDa RT domain that
allowed space for two small putative ORFs p9 and p18 was
quite a striking arrangement for the RNA-2 of BVQ described
to date, compared with other closely related viruses such as
BSBV, PMTV and BNYVV. When first described, it had been
already proposed that such a genomic arrangement might
have resulted from deletion events in a longer sequence that
originally resembled that of BSBV (Koenig et al., 1998). This
hypothesis is now confirmed with the identification of the
common longer putative 76 kDa RT domain. Spontaneous
deletions in the coat protein RT domain have been reported
for other furoviruses sensu lato (Tamada & Kusume, 1991;
Chen et al., 1994; Tamada et al., 1996; Reavy et al., 1998) that,
when mechanically inoculated in a repeated way, show some
deletion events in the C-terminal part of the RT domain.
Therefore, as the BVQ strain described in 1998 had been
submitted to multiple mechanic inoculation cycles on
Chenopodium quinoa, it can be assumed that three deletion
events of 5, 285 and 1 nt occurred in genomic RNA-2. This
triple deletion in the coat protein RT domain is, however,
specific to BVQ, compared with BNYVV, PMTV and soil-
borne wheat mosaic virus (SBWMV) where only single-
deletion events have been reported (Tamada & Kusume, 1991;
Chen et al., 1994; Tamada et al., 1996; Reavy et al., 1998).

http://vir.sgmjournals.org
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Although the RT domain of the coat protein was truncated in
the originally sequenced BVQ strain, it affected neither viral
replication in C. quinoa nor formation of viral particles, as
those were purified from plants and used to produce antibodies
(Koenig et al, 1998). The deleted parts from the longer RT
domain are therefore not required for viral encapsidation.

The lack of predicted TM2 for the putative 35 kDa RT
raised some questions about the transmissibility of the
virus by its plasmodiophorid vector. Indeed, it is suggested
that the interaction between TM1 and TM2 is of crucial
importance in facilitating the internalization of viral
particles by the protist vector inside plant cells (Adams et
al., 2001). Therefore, the identification of two transmem-
brane helices TMa and TMb in the BVQ putative 76 kDa
RT domain, corresponding to TM1 and TM2, respectively,
clarifies the BVQ situation in terms of transmissibility.
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CHAPTER Il

Rescue ofBeet virus Q transcripts from a full-length cDNA
clone by Beet necrotic yellow vein virus RNAs-1 and -2 in
Chenopodium quinoa leaves

Opening comments

For the reason mentioned above in opening comnuérdkapter I, full-
length cDNA clones were developed to investigatee tBVQ
multiplication dynamicin planta Following the example of BSBV|
attempts were made to amplify and clone BVQ RNAsful-length
pieces. However, no amplicon was obtained for RNArd RNA-2
proved to be impossible to clone in a single pi&We.then opted for ar
alternative strategy, aiming at amplify and clorecp by piece the wholg
BVQ genome, as described for PMTV (Savenlaival, 2003). The
different fragments were subsequently reassemhdedet full-length
cDNAs sequences of the three BVQ genomic RNAs. ilfextiousness|
of BVQ transcripts from constructs was furtheredsbnC. quinoa like
BSBV, but surprising multiplication requirementsre/@videnced.

D

This chapter iswritten as a project paper.
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Table 4. Listing of synergisms and transcomplementations evidenced between plant
viruses genera (reviewed by Latham and Wilson, 2008). Helper viruses genera and
families are indicated on the left. Genome types (single- or double-stranded DNA or
RNA, positive or negative) and viral particles shapes (bacilliform/bac, bullet-
shaped/bu, filamentous/fil, isometric/isom, ribonucleoprotein/RNP, rod-shaped/rod or
spherical/sph) specific to each family are specified according to the International
Committee on Taxonomy of Viruses (ICTV). Dependant viruses genera are shown on

the right.

Helper virus

Family

Organization

Genus

Dependant virus

Geminiviridae

ssDNA isom

Begomovirus

Begomo-, Curto-, Nano-, Potex- and Tobamovirus

Topocuvirus

Begomovirus

Curtovirus

Begomo-, Curto-, Nano- and Tobamovirus

Caulimoviridae

dsDNA isom-bac

Caulimovirus

Caulimo- and Tobamovirus

Tombusviridae

SSRNA(+) isom

Luteovirus Luteo- and Umbravirus

Luteoviridae SSRNA(+) isom Polerovirus Clostero-, Potex-, Poty- and Umbravirus
Enamovirus Polerovirus
Carmovirus Carmo-, Clostero-, Potex- and Tombusvirus

Tombusvirus

Clostero-, Cucumo- and Potexvirus

Dianthovirus

Bromo-, Cucumo-, Hordei-, Potex-, Tobamo- and
Tombusvirus

Machlomovirus

Rymovirus

Sequiviridae sSRNA(+) isom Waikavirus Badna- and Sequivirus
iri Comovi Poty- and Tobamovi
Comoviridae SSRNA(+) isom OmoviTus - anc Tovamovinis
Nepovirus Como- and Tobamovirus

SSRNA(+) isom

Sobemovirus

Diantho-, Potex-, Sobemo- and Tobamovirus

Bromoviridae

SSRNA(+) isom

Bromovirus

Bromo-, Hordei- , Potex-, Sobemo- and
Tobamovirus

Cucumovirus

Begomo-, Bromo-, Clostero-, Como-, Cucumo-,
Potex-, Poty-, Tobamo- and Tobravirus

Alfamovirus Alfamo-, Bromo-, Cucumo-, llar- and Tobamovirus
llarvirus Alfamovirus
_ SSRNA RNP Umbravirus Cucumo-, Enamo-, Polero-, Potex- and

Tobamovirus

SSRNA(+) rod

Tobamovirus

Alfamo-, Begomo-, Beny-, Bromo-, Colimo-,
Como-, Cucumo-, Diantho-, Hordei-, Nepo-, Potex-
, Poty-, Sobemo-, Tobamo- and Tobravirus

- SSRNA(+) rod Hordeivirus Bromo-, Hordei-, Potex-, Tobamo- and Tobravirus
SSRNA(+) rod Furovirus Tobravirus
- SSRNA(+) rod Tobravirus Polero-, Tobamo- and Tobravirus
- SSRNA(+) rod Pecluvirus Benyvirus
Vitivirus Closterovirus
Flexiviridae ssRNA(+) fil ) Clostero-, Como-, Hordei-, Polero-, Potex- and
Potexvirus Tobamovirus
Closteroviridae SSRNAG) fil Clos.le.rc.zvirus Closle.:ro-, Hordei-, Potex- and Potyvirus
Crinivirus Potyvirus
Clostero-, Como-, Cucumo-, Hordei-, Luteo-,
Potyvi ridae SSRNAG) fil Potyvirus !\r/lgggrlfl)g\]/?rhsPolero-, Potex-, Poty- and
Rymovirus Machlomovirus
Bunyaviridae sSRNA(-) sph Tospovirus Tobamovirus

Rhabdoviridae

sSRNA(-) bul-bac

Rhabdovirus

Potexvirus
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Preliminary concepts
Synergism and transcomplementation between viruses

The various interactions between viruses that ipiyltin the same
host(s) should be distinguished according to whatbepetition, synergism
or simple co-occurence occurs. Whereas competisidrarmful for at least
one of the viruses, synergism is defined as aioelahat benefits for one or
both viruses infecting the same plant simultangousl case of asymmetric
synergy, i.e. different developments of the twais@s, one is considered as
the “helper” of the other “dependent” one (Malyskeet al, 1989; Latham
and Wilson, 2008). In that context, the supporeminancement of a specific
function of the dependent virus, relying on oneseveral protein(s) of the
helper virus, is qualified as transcomplementation heterologous
complementation. The range of viral functions fdrieth such a phenomenon
has been reported covers many aspects of thecyicld. Viral transmission
by means of the vector (Rochow, 1970; Kassanis@mder, 1971), seeds
(Kuhn and Dawson, 1973) or mechanical inoculatidayo et al, 2000) is
known to be enhanced or enabled through completi@mtd he host range
may also be widen for some viruses to non-pernmésplant species when
another helper virus is present (Coletml, 1988), this kind of viral synergy
being often due to cell-to-cell and long-distancevement permission
(Fuentes and Hamilton 1991; Hacker and Fowler, R000
According to a recent work aiming to review thigtgaular topic (Latham
and Wilson, 2008), synergism and complementatienvadely used among
69 virus species, belonging to 35 genera, and ntayrobetween highly
divergent viruses (Table 4). Such interactions Hasen evidenced between
ambisense or negative-stranded RNA viruses andiymstranded RNA
viruses (Huangt al, 2005; Lewandowski and Adkins, 2005), but alsoADN
and RNA viruses, as for instance tBeangolden mosaic virugBGMV,
DNA virus) andTobacco mosaic viru6TMV, RNA virus) (Carr and Kim,
1983) or theAbutilon mosaic viru§AbMV, DNA virus) and Cucumber
mosaic virugCMV, RNA virus) (Wege and Siegmund, 2007). Thegdom
barrier has even been crossed when an insect ¥ireslock house virus
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(FHV), has been shown to move systematicallyNinbenthamianglants

expressing the movement proteins (MPs) of TMVRed clover necrotic
mosaic virus (RCNMV) (Dasgupta et al, 2001). Nevertheless,
transcomplementation is mainly about viral movemesdat or PTGS
proteins and less about replicases (Latham ancWiR008).

Satellite and defective interfering (DI) particles
Definitions

Among all plant viruses, many are found associatétth subviral
agents that rely on the helper virus for their ovaplication but are
absolutely unnecessary for the multiplication aaturael propagation of the
helper component. Depending on whether the subpatticle derives from
its helper or if both are unrelated, they will leferred as defective (D) or
satellite, respectively (Mayet al, 2005). Defective particles are largely
reported with animal and plant viruses. They caugi non-functional
copies of the helper virus because of major regemarents that occurred in
the parental genome and affected some or all gesssntial for their
independent multiplication. However, sequences sszuy for their
replication by the helper virus are conserved. Whéncting the helper
virus multiplication, they are qualified as defgetiinterfering (DI) (Simon
et al, 2004). Satellites, in turn, are mostly assodiateplant viruses (Table
5) and distinction is made between satellite visudeat encode their own
coat protein and satellite RNAs or DNAs (satRNAsAX) encapsidated by
the helper virus structural protein. The major grad satssRNAs is further
divided in larger satRNAs that may encode for fioral protein(s) and the
smaller ones that do not. The satellites lengthgemerally comprised
between 300 and 1800 nucleotides, and the smatles may be linear or
circular (Roossinclet al,, 1992; Maycet al, 2005).
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Table 5. Satellite viruses (encoding their own coat protein - CP) and nucleic acids
(encapsidated in the helper's CP) classified according to their molecular features

(listing from Mayo et al., 2005).

CLASS

GROUP

HELPER VIRUS

FEATURES

Sat
viruses

Chronic bee-paralysis
virus (CBPV) associated

CBPV sat

3 RNAs, 1 kb long
each

Tobacco necrosis sat
virus-like

Panicum mosaic virus
Tobacco mosaic virus
Tobacco necrosis virus
Maize white line mosaic virus
Cereal yellow dwarf —RPV virus?

1 RNA, encoding for a
17-19 kDa protein

Sat
nucleic
acids

ssDNA sat

Ageratum enation virus
Ageratum yellow vein virus
Bhendi yellow vein mosaic virus
Chilli leaf curl virus
Cotton leaf curl virus
Eupatorium yellow vein virus
Hollyhock leaf crumple virus
Honeysuckle yellow vein virus
Malvastrum yellow vein virus
Papaya leaf curl virus
Tobacco curly shoot virus
Tomato leaf curl virus
Tomato yellow leaf curl China virus

Mostly circular, sat of
DNAR components
from Begomovirus
genus, 1.3 kb long

dsRNA sat

Saccharomyces cerevisiae L-A virus
Trichomonas vaginalis T1 virus
Ustilago maydis killer M virus ?

0.5-1.8 kb long

ssRNA sat, large

Arabis mosaic virus
Bamboo mosaic virus
Beet ringspot virus
Chicorey yellow mottle virus
Grapevine Bulgarian latent virus
Grapevine fanleaf virus
Myrobalan latent ringspot virus
Strawberry latent ringspot virus
Tomato black ring virus
BNYVV sat-like RNA-5 ?

0.8-1.5 kb long,
may encode a non-
structural protein
essential for their
multiplication

ssRNA sat, small linear

Cucumber mosaic virus
Cymbidium ringspot virus
Groundnut rosette virus
Panicum mosaic virus
Pea enation mosaic virus
Peanut stunt virus
Tomato bushy stunt virus
Turnip crinkle virus
Robinia mosaic virus ?
Tobacco necrosis virus ?

Less than 0.7 kb long,
no functional protein,
only linear

ssRNA sat, circular

Arabis mosaic virus
Cereal yellow dwarf virus-RPV
Chicory yellow mottle virus
Lucerne transient streak virus
Solanum nodiflorum mottle virus
Subterranean clover mottle virus
Tobacco ringspot virus
Velvet tobacco mottle virus
Rice yellow mottle virus ?

About 0.3 kb long,
linear and circular
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Symptom modulation and effects on the helper compbn

The simultaneous presence in a host of a subageaht and its helper
often modulates the infection by the viral pathage&iost of the defective
particles, both in an animal or vegetal contexiprggly interfere with the
helper virus accumulation and attenuate the symmgpnession (Simoet
al., 2004; Marriott and Dimmock, 2010). DI RNAs Bfoad bean mottle
virus (BBMV) and Turnip crinkle virus (TCV) constitute however
exceptions that are reported to enhance the sympgwrarity (Liet al,
1980; Romeret al, 1993). Contrary to DI RNAS, the impact of satedl on
the symptoms induced by their helper virus goesnfralleviation to
worsening, depending on the plant host, helper sviand satellite.
Nevertheless, more common is the symptom attemiatiwhereas
exacerbation is rather rare (Roossietlal, 1992).

Different types of interactions with the subvirgeat have been evidenced
to modulate the pathogenicity of the helper virBodssincket al, 1992;
Simonet al, 2004). Following the most intuitive explanatighe subviral
particle and helper virus maypmpetefor viral replication enzymes such as
the RdRp. The symptom attenuation is then dueweidditer of the virus.
Some sat/DlI RNAs are also reported to target thst-panscriptional gene
silencing pathway KTGS), i.e. host defense mechanisms targeting
specifically exogenous nucleic material. Dependamg whether PTGS is
activated or repressed, the helper accumulationsgimgbtom induction will
be reduced or enhanced. Finally, spedifiteractions between the sat/DlI
RNA and some viral components of the helper arpgsed as well, leading
to modulation of viral proteins expression or iatgions. When these
proteins are involved directly or indirectly in tpathogenicity, the subviral
agent modifies the symptom expression. Neverthel#ss underlying
molecular mechanisms that govern the particulaticeiship between the DI
or satellite particles and their helper virus di goorly understood and the
interactions variability depending on the subvirabent-helper-host
pathosystems doesn’t make the job any easier (Rm&sst al., 1992; Simon
et al, 2004).
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Abstract

Two pomoviruses, théeet soil-borne virugBSBV) and Beet virus Q
(BVQ), are commonly found associated with the chusgent of the
rhizomania syndrome of sugar beet, Beet necrotic yellow vein virus
(BNYVV). However, their pathogenicity and potentiale in the disease
remain unclear. In this study, a full-length cDNsree was constructed for
the tripartite genome of BVQ and the infectiousnefsganscripts produced
in vitro from constructs was tested d@henopodium quinodeaves.
Surprisingly, transcripts of BVQ were not self-iofieus but required the
simultaneous presence of BNYVV RNAs-1 and -2 totiplyl in planta The
rescue of BVQ by BNYVV had no impact on the accuatioh of that last,
but RNAs-3 and -4 of BNYVV affected the accumulati&nd the expression
of BVQ RNAs and structural proteins, respectivelNevertheless, such
rescue was not observed when BVQ was co-inoculefigid the closely
related BSBV.
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INTRODUCTION

Beet virus QBVQ) was first described in 1998 (Koerggal 1998) as
a new virus species belonging to thHomovirus genus. Previously
considered as a serotype of Beet soil-borne virugBSBV), sequencing of
non purified virus revealed that BVQ is equallytdig from BSBV and
another pomovirus of potato, tf®tato-mop top virugPMTV) (Koeniget
al., 1998). Similarly to these viruses, the BVQ geerdsiorganized in three
single-stranded plus-sense RNAs (Fig. 1) (Koenigl., 1998).

RNA-1
Sphl BamH| Kpnl Psiil
P " Sacl
(PUBG-1-wt) = pzzwiirnzzZ  HTMIE__Por |
149 kDa RT 207 kDa Miul
RNA-2
- Sphl . Ba:”'” Kpr
(PUBG-2-wt) ) - }—x
T7
19kDa  RT95kDa Spel
Length scale (kb)
RNA-3 20 kDa
Sphi 53kDa g A A
(PUBQ-3-ut) TGE pi p3
T2 — Spel
13kDa

Project paper Fig. 1. Schematic representation of the BVQ tripartite genome and
strategy of full-length cDNA clones construction. RNA-1 encodes for the putative
replicase, with methyl-transferase (MTR, striped), helicase (HEL, hatched) and RNA-
dependent RNA polymerase (Pol, grey shaded) conserved motifs. This last is
translated as a read-through domain (RT). The coat protein (CP) and a RT domain
are encoded by RNA-2. RNA-3 is composed of three open reading frames (ORFs)
coding for the putative Triple Gene Block proteins (TGB-pl, -p2 and -p3). Asterisks
(*) represent the read-through stop codons. The molecular mass of the putative
proteins is associated to each arrow beneath or above the corresponding ORF. Full-
length cDNA clones pUBQ-1-wt, -2-wt and -3-wt are under the control of a T7
promoter to allow transcripts production. Unique restriction sites used for the
piecemeal cloning (V) as well as linearization before run-off transcription (¢ ) are also
indicated.

RNA-1 (6.0 kb) encodes for the putative viral reptie, with the methyl-
transferase and helicase conserved motifs inclidédte major portion (149
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kDa) and the RNA-dependant RNA polymerase (RAR() tpanslated as a
read-through (RT) domain of 58 kDa. The putativecttrral proteins, i.e. a
19 kDa coat protein (CP) and a 76 kDa RT domaia,eacoded by RNA-2
(3.2 kb) (Crutzeret al, 2009a). Following the example of other benyrpfu
and pomoviruses transmitted by the plasmodiophor&zongospora
subterraneaand Polymyxa sp(Diao et al, 1999; Adamst al, 2001), the
BVQ RT domain of the CP is thought to be involvadiiral transmission by
the putative soil-borne protist vectBolymyxa betaéCrutzenet al, 2009a).
This last is also known to vector the closely edaBSBV (lvanou et al.,
1983), as well as th8eet necrotic yellow vein viruBNYVV), which
causes the rhizomania syndrome of sugar beet (Taraad Baba, 1973).
Finally, three open reading frames (ORFs) codirgpiatative Triple Gene
Block (TGB) proteins of 53 (TGBp1), 13 (TGBp2) a2d kDa (TGBp3) are
identified on BVQ RNA-3 (2.5 kb). Widespread amowgdlexivirus
Benyvirus Carlavirus Foveavirus Hordeivirus Pecluvirus Pomovirusand
Potexvirusgenera, the TGB proteins have been shown to bareelfor
viral movement from cell to cell (Morozov and Sojev, 2003). The 8 kDa
cysteine-rich protein (CRP) encoded by PMTV TGB-RN3cott et al,
1994) is however lacking in other pomoviruses geemrKoeniget al,
1998; Luet al, 1998).

Since its first characterization, BVQ has been tified in sugar beet crops
from Belgium (Stast al, 2001), Bulgaria, France, Germany, Hungary and
The Netherlands (Meunieet al, 2003), Iran (Farzadfaet al, 2005),
Croatia, Italia, Lithuania, England (Ra#f al, 2005), Poland (Borodynko,
2006) and Spain (Rubies Autonell al, 2006) but not in China (Waref
al., 2007). Nevertheless, BVQ is seldom detectedeabond rather found in
association with BSBV and/or BNYVV (Meuniet al, 2003; Rattiet al,
2005). Responsible for one of the worst viral digeaf sugar beet, BNYVV
has been widely studied because of its dramati@@inm crops (Tamada
and Baba, 1973; McGraret al, 2009). Its multipartite genome is composed
of four to five single-stranded RNAs of positivelgrity, of which the two
larger encode for proteins homologous to thosetipetaf BSBV and BVQ,
plus a CRP. Thus, BNYVV RNA-1 (6.7 kb) (Bouzoubet al, 1987)
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encodes also for the replicase whereas structuPala@d CP-RT, TGB
proteins and a CRP with post-transcriptional geilengng (PTGS)
suppressor activity are encoded by RNA-2 (4.7 Bougoubaaet al, 1986;
Dunoyeret al, 2002). These large RNAs, carrying the virus leekeseping
genes, are necessary and sufficient for local iiafieén planta (Koenig et
al., 1986; Quilletet al, 1989; Tamadat al, 1989). Regarding the smaller
RNAs-3, -4 and -5, the first and the second arelired in virus long-
distance movement (Laubet al, 1998a) and transmission 1. betae
(Tamada and Abe, 1989), respectively, but all eadod viral pathogenicity
factors (Jupiret al, 1992; Linket al., 2005; Rahinet al, 2007).

When the aggressiveness of BNYVV in sugar beetsrggeds no further
proof, the pathogenic effect of BVQ remains a mystén addition, no
functional study has been carried out on the pdeicgenome of BVQ and
no interest has been taken to investigate, norrtie, or thein vivo
expression of its putative proteins. Being repoitechost countries growing
sugar beet, there is a real need for understariden8VQ pathogenicity and
possible involvement in the complex rhizomania sgnee. In light of this, a
reverse genetic strategy was set up with full-lerd@NA clones developed
for each of the three genomic RNAs of BVQ. Thefeativity was tested on
Chenopodium quinoadeaves and, surprisingly, mixed infections with
BNYVV revealed to be of crucial importance for tiB/Q transcripts
multiplication and structural proteins expressioplanta

RESULTS

Symptom production onC. quinoa leaves

In order to assess the infectiousness of BVQ trgstscproducedn vitro
from full-length cDNA clones, these were inoculataC. quinoaleaves.
However, it turned out that no symptoms were predufollowing BVQ
single inoculation (Fig. 2, picture g). When BVQ@riscripts were combined
with BSBV RNAs 1+2+3, BNYVV RNAs 1+2 or BNYVV RNA&+2+3+4,
no dramatic symptoms worsening or decrease was\amseAs expected,
BSBYV full-length transcripts induced many tiny natar spots, ringspots and
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Project paper Fig. 2. Pictures of C. quinoa inoculated leaves 7 days p-i (BSBV RNAs 1+2+3 and BVQ RNAs 1+2+3
(a), BSBV RNAs 1+2+3 (b) and 10 days p-i (BNYVV RNAs 1+2 and BVQ RNAs 1+2+3 (c), BNYVV RNAs 1+2 (d),
BNYVV RNAs 1+2+3+4 and BVQ RNAs 1+2+3 (e and e-bis), BNYVV RNAs 1+2+3+4 (f and f-bis), BVQ RNAs 1+2+3
(g9) and negative control (h). All viral combinations induced the appearance of symptoms, except when BVQ was
inoculated alone (g). Pictures e-bis and f-bis represent the same leaves from pictures e and f, respectively, but over
white light to observe the symptoms change when BVQ is co-inoculated with BNYVV 1234,

laded 108loud — ||| 181deyd



Chapter Il — Rescue of BVQ transcripts by BNYVV

slight yellowing of theC. quinoainoculated leaves, but also wilting (Fig. 2,
pictures a and b). BNYVV RNAs 1+2, in turn, proddoextensive leaves
yellowing and some necrotic and chlorotic spotg (R, pictures ¢ and d).
Similar symptoms were also observed on leaves latedl with BNYVV
RNAs 1+2+3+4, with less yellowing (Fig. 2, picturesnd f). Nevertheless,
whereas localized yellow-green spots were cleadibke under white light
for leaves inoculated with the four BNYVV RNAs (Fig, picture f-bis),
these spots disappeared when the BVQ RNAs 1+2+8 eeeinoculated and
leaves yellowing appeared diffusely (Fig. 2, pieterbis). The plant reaction
was therefore slightly different, depending on \ideetthe BVQ transcripts
were present with BNYVV RNAs 1234 or not.

Multiplication of BVQ RNAs in presence of BNYVV but not
BSBV

Viral multiplication in the inoculated leaves 6f quinoawas further tested
by means of Northern blot. Such analyses eviderleat] contrary to the
self-infectious BSBV and BNYVV transcripts, BVQ trscripts from full-
length cDNA clone were not self-multiplicative @ quinoaplants. None of
the three genomic RNAs was detected in the asyrgitoneaves inoculated
with BVQ transcripts only (Fig. 3a, lane 7). Nevmiess, a striking
multiplication dynamic was revealed when mixed atifens with BSBV or
BNYVV were performed. While no RNA were found forVB when
combined with BSBV transcripts (Fig. 3a, lane 1Y @RNAs-1, -2 and -3
were all detected in leaves co-inoculated with BNYWanscripts (Fig. 3a,
lanes 3 and 5). Multiplication of BVQ i8. quinoaleaves therefore relied on
the simultaneous presence of BNYVV RNAs 1+2 or 1324 but didn't
take place in presence of BSBV RNAs 1+2+3.

It is also worth noting that the presence of BVh#cripts did not affect the
accumulation of BNYVV RNAs (Fig. 3a, lanes 3 to Bhe higher content
of BNYVV RNAs-1 and -2, when they were inoculatddree (Fig. 3a, lane
4) compared to the combination with BVQ (Fig. 3and 3), was not
observed in the other tested leave. Neverthelbssptesence of BNYVV
RNAs-3 and -4 had some negative impact on the aglaiion of BVQ
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Project paper Fig. 3a Northern blot detection of BSBV, BNYYV and BVQ in C.
guinoa leaves inoculated with BSBV RNAs 1+2+3 and BVQ RNAs 1+2+3 (1), BSBV
RNAs 1+2+3 (2), BNYVV RNAs 1+2 and BVQ RNAs 1+2+3 (3), BNYVV RNAs 1+2
(4), BNYVV RNAs 1+2+3+4 and BVQ RNAs 1+2+3 (5), BNYVV RNAs 1+2+3+4 (6),
BVQ RNAs 1+2+3 (7) or mock-inoculated (8). Random DNA probes labeled with [a-
32p]dCTP were used to detect RNAs of the three viruses on separate blots. Diluted
tr+anscripts of BSBV (BS), BNYVV (BN) and BVQ (BQ) were used as positive controls
(C).

RNAs (Fig. 3a, lane 5), as their amount was highleen mixed only with
BNYVV RNAs-1 and -2 (Fig. 3a, lane 3). This was eh&d in all

inoculated and tested leaves.

The slight bands observed on figure 3a, lanes 12aBVQ detection, are

expected to be background due to probe aspecifieibd partial
hybridization on BSBV RNA-3.
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BVQ structural proteins produced in vivo

As shown on figure 3b, the CP and CP-RT were dedefor the three
viruses by Western blot. Consistently with the hssiitom Northern blot, the
putative BVQ CP and CP-RT encoded by RNA-2 werey aldtected in
mixed infections with BNYVV (Fig. 3b, lanes 3 angl. This observation
therefore confirmed that BVQ transcripts were delaerh on the presence of
BNYVV, partial (RNAs-1 and -2) or complete (RNAs-12, -3 and -4)
genome combination, to multiply i6. quinoaand express their structural
proteins. Nevertheless the expression level of BB and CP-RT was
higher when BNYVV RNAs-3 and -4 were absent (Fig, [&ne 3). BNYVV
CP and CP-RT were, in turn, similarly expressedlinC. quinoaleaves
inoculated with transcripts 1+2 and 1+2+3+4, withd awithout BVQ
transcripts (Fig. 3b, lanes 3 to 6).

As a first report of thén vivo expression of BVQ CP and CP-RT, it has also
to be noted that the estimated molecular masses)(bdNboth proteins in
SDS-PAGE conditions did not correspond to the ptediones.

With an expected MM of 19 kDa, the BVQ CP migratjmettern should be
identical to the 19 kDa CP of BSBV. But, as cleaiywn on figure 3b, the
BVQ CP migrated faster than that of BSBV and its Mbds estimated to
16.5-17 kDa. The same difference of MM was obsetettveen the BSBV
and BVQ CPs when these proteins were expressé&d ooli from cloned
coding sequences (Fig. 4) or when BVQ CP was esptem TNT coupled
Wheat Germ Extract System (Promega) (data not shown

Conversely, the BVQ CP-RT MM in SDS-PAGE conditiomas estimated
to 107-110 kDa, therefore superior of the 95 kDaedpmted one.
Interestingly, a similar gel-shifting of 10-15 kxaalso reported for the CP-
RT of BSBV (Crutzeret al., 2009b).

BVQ RNAs-2 and -3 are capped, with potential CCA mtif in 3’

RACE of BVQ RNAs-2 and -3 by means of RNAs circidation confirmed
that no mutation was inserted inside terminal segee of pUBQ-2wt and
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Project paper Fig. 3b Western blot detection of BSBV, BNYYV and BVQ in C.
quinoa leaves inoculated with BSBV RNAs 1+2+3 and BVQ RNAs 1+2+3 (1), BSBV
RNAs 1+2+3 (2), BNYVV RNAs 1+2 and BVQ RNAs 1+2+3 (3), BNYVV RNAs 1+2
(4), BNYVV RNAs 1+2+3+4 and BVQ RNAs 1+2+3 (5), BNYVV RNAs 1+2+3+4 (6),
BVQ RNAs 1+2+3 (7) or mock-inoculated (8). Primary polyclonal antibodies, directed
against BNYVV or BSBV viral particles, allowed the detection of the CP and CP-RT
of these last viruses as well as those of BVQ, because of BSBV-PAb cross-reactivity.
BSBV and BVQ structural proteins were therefore detected on the same blot.

Project paper Fig. 4. Western blot
detection of BSBV and BVQ CPs,
expressed in E. coli from pBS-cp (1)
and pBQ-cp (2), respectively.

BSBVCP __

N
BVQCP __ “

pUBQ-3wt clones through the primers used. Howeaerextra cytosine was
found at pUBQ-3-wt 3’ end (... AAATCAAGCCC when compared with
the RNA-3 terminal sequence of the BVQ strain usgdconstructing the
full-length  cDNA clone (...AAATCAAGCCG. This supplementary
nucleotide being present at the end of viral trapscfrom BVQ RNA-3, it

is not expected to disturb upstream secondary tetes essential for viral
replication (Koeniget al, 1998). An additional adenine was also found
between 5 and 3’ ends of circularized RNAs and tingght probably be
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added after the cytosine triplet (... AAATCAAGC®(. Such “CCA” motif
is reported for other plant RNA viruses, termingtitheir 3’ terminal
sequences folded in tRNA-like structures and bgiatgntially involved in
the aminoacylation of the viral RNA extremity (Dexh2009). Although not
reported for the initially described strain, thi€& motif would confer the
BVQ RNAs 3’ termini the necessary sequence to ifiolcalylated tRNA-like
structures (Koeniget al, 1998). Mlul (ACGCGT) andSpeé (ACTAGT)
restriction sites being directly adjacent to theB@Jiwt, -2wt and -3wt 3’
“...CCC” extremities, “CCA” motif is present in BVQanscripts.
Circularization of viral RNAs proved to be dependan TAP treatment,
whereas the CIP one only increased the specifatitig of capped RNAs.
BVQ RNAs, at least the smaller ones, were theresbavn to be 5’-capped
like BNYVV (Putzet al, 1983). If this was expected for BVQ, it wasl|gbl
be determined experimentally.

DISCUSSION

Curiously, diverging results are evidenced for thiectiousness of
BVQ depending on whether the viral inoculum corssit crude sap from
infected plant or is produced vitro by reverse genetic. Although BVQ
particles from sap of beet roots have been repdoide self-infectious ic.
quinoaleaves (Koenigt al, 1998; Rubies-Autoneét al.,, 2006), the present
study evidenced the inability of BVQ transcriptsrtwltiply alone in this
host plant.

It has been described recently that BNYVV is aldetrans-replicate the
RNA-3 of the closely related BSBMV (Ratti et al.0®). These two
benyviruses share high similarities of sequencesandture in both the 5’
and 3’ untranslated regions (UTRs) and BSBMV RN#AsXonsidered by
BNYVV as one of its own RNAs. However, the 3' nuglile sequences of
BNYVV genomic RNAs are much different from thoseB$BYV and BVQ,
which on the contrary present a high degree ofescgisimilarity (Fig. 5).
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Project paper Fig. 5. Alignments of BNYVV, BSBV and BVQ consensus sequences
for the last 70 nt of 3’ untranslated regions (UTRs) using AlignX (Invitrogen).
Nucleotides conserved in two sequences are pointed out in dark-grey boxes and
light-grey boxes indicate nucleotides that are common for the three consensus
sequences.

Morevover, while the 3’ extremities of BNYVV genotniRNAs are
characterized by the addition of a poly-A tail @at al, 1983), those of
BSBV and BVQ fold in tRNA-like structures with treame pseudoknots,
stem-loops, hairpins and valine anticodon positifsenig et al, 1998).
Because of these similarities shared by the BVQ BSB&YV, a potential
trans-replication of BVQ by BSBV could have beerpested. But mixed
infections evidenced that BVQ transcripts multiglignly in presence of the
more distant BNYVV, and not with the closer BSBY.this latter situation,
strong competition between the two higly similar @\and BSBV might
have occured, as also reported between BNYVV an8NBS RNAs-3
(Ratti et al, 2009). BVQ and BNYVV being only distantly reldtesuch
competition woudn't take place. However, in lightt the dissimilarities
between BVQ and BNYVV UTRs, trans-replication of ®Mranscripts by
BNYVV seems unlikely. BVQ transcripts would thedyren BNYVV for
another vital function. Following the example ofettclosely related
pomoviruses BSBV and PMTV, the BVQ RNA-2 might bepgnsable for
the viral multiplication in plant leaves (Savenkeival, 2003; Crutzert al,
2009b). There would be no need of complementaborthie CP and CP-RT
for the BVQ survivain planta More probable is the complementation of the
BVQ cell-to-cell movement, which is potentially emsd by the RNA-3-
encoded TGB proteins. These are known to be ofiarimportance for the
virus multiplication in plants, as shown for BNYVahd BSBV (Gilmeret
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al., 1992; Crutzeret al, 2009b). It has been demonstrated for many \sruse
such as theTobacco mosaic virugTMV) (Atabekov et al, 1999) or
BNYVV (Lauber et al, 1998b) that TGBs from unrelated viruses can be
exchanged and still ensure the viral movement. $uats-complementation
for the viral cell-to-cell movement between BNYVVicaBVQ might have
therefore saved this last from a certain deatksibivn TGB was deficient.
Finally, no CRP-encoding gene is identified in B¥Q genome. Although
the PTGS suppressor activity might be ensured b B¥plicase, coat or
movement proteins as reported for other virusesinfva et al, 2005),
BNYVV might have provided this crucial function tBVQ transcripts
through p14.

While BVQ is reported to produce lesions spreadifumng the veins oC.
quinoa leaves (Koeniget al, 1998; Rubies Autonelét al, 2006), the
contribution of BVQ transcripts to the symptom eegsion was mitigated. In
view of the slight modification of the chlorosis tggn when BVQ
transcripts were co-inoculated with the four RNABOIYVV, the presence
of BVQ led to an overall reaction of the leave eatlthan localized spot-
shaped reactions. As no symptom changes were extayd leaves co-
inoculated with BVQ and BNYVV RNA-1 and -2, the sgtom
modification would not be due directly to BVQ pdieh pathogenic
determinants but rather to synergistic effects betwBVQ transcripts and
BNYVV, changing the behaviour of this last.

The Northern and Western blot detection of virahponents evidenced no
difference in the accumulation of BNYVV RNAs or sttural proteins
whether the BVQ transcripts were present or na@.(8a and b, lanes 3 to 6).
The vital complementation of BVQ by BNYVV therefodidn't affect the
replication nor the CP and CP-RT expression of iéss Nevertheless, the
presence of BNYVV RNAs-3 and -4 reduced the accatmih of BVQ
RNAs and structural proteins. In such situationthbeiruses might thus
compete for cellular factors necessary for theittiplication in C. quinoa
leaves and some kind of cross-protection could pasi reported between
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BNYVV and Beet soil-borne mosaic vir/SBMV) (Mahmood and Rush,
1999).

CONCLUSIONS

Given these contradictory results on the BVQ intewdness, further
investigations should be carried out to identifg tmderlying mechanisms
responsible for the rescue of BVQ transcripts byYBN' RNAs-1 and -2.
Thus, the ability of BVQ transcripts to self-relie should be first tested in
protoplasts as viral replication and movement canpe distinguished
following leaves inoculation. The BVQ function reqgog complementation
could then be evidenced by mixing partial combovatdf BVQ transcripts
with BNYVV RNAs-1 and -2 or even co-inoculating BV@anscripts with
other unrelated viruses like TMV.

MATERIALS AND METHODS

Full-length infectious clones of BVQ, BSBV and BNYWV

In this study, full-length cDNA clones of BSBV pUBISwt, pUBS-2-wt
and pUBS-3-wt (Crutzeet al, 2009b) and BNYVV pB15, pB2-14, pB35
and pB45 (Ziegler-Grafét al, 1988; Quilletet al., 1989) were used.

The BVQ isolate used to construct full-length cDMMPones of the three
genomic RNAs originated from a Belgian sugar beeip c(Mazy city)
showing rhizomania symptomBeta vulgariswas used as bait plant and
extractions of total RNAs from roots were performesing FastRNA Pro
Green Kit (Qbiogene). BVQ RNAs were then piecemesérse transcribed
and amplified by polymerase chain reaction (RT-PGR)ng Expand
Reverse Transcriptase and Expand Long Template 8fRem (Roche).
Four and two cDNA fragments were generated for RNMAand -2,
respectively, and RNA-3 was amplified as a singéeg (Fig. 1). Two silent
mutations were inserted in the RNA-1 coding seqaear@ositions 1422 and
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2991 to create unique restriction sigamH and Kpnl, respectively. Each
amplicon, delimited by two restriction sites (Fig, was gel-purified using
the QIAquick Gel Extraction Kit (Qiagen) and fiisserted into the pGEM-
T® vector (Invitrogen). One out of two to four clongas then selected as a
consensus sequence for each of the seven fragnfantdength cDNA
sequences were reassembled in pUC19 and restrisiie®MIul or Spée
were inserted at 3’ ends using PCR to obtain thel fionstructs pUBQ-1-wt
(RNA-1), pUBQ-2-wt (RNA-2) and pUBQ-3-wt (RNA-3)E. coli strain
DH5-a0 was used to maintain all constructions. Primerdchiag the
extremities of the three viral RNAs were designelibving the only full-
length sequences known to date for BVQ (Koeeigal, 1998), and the
forward ones were flanked with a T7 promoter seqaen
(TAATACGACTCACTATAG) (Fig. 1).

In vitro transcriptions and mechanical inoculation ofC. quinoa

Before run-off transcription, the full-length cDNAconstructs were
linearized. Those of BSBV wef@pé- (pUBS-1-wt) orNcd-treated (pUBS-
2-wt and pUBS-3-wt) (Crutzeet al, 2009b) whereas pB15, PB2-14, pB35
and pB45 from BNYVV were alHindlll-restricted (Ziegler-Graffet al,
1988; Quillet et al, 1989). pUBQ-wt full-length cDNA clones were
linearized withMlul or Spe restriction enzyme (Fig. 1). Transcripts were
subsequently produced for the three viruses andhamécally inoculated on
C. quinoaleaves as described by Crutzen and co-au{2®@9b), following
seven viral combinations: BSBY RNAs 1+2+3 with BMRNAs 1+2+3,
BSBV RNAs 1+2+3, BNYVV RNAs 1+2 and BVQ RNAs 1+2+8BNYVV
RNAs 1+2, BNYVV RNAs 1+2+3+4 with BVQ RNAs 1+2+3,N¥VV
RNAs 1+2+3+4, BVQ RNAs 1+2+3. Inoculation buffertiut any viral
transcript constituted the negative control. Fahezondition, two leaves per
plant were inoculated. Plants were grown in theegheuse at 18°-23°C
during the night and day periods, respectivelyhvi® hours light-exposure.
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Total RNA extraction and detection of viral RNAs by Northern
blot

C. quinoainoculated leaves were harvested 7 or 10 daysipostilation
(dpi). Polysome extraction (Jupét al., 1990) was performed on half of each
leaf for total RNA extraction, followed by phenokteaction and ethanol
precipitation of the RNAs. For each RNA extractp @ of total RNA was
spotted on agarose gel with 8.5% formaldehyde. tBdlutranscripts of
BSBV RNAs 1+2+3 {C BS), BNYVV RNAs 1+2+3+4°C BN) and BVQ
RNAs 1+2+3 {C BQ) were also spotted as positive controls. Aftegration
of RNAs, gels were over-night blotted on Amershanybéhd-NX
membranes (GE Healthcare). Random DNA probes, sgizibd with the
Prime-a-Gen@ Labelling System (Roche) and labeled with*fP]dCTP
(Perkin Elmer), were used to detect the viral RNRse PCR products used
to produce probes were amplified from cDNA full-d¢gih constructs and the
primers matching positions on BNYVV and BVQ genomese: 2113-2132
and 2584-2604 (pB15), 573-596 and 805-824 (pB3R); 189 and 464-483
(pB45), 2484-2503 and 2685-2704 (pUBQ-1-wt), 243%52and 2910-2931
(pUBQ-2-wt), 1438-1457 and 2106-2125 (pUBQ-3-wtho$e used for
BSBV were the same as those described by Crutaée@authors (2009b).

SDS-PAGE and Western blot analysis

The second half parts of the inoculated leaves veeushed directly in
Laemmli buffer 2 times concentrated. Total protektracts were separated
by sodium dodecyl sulfate polyacrylamide gel elgmioresis (SDS-PAGE)
on 8% and 15% acrylamide-concentrated gels. Atter groteins transfer
from gels to nitrocellulose membranes (Biorad)alvistructural proteins
were detected using polyclonal antibodies directaghinst BSBV or
BNYVV viral particles (DSMZ). Because of cross-réeity of BSBV
antibodies with BVQ, no specific antiserum was ukedhat last virus and
structural proteins of both viruses were detectedl® same membranes.
Primary antibodies were 1:10 000 diluted in TBSféufontaining 0.1%
Tween 20, 5% powdered skimmed milk and supplementtdtotal protein
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extracts from health€. quinoa Anti-rabbit alkaline phosphatase-conjugated
secondary IgG (Sigma-Aldrich) was 1:10 000 dilutedTBS-Tween-milk
buffer and blots were revealed with premixed BCIBTNsolution (Sigma-
Aldrich).

Expression of the BVQ and BSBV CPs irEscherichia coli and
detection by Western blot

Coding sequences of BSBV and BVQ coat proteins w&rerse transcribed
and amplified using Moloney murine leukemia virgverse transcriptase
(M-MLV RT) (Promega) and Go Taq Polymerase (Promedmrward
primers were flanked with two cytosine residue®’aextremities of ATG
start codons (Bshv cp fT@CATGGTTGATCCGCGGTATGA, Bvq cp for-
CCATGGTTGATCCAAGATATGA, cytosine nucleotides in bold asthrt
codons underlined) and reverse primers includeditiaé TAG stop codons
(BSBV cp rev-CTATCAACCCAGCGCAAAC , Bvg cp rev-
CTATGAGCCGGTCCACTTCAAT; stop codons underlined). Both
amplified fragments were gel-purified using QIAduigel extraction kit
(Qiagen) and cloned into the pBAD-TOP®lasmid (Invitrogen). These
constructs werélcd-treated and self-ligated with T4 DNA ligase (Retgln
order to loose the N-terminal leader. Final corgpBS-cp (BSBV CP)
and pBQ-cp (BVQ-CP) were then transformed ifo coli One Shdt
TOP10 strain (Invitrogen) and CPs expression wdsdad with 0.02 % and
2% L-arabinose, respectively. Bacteria were soattan a lysis buffer
(50mM potassium phosphate, 400 mM NaCl, 100 mM KiDR6 glycerol,
0.5% Triton-X-100, 10 mM Imidazole, pH 7.8) andaloproteins extracts
were separated by SDS-PAGE. Proteins detectiondstarn blot was done
as described previously, but primary antibodiesewesed 1:1000 diluted.

Alignments of 3'UTRs consensus sequences

Consensus sequences were determined for the naixes of BVQ full-
length cDNA clones, BSBV (accession humbers FN3266N386613 and
FN386614) and BNYVV (accession numbers X05147, XF4NC_003516
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and DQ682453) RNAs by using Vector NTI-AlignX (lindgen).
Consensus sequences were then aligned with themag@am.

RACE of BVQ RNAs-2 and -3 by RNAs circularization

5" and 3’ extremities of BVQ RNAs-2 and -3 were senced to check that
no mutation was inserted in the cDNA full-lengtbreés because of terminal
primers. The method described below was howeveuitatde for rapid
amplification of cDNAs ends (RACE) of BVQ RNA-1, ishlast being
probably two long. Protocols were adapted from FmowRacine and co-
authors (1993) and Couttet and co-authors (1997igir@l RNA extract
used to construct clones of BVQ was treated witkalihe phosphatase from
calf intestine (CIP) (Promega), Tobacco acidic pyasphatase (TAP)
(Ambion) and T4 RNA ligase (Ambion) in order to gdeesphorylate, de-cap
and circularize RNAs, respectively. Four treatmemnbinations CIP-TAP-
T4, TAP-T4, CIP-T4 and CIP-TAP were performed, tie first leading to
circularization of capped RNAs. Purified by mearispbenol-chloroform
extraction and ethanol precipitation after eaclattrent, RNAs were then
reverse transcribed and amplified using M-MLV RTqiRega) and Go T&q
Flexi DNA polymerase (Promega). Forward and revems@ers matching
on the 3" and 5’ extremities of BVQ RNAs-2 and -&re used to amplify
ligated terminal sequences of circularized RNAs. plicons were gel-
purified using QIAquick Gel Extraction Kit (Qiageand nested-PCR with
the same primers was performed to get enough DNAdquencing.
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General Discussion

Over the last 30 years, major efforts have beended on the harmful
BNYVV, leaving aside the other sugar beet pomowsusHowever,
investigating the particular functioning of BSBVBVQ pomoviruses by
means of full-length cDNA clones is greatly faeitéd because of their
genomic organization. The putative replicationuctural and movement
proteins being encoded on separate RNAs, one artttes function may be
investigated individually without interfering diride with the other ones.
RNAs-2 encoded CPs RT domains, especially, could furetionally
characterized throughout entire length. By contrstsidying the RT domain
of BNYVV CP is limited because ORFs encoding for BF@roteins are
located on the same RNA-2, just downstream the TR:&ling sequence.
Changes in the C-terminal part of BNYVV CP-RT ORE thus expected to
interfere with the expression of the p42 movemeawtgin and affect the
virus infectiousness (Gilmeat al, 1992). This makes therefore BSBV and
BVQ good candidates for studying the particulareralf each encoded
protein in the multiplication dynamic of soil-boreagar beet viruses.

BSBV and BVQ RT domains from a multifunctional point of view

Following descriptive and experimental approachieappeared that BSBV
entire and BVQ C-terminal part of CPs RT domainsewmeot required for
the viral replicatiorin planta Indeed, the BVQ strain described by Koenig
and co-authors (1998) is reported to be multipkéficiently in C. quinoa
leaves despite the major rearrangements in therrtal moiety of the RT
domain described in chapter Il. The same obsenvatias made for BSBV
when introducing a frameshift mutation at the begig of RT coding
sequence. Such results are consistent with thedRTath dispensability for
viral replication described for closely relatedduirusessensu latpbut also
aphid-transmitted viruses frotruteoviridaefamily. The RT domain of the
CP may be involved in functions as different asapisidation, long-distance
movement, transmission or symptom severity, butriea®r been reported to
be part of the replication mechanisms. The potentidtifunctional roles of
the CP RT domains of sugar beet pomoviruses magftre be investigated
without interfering with the indispensable viraplieationin planta
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The involvement of the CP RT domain as a pathogésgierminant is in fact
rather variable between RNA plant viruses. While BMTV CP RT domain
is responsible for the mosaic yellowing Nhbenthamiandeaves (Torrance
et al, 2009), that of BNYVV is not required for the sgtam production on
leaves ofB. macrocarpa C. quinoaand T. expansa Nevertheless, it is
reported to modulate somehow the shape and colibredesions caused by
BNYVV infection (Tamada and Kusume, 1991; Schn#tt al, 1992;
Tamadaet al, 1996). On the contrary, the RT domain may alsoaa an
avirulence factor and attenuate the symptomaticticag like described for
the SBWMV (Cheret al, 1994). Looking at the leaves of BSBV- or BVQ-
infectedC. quinoa the RT domains of both viruses were not respda$dy
any particular symptom expression, nor did they utateé it. In light of
these observations, the CP RT domains of BSBV avi@) Bhould not be
considered as crucial pathogenic determinantgaat InC. quinoa

Despite the more or less important deletions thattbeen described in CP
RT domains of BNYVV, BSBV, PMTV and SBWMV, N-termahparts are
always preserved from the major rearrangements @flamand Kusume,
1991; Cheret al, 1995; Koeniget al, 1997a; Reavet al, 1998; Koenig,
2000; Sandgreet al, 2001). The present work evidenced that BVQ is no
an exception to the rule, but the reason of suehadteristic deletion pattern
remains unclear. Even when the N-terminal port®hknown to direct the
BNYVV assembly (Schmitet al, 1992), such function is not attributed to
the PMTV RT domain (Torrancet al, 2009) and has still never been
reported for the other CP-RT encoding viruses. églicative transcripts
from full-length cDNA clones are from now on availa for both BVQ and
BSBYV, the potential involvement of the CP-proxirpalt of the RT domain
in viral encapsidation could be easily investigal®d means of directed
mutagenesis and checking viral particles formatiower the electron
microscope. Nevertheless, BSBV should be prefefweduch purposes as
BVQ transcripts are not self-infectious.

98



General Discussion

When the involvement of the RT domain in symptoresesity and virus
encapsidation is rather proper to one or anothes\8pecies, its importance
for the transmission of viruses by aphids or ptstigectors is generally
accepted. Clearly demonstrated for a limited nunabeiruses, the common
role of CP RT domain in viral transmission is hoeewalso supported by
indirect observations from viral genome adaptatiamd bioinformatic
predictions. As a result from the investigations thbe BVQ 76 kDa RT
domain, both major rearrangements in the CP RTr@iel part in the
laboratory-maintained strain (Koeng al, 1998) and the identification of
predicted TM1 and TM2 argue strongly in favor o timplication of BVQ
CP RT in the viral transmission by the putativetogcP. betae As the
BSBV RT domain is also reported to be susceptiblspbntaneous deletion
(Koeniget al, 1997a) and to contain the two predicted TMs (Adat al,
2001), sugar beet pomoviruses are thus keepingthitlgeneral pattern of
transmission of other soil-borne viruses. A modelTMs interaction can
therefore be proposed for BSBV and BVQ (Fig. 1%)lloiving that
suggested for BNYVV (Diaet al, 1999a; Adamet al, 2001). However,
this model includes another TM2 for BSBV than theal one partially
structured ina-helix, with multiple charged amino acid residuesl ano
amino acid interacting at the inner face of thespla membrane, that is
proposed but much disputed by Adams and co-authersselves (2001).
Sequencing of the full-length infectious clonesB8SBV and prediction of
transmembrane helices in the RT domain as descfareBVQ (Crutzenet
al., 2009a) evidenced a better candidate, TM2biss ®he was found to fold
completely ina-helix, contain only one charged residue at thesivainal
extremity (a glutamic acid residue, E) and an a&pacid (D) residue
potentially interacting at the inner face of thegsha membrane with an
arginine (R) residue from predicted TM1. A singlmimo acid change
arginine(R)-alanine(A) in TM2bis amino acid sequehetween the BSBV
strain originally described and that from full-lehg cDNA clone,
respectively, is responsible for this major diffesze of TMs prediction
(alanine in black on figure 15).
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N C-terminus
N-terminus

N-terminus

[\C-terminus /\

Plasma membrane

TM2
TM2bis

Fig. 15. Model of interaction for BVQ and BSBV predicted transmembrane motifs in
CPs RT domains. Aspartic acid residues (D) interacting potentially at the inner side of
the plasma membrane with lysine (K) or arginine (R) amino acids are shown. Alanine
(A) residue in BSBV TM2bis differing from the arginine one previously reported is in
black.

The positively charged arginine makes the TM2bissuitable for
transmembrane purposes. Knowing that the BSBV rstrariginally
sequenced for the CP-RT encoding RNA has been gatga onC. quinoa
leaves like BVQ, this crucial change in the powniiM2bis might have
occurred because of the serial passages. Indegkindpat the Yu2P and
Rg1 isolates of BNYVV that have been maintainecCinquinoaleaves for
more than 15 years (Koenig, 2000), the predicted2Tisl also directly
affected by deletions of 7 and 1 amino acid, repaly. It could therefore
be hypothesized that, in addition to the largetdw®is reported for BNYVV,
BSBV, BVQ, SBWMV and PMTV RT domains, the putatiV®12 could
also be specifically targeted by small deletiond amino acid substitutions.
Nevertheless, further functional experiments shobkl carried out to
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confirm and if so to precise the involvement of sie putative
transmembrane helices in the viral transmissionth®y plasmodiophorid
vector. In this view, BSBV transcripts mutated fioe predicted TM1 and/or
TM2bis could be inoculated tB. macrocarpaor B. vulgaristo check for
their effective transmission bl. betae(Tamadaet al, 1996). However,
direct inoculation of the roots (Koenig aBdein, 1990) should be preferred
as BSBV is not systemic on these plants (Hestral, 1986; Crutzen F.,
personal observations).

Potential PTMs of CP-RT for viral transmission by P. betae?

The first report of thein vivo expression of BSBV and BVQ CP-RTs
evidenced a higher MM of ~10-15 kDa for both pnogeilnterestingly, a
shift in the migration pattern of the CP-RT of BNY\Vs also reported and
an estimated MM of ~85 kDa is commonly observedemd of the 75 kDa
predicted one (Ziegleet al, 1985; Niesbach-Klosgeet al, 1990). Given
the major role of the RT domain in viral transmissand knowing that the
three viruses are supposed to share the same Wedbetae it would make
sense to propose that such shift in the migratattem could be related to
this particular function.

Intrinsic properties might be responsible for slogrdown the CP-RTs in
SDS-PAGE conditions. As Rath and co-authors (20G8) demonstrated
recently that “gel shifting” of transmembrane progsis commonly observed
as a result from differential binding of SDS, pdignTMs in CPs RT
domains of BNYVV, BSBV and BVQ might therefore affetheir gel
mobility. But, although containing the predicted $Mand -2, the PMTV
CP-RT is reported to migrate according to the ptedi MM (Reavyet al,
1998; Torranceet al, 2009). PTMs of the CP-RTs specific to febetae
transmitted viruses would then constitute anothiaugible explanation.
When glycosylation, phosphorylation and ubiquitoatare reported for
structural proteins of some plant viruses, no iolgral transmission has yet
been attributed to these PTMs specifically (Hazeldvand Zaitlin, 1990;
Atabekovet al, 2001; Fernandez-Fernandezal, 2002; Baratoveet al,
2004; Akamatsiet al, 2007). An interesting comparison could however b
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made when looking at animal viruses. Ubiquitinegiag of specific viral
proteins has been shown to be part of the virglass for some enveloped
retroviruses (Morita and Sunquist, 2004; Martint&eo, 2007; Isaacson and
Ploegh, 2009; Raiborg and Stenmark, 2009). Thuguitlmation of the
membrane-associated Gag proteirHoiman immunodeficiency virysilV)

is thought to favor the interaction of this virabgein with a specific cellular
factor, Tsg101 (Tumor susceptibility gene 101).sSleally targeting mono-
ubiquitinilated proteins in the multivesicular bogyVBs) pathway together
with ESCRT (Endosomal sorting complex required tfansport), Tsg101
would then recruit this last when interacting wahiPS/TAP (proline, serine
or threonine, alanine and proline) motif presenthia late-budding domain
(L-domain) of Gag protein. The Tsgl01-ESCRT complesund to Gag
protein, would finally enable the viral release byembrane budding.
Interestingly, CP-RTs of BNYVV, BSBV and BVQ presersome
similarities with the HIV Gag protein, starting Withe fact that they seem
all to be membrane-associated proteins. In additioa structural protein of
these soil-borne viruses might be ubiquitinilated, suspected by the gel
shifting. This hypothesis was supported by prelamn predictions of
ubiquitination sites in CP RT domains using Ubipeed Ubpred programs
(Tung and Ho, 2008; Radivojat al, 2010) (Table 6). And, finally, a PSAP
motif is present at C-terminal extremity of BNYVVTRIomain, mimicking
that in Gag L-domain. When the PS/TAP or other kmawotifs are absent
from pomoviruses CP RT domain, this doesn’t rulé tbe possibility of a
functional equivalent one like recently identifitx the TBSV (Barajas and
Nagy, 2010). As cellular factors homologous to &hos/olved in the MVB
pathway in animals, i.e. Tsg1l01 and ESCRTSs, haee becently identified
in Arabidopsis thaliana(Spitzeret al, 2006), an original model of viral
budding might be proposed for these soil-borne sésu Adams and co-
authors (2001) have already proposed that viral T'sd -2 in CPs RT
domains might facilitate the viral uptake By betaeinside root cells. RT
domains incorporated at one extremity of viral jgbet (Haeberléet al,
1994) could therefore recruit cellular factors ilwenl in plant MVB
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Table 6. Ubiquitination site prediction with amino acid sequences of BNYVV, BSBV
and BVQ CP RT domains using Ubipred (A) and Ubpred (B) programs (Tung and Ho,
2008; Radivojac et al., 2010). Ubiquitination scores for each lysine position indicate
low (0.62 < s < 0.69), medium (0.69 < s < 0.84) or high (0.84 <s < 1.00) confidence
for the prediction. Lysine residues localized between predicted TMs1 and -2 are grey
shaded.

BNYVV BSBV BVQ
Pos. A B Pos. A B Pos. A B
15 0.59 - 8 0.59 - 55 0.60 -
53 0.69 - 23 0.71 - 226 0.68 -
271 R 0.77 41 0.77 ] 0.69 264 0.70 -
314 - 0.76 79 0.77 1 0.69 279 - 0.65
331 B 0.76 99 0.58 - 318 0.59 =
339 0.64 | 0.78 106 0.70 - 328 0.59 -
347 052 | 0.68 111 0.79 - 331 0.66 -
364 050 | 0.75 191 | 0.53 - 373 0.65 | 0.70
477 057 i 208 | 0.60 - 379 - 0.72
225 | 0.54 ] 0.66 385 - 0.87
226 | 0.56 | 0.64 389 0.64 | 0.87
239 | 0.68 - 565 0.74 | 0.66
325 ] 0.62 - 621 - 0.72
330 | 0.51 - 643 0.59 | 0.76
343 | 0.64 - 657 0.82 | 0.83
391 ] 0.85| 0.87
404 - 0.68
406 | 0.63 -
564 | 0.70

576 |1 0.70 ] 0.78
618 | 0.63] 0.76

624 - 0.77
649 | 0.57 -
675 ] 0.80 -
678 | 0.67 -
680 | 0.70

689 | 0.53 ] 0.62
705 ] 0.53]0.94
711 | 0.54]0.84
741 - 0.70
759 - 0.82
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Polymyxa betae

P. betae
plasma membrane

Cell cytoplasm

Transmembrane motif
I PSAP motif or equivalent

Ubiquitine

Fig. 16. Proposition of budding model for P. betae-transmitted viruses.

pathway in order to facilitate the internalizatiohthe virus by the protist
vector (Fig. 16). Following this model, RT domastwould be ubiquitinated
on the C-terminal part, the middle section betwdmih TMs being

putatively on the other side of the membrane amddessible for ESCRT-
and Tgs101-like budding proteins.

Though such ubiquitination sites are predictedBNiYVV (but only a weak

one), BSBV and BVQ, potential ubiquitinated resisle also predicted
between TM1 and TM2. With the emerging role of uiiige-mediated

cellular trafficking, it wouldn't be surprising thaviruses also resort to
ubiquitination for intra-cellular targeting (Accaact al, 2009; Raiborg and
Stenmark, 2009).

Regarding these hypotheses, it would be of grdatest to determine the
underlying intrinsic properties and/or PTMs thatilcbbe responsible for the
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common gel-shifting of BNYVV, BSBV and BVQ CP-RT$wo types of
approaches dealing with purified virus could be issyed to identify
potential PTMs. On one hand, viral particles midgig¢ treated with
glycosydases (Seddas and Boissinot, 2006) enzymebserve a potential
shift in the migrating pattern of CP-RT comparedhwion-treated samples.
On the other hand, anti-phosphate (Fernandez-Feeaan al, 2002) or -
ubiquitine (Hazelwood and Zaitlin, 1990) antibodsild be used directly
in western blot. The hard task of this approach lieobtaining particles of
BVQ and BSBV, reported to be extremely difficult porify (Koenig and
Loss, 1997; Koeniget al, 1998; Crutzen F., personal observation). In
addition, site-directed mutagenesis could be usettléntify amino acids
potentially linked to glucide, phosphate or ubigétmolecules. Modifying
residues in the predicted transmembrane helicebtraigo be performed to
investigate the potential role of TMs in gel smfi(Rathet al., 2009).

Replicase-driven switching mechanism and genome
rearrangements

Although deletions in the RT domain of CPs are all-established
phenomenon described for at least five virus spgecibe underlying
mechanisms of RNAs rearrangements have never leadly investigated.
Nevertheless, a replicase-driven switching mechartiiss been proposed
that seems to fit with such deletions events (Nagg Simon, 1997).
Following that model, viral replicase pauses dusggthesis of the plus- or
minus-strand RNA, probably because of hairpin $tmedi sequences, and
reinitiates elongation further downstream (Fig. .13uch jumps when
reading the minus-strand RNAs of PMTV and SBWMV #reught to be
responsible for the spontaneous deletions repantédeir CP RT domains
(Chenet al, 1994; Sandgrest al, 2001). It might therefore be postulated
that deletions in the BSBV and BVQ RT domains ofs@Rcurred by the
same mechanism.
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Fig. 17. Replicase-driven
switching mechanism potentially
leading to deletion events in
sequences coding for BSBV
and BVQ read-through (RT)
donor strand domains of coat proteins (CP)
(according to Chen et al., 1995;
Nagy and Simon, 1997;
Sandgren et al.,, 2001). (a)
When replicating the viral
genome, the polymerase might
pause because of RNA
secondary structures (in red).
Such stop would favor the
dissociation  of the viral
3 E polymerase from the donor
ERREKNNENEINRRRKERNNSQRERRRRNENER) W T strand and (b) transcription
8 i h-d reinitiation downstream of the
secondary structure.

No CRP for sugar beet pomoviruses

Curiously, the BSBV and BVQ genomes are both dewsfidany CRP
encoding sequence, though CRPs are largely repartezhg plant RNA
viruses (Kooniret al, 1991). These little proteins have been showerctas
pathogenic determinants and may be involved in maggon of PTGS
(Dunoyeret al, 2002; Lukhovitskayat al., 2005; Yelineet al,, 2002; Bragg
and Jackson, 2004; Ghazaaal, 2008). In this way, p8 of PMTV is a
virulence factor that is dispensable for the symptproduction onN.
benthamianaand doesn’t suppress PTGS (Lukhovitskagtaal, 2005),
whereas pl4 of BNYVV exhibits a PTGS suppressiotiviag and
modulates the symptom expression (Gilne¢ral, 1992; Dunoyeret al,
2002). BNYVV RNAs-1 and -2 with mutated p14 prodsimilar number of
lesions onC. quinoaas with wild-type RNA-2, but smaller in size andhw
necrotic centers. In addition, BNYVV RNAs accumidat is greatly
reduced when p14 is absent (Gilne¢ral, 1992). BSBV, although lacking a
CRP, induced numerous small necrotic lesions aharagtis onC. quinoa
leaves and high quantities of viral RNAs were detgdn bothC. quinoa
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andB. macrocarpaplants. Thus, BSBV accumulated @ quinoaleaves to
levels comparable to that of BNYVV when this lagpeessed p14. BSBV
and BNYVV, both infecting sugar beet, behave thmefdifferentlyin
planta when expressing homologous genes. While the latkCRP
significantly affects the BNYVV multiplication, thi seems to be not
restrictive for BSBV. Nevertheless, as a PTGS sepgor activity has been
attributed to some viral replicases, movement @t g@oteins, one of the
BSBV gene products might act as such (Voinnet, p0®3vould therefore
be of great interest searching for a CRP-altereatilencing suppressor
among BSBYV proteins. In addition, potential effecfsheterologous PTGS
suppressors like CRPs could also be tested on BBBMiplication. As
multiple infections frequently occur with BNYVV irsugar beet fields
(Meunier et al, 2003; Rattiet al, 2005), simultaneous presence of pl4
might play a role in BSBV infection.

Rescue of BVQ transcripts by BNYVV

Despite highly similar genomic organizations andhbiafecting commonly
sugar beet, BSBV and BVQ presented different miidagion dynamics
through reverse genetic strategies. On one haeadB#BV putative replicase
and movement proteins proved to be essential afiicisnt for local
infection of B. macrocarpaand C. quinoa leaves. On the other hand,
multiplication of BVQ RNAs transcripts relied onetlsimultaneous presence
of BNYVV RNAs-1 and -2, but not on BSBVY RNAs. Althgh co-
occurrence of BNYVV and BVQ is largely reported, ®\is also found in
sugar beet roots with BSBV but without BNYVV andsHhaeen previously
shown to be self-infectious when inoculated fromder sap of infected plant
(Koenig et al, 1998; Rubies AutoneBt al, 2006). Depending on whether
one works with transcripts from cDNA constructsvinal particles, BVQ
appears as BNYVV-dependant or independent, resdeti The major
difference between both approaches lying clearthéviral inoculum, three
scenarios should be considered.

The reverse genetic strategy and construction efiogth cDNA clones
guarantee the single-virus infection, but may idiree mutations in the viral
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sequence cloned. To avoid such lethal modificandnBVQ full-length
clone, an enzyme with proof-reading activity thave good results for
single-pieces cloning of BSBV RNAs was used to d@iyphe BVQ genome
(Crutzenet al, 2009b). In addition, replicative potential of BuMranscripts
in presence of BNYVV together with RACE resultsibetidenced that the
putative replication-related (Duggat al, 1994) BVQ UTRs were not
affected by cloning. However, internal mutationgroduced in BVQ
constructs cannot be excluded. A particular atbengshould therefore be
paid to the full-length cDNA clones integrity andpecially to RNA-3
encoded TGB proteins.

Assessing BVQ infectiousness by means of infectadtpnaterial may also
constitute a risk. Mixed-infections of BNYVV, BSB¥nd/or BVQ being
largely reported, working with a single virus ofteaquires a specific
selection of the one of interest. In addition, malvnteractions may repress
the expression of the coat protein of one or therotirus in cross-infections
(Mahmood and Rush, 1999), the virus detection bgmeeof ELISA could
miss one of the viruses. The present work combB¥@ with BNYVV and
BSBV, but other viruses than BNYVV might also coempent BVQin
planta As no less than fifteen virus species are listeihfecting sugar beet
(Table 7), multiple viral interactions could potetly happen. Interestingly,
the question of potential synergies between sugat imfecting viruses was
already raised by Lindsten (1993) as well as Mauainel co-authors (2003),
given the frequent mixed-infection of pomo- and y&ruses. But, when
these interactions could be of major importancetiier viral pathogenicity
on sugar beet, they might also reflect crucial essions for viruses
themselves. In this way, the frequent co-occureid@VQ and BNYVV in
fields could be the expression of the BVQ dependemc BNYVV for
multiplying in plants. This situation resemblesttb&the satellite particles,
widespread among plant RNA viruses (Roosskicll, 1992). They rely on
the presence of a helper virus to replicate inhibet cells and differ from the
so-called “defective interfering (DI)” particles that they are not derived
from the genome of the helper virus (Simen al, 2004). In addition,
distinction is made between satellite viruses, Wreacode their own coat
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Table 7. Viruses infecting sugar beet according to Stevens and co-authors (2006)
and the ICTV. Virus genus, genome organization and type of transmission are
indicated.

Genus Virus name Genome Transmission
Beet necrotic yellow 4-5 linear ss(+)RNAs Soil-borne
Benyvirus Veln virus -
Beet soil-borne mosaic 4 linear ss(+)RNAs Soil-borne
virus
Beet soil-borne virus 3 linear ss(+)RNAs Soil-borne
Pomovirus
Beet virus Q 3 linear ss(+)RNAs Soil-borne
Necrovirus Beet black scorch virus 1 linear ss(+)RNA Soil-borne
Nepovirus Beet ringspot virus 2 linear ss(+)RNAs Soil-borne?
Beet yellow stunt virus 1 linear ss(+)RNA Aphids
Closterovirus
Beet yellows virus 1 linear ss(+)RNA Aphids
Beet chlorosis virus 1 linear ss(+)RNA Aphids
Polerovirus Beet ml\ll?rgsllowmg 1 linear ss(+)RNA Aphids
Beet western yellows 1 linear ss(+)RNA Aphids
virus
Potyvirus Beet mosaic virus 1 linear ss(+)RNA Aphids
Alphacryptovirus Beet cryptic virus 2 dsRNAs Seed & pollen
Curtovirus Beet curly top virus 1 circular ssDNA Leafhopper
. . 1 linear ss .
Rhabdovirus Beet leaf curl virus (RNA Lacewing

protein, and satellite nucleic acids that rely loa €P of the helper virus for
encapsidation. In that context, BVQ from full-lehgranscripts would be
considered as a satellite virus from the BNYVV RNAand -2, relying on
these unrelated helper RNAs to multifyplanta but encoding its own CP
and being dispensable for BNYVV replication. Howewshereas satellites
are mostly composed of a single DNA or RNA molecaiel encode very
few proteins (Mayoet al, 2005), the BVQ genome is multipartite and
encodes for seven putative structural and non4straic proteins. The
synergy observed between the two viruses mightetbex be based on
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targeted complementation of one or several of thygsee products rather
than full support of the BVQ functions.

Finally, another possibility is also worth to bedissed. Viewing the results
presented in this study and those reported frorerotforks, two kinds of
BVQ populations might exist in crops, one relying ihe presence of the
helper BNYVV and the other being self-sufficients e BVQ strain used
to construct full-length cDNA clones derived frommaxed infection with
BNYVV, we would have selected a dependent one umb&hkst to us.

Given the doubts hanging on the infectiousness®BVQ transcripts from
full-length cDNA clones, further experiments neede performed to better
characterize the molecular interactions governitng tBVQ-BNYVV
synergy. BVQ RNA-1 transcripts should be first intated toC. quinoa
protoplasts in order to check whether the BVQ [neateplicase is efficient
or not. Protoplasts preparation and transfectiomldcobe performed
following the method of Veidt and co-authors (1992Zhe functional
complementation of one or the other RNA of BVQ ntiglso be evidenced
in planta through partial genome combinations of BVQ traiptsr mixed
with BNYVV RNAs-1 and -2. Knowing that replicatioand movement
proteins are essential for the virus survivalplantg the dispensability of
BVQ RNA-1 and/or -3 would designate the potenteadking vital function
for BVQ. BSBV and BVQ RNAs sharing high similargi®f sequence, they
could also be exchanged following the example ofYBN and BSBMV
(Rattiet al, 2009). This could give further indications oe flanctionality of
each BVQ transcript while avoiding competition beém homologous
RNAs. In addition, the integrity of BVQ full-lengtitlones could be
investigated by comparing them with the few otheguences available for
this virus. Sequencing of the original BVQ strased for constructing the
clones could also be carried out in the same goahcerning the symptom
changes when co-inoculating the four RNAs of BNYWwth BVQ
transcripts, this could be investigated by workivith GFP-labeled BNYVV
(Erhardt et al, 2001). When the synergy modifies or not the BNYV
movement inC. quinoaleaves would be easily shown by such approach.
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Finally, it would be of much interest mixing BVQatrscripts with other
unrelated viruses such as tBeet black scorch viruBBSV) or even the
TMV. In addition to give further indications on thge of complementation
required by BVQ transcripts, this could provideigh$ into the potential
network of interaction that could take place inaugeet crops.
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CONCLUSIONS

The main objective of this thesis was to investigde multiplication
dynamics of BSBV and BVQ pomoviruses. Tackling witienome
organization and multiplication requirements by nwaf new reverse
genetic tools andh silico or in vivo analyses, we evidenced common but
also specific characters for these sugar beetesgtus

Genome organization andn silico analyses

As a first step in the BVQ multiplication dynamibe common organization
of BVQ CP RT domain encoded by genomic RNA-2 wagestigated. A
putative 76 kDa RT domain was evidenced for tenggegghically distinct
strains from Europe instead of the 35 kDa one presly described (Koenig
et al, 1998), with nucleotides and amino acids varitded between strains
as little as 0.0-0.95% and 0.0-1.29%, respectivéljwree nucleotide
additions of 5, 285 and 1 nt were localized in #& kDa RT coding
sequence that were absent from the 35 kDa RT emgde’iINA. Moreover,
this longer RT was predicted to contain two transimeane helices TM1 and
TM2, whereas the shorter 35 kDa RT contains onlylTKs proposed for
other plasmodiophorid-transmitted beny-, bymo-,0fuand pomoviruses
(Diaoet al, 1999a; Adamst al, 2001), BVQ TMs might be involved in the
transmission by the putative vectBr betae From these results, it was
hypothesized that three deletion events removedaa af 291 nt potentially
necessary for natural soil-borne transmission kexahe first sequenced
strain of BVQ was multiplied through repeated mexdta inoculations on
C. quinoa leaves. This phenomenon, already reported forrothated
viruses such as BNYVV, BSBV, PMTV and SBWMV, evides however
for the first time the occurrence of a triple-delatevent, as only single- or
double-deletion events have been reported until (tamada and Kusume,
1991; Cheret al, 1995; Reavet al, 1998; Koenig, 2000; Sandgrenal.,
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2001). As hypothesized for SBWMV and PMTV (Cheh al, 1995;
Sandgreret al, 2001), a replicase-driven switching mechanisreptially
initiated because of strong RNAs secondary straestoright have caused the
major rearrangement of the initially described B\RNA-2 (Nagy and
Simon, 1997).

In addition, predictions of transmembrane helicesewperformed in the
BSBV CP RT domain from full-length cDNA clone of rgemic RNA-2,
following the example of BVQ. A new candidate sawesfor BSBV TM2
was evidenced and that is not proposed by Adamscaralithors (2001)
because of a basic arginine residue in the CP RMado previously
described for BSBV (Koenigt al, 1997a). Such modification in the coding
sequence of the transmission-associated TM2 migh¢ loccurred because
this strain of BSBV was maintained @ quinoaas well.

When the KER maoitif is of crucial importance for the BNYVV tramission
(Tamadeet al., 1996), homologous TV and YVDE motifs were identified
on N-terminal side of BVQ and BSBV predicted TMs@spectively. Like
the glutamic acid (E) residue of BNYVV, aspartatsidues (D) might also
interact with a basic lysine (K) or arginine (Rprn C-terminal end of
predicted TMs1.

Publication of the results on the BVQ CP RT donwintributed to a better
characterization of the BVQ genome organization atded an example of
viral adaptation to unnatural propagation throughamic rearrangements.
Moreover, the newly available sequences for botlfQBANd BSBV and the
preliminary predictions of motifs putatively invad in viral transmission by
P. betaemake the way open to further functional studiesheir CPs RT
domains.

Multiplication requirements, in vivo analyses

Multiplication dynamics of BSBV and BVQ were alswvéstigatedn vivo
by means of transcripts from full-length cDNA claneéDespite identical
genome organizations and a common natural host, tvémscripts of BSBV
and BVQ behaved differentin planta
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On one hand, the BSBV putative replicase (RNA-1J amovement proteins
(RNA-3) proved to be essential and sufficient faralv multiplication in
plants, like PMTV (Savenkogt al, 2003). RNA-2 encoded CP and CP-RT
were, in turn, dispensable for virus survival ayghgtom expression. As
reported by previous observations (Hewmtyal, 1986), BSBV transcripts
induced symptoms on leaves®©f quinoaonly, theB. macrocarpanfection
being asymptomatic. BSBV would therefore not encfaileproteins able to
induce strong symptomatic reaction Bn macrocarpaleaves such as p25
and p31 expressed from BNYVV RNAs-3 and -4, redpelst (Tamadaet
al., 1989; Rahimet al, 2007). Contrary to many other plant RNA viruses
(Koonin et al, 1991), the BSBV genome comprises no CRP coding
sequence. This seemed however to have no impaits @ccumulationn
planta

On the other hand, transcripts from full-length ebblones of BVQ proved
to rely on the presence of at least BNYVV RNAs-H a for multiplying in
C. quinoaleaves. They did not multiply when inoculated almreeven
combined with BSBV infectious transcripts. Whilaris-replication of BVQ
transcripts by BNYVV seems rather unlikely becawsesequence and
structure dissimilarities, complementation of vinalovement might be
strongly envisaged. The vital contribution of a FSFGuppressor through
BNYVV p14 should also not be excluded. BVQ beingyously reported to
be self-infectious when working with viral partisldrom sap of infected
beet, further investigations need to be performed tbe underlying
mechanisms of BVQ transcripts rescue by BNYVV.

The western blot detection of both BSBV and BVQ @GRsl CP-RTs in
samples infected with transcripts from full-lengdDNA clones also
evidenced particular migration patterns in SDS-PA€Rditions for these
proteins. While the BSBV 19 kDa CP migrated acaugdio its predicted
MM, the BVQ 19 kDa predicted CP was found to migrédster with an
estimated MM of 16.5-17 kDa. The same migratiortggatwas observed
when both viral CPs were expressedircoli but the underlying mechanism
or proper physico-chemical properties responsittdtis difference of MM
are unknown. Conversely, MM higher than the prediaines of 104 and 95
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kDa were estimated for BSBV and BVQ CP-RTs, witil5%&nd 107-110
kDa, respectively. Intrinsic properties like trarsnbrane domains (Ra#t
al., 2009) or PTMs such as phosphorylation, glycdsytaor ubiquitination
were proposed to potentially affect the CP-RTs MM $DS-PAGE
conditions. Similar gel-shifting being also repdrtior the CP-RT of the
other P. betaetransmitted BNYVV (Ziegler-Graffet al, 1985; Niesbach-
Klosgenet al, 1990), it was postulated to be potentially rfato one of the
CP RT domain major function, i.e. viral transmisshy the protist vector. In
this view, potential ubiquitination of these RT daims could be involved in
viral uptake byP. betae following the budding mechanism of some
enveloped viruses (Isaacson and Ploegh, 2009).pfdésence of the “late-
domain like” PSAP motif at C-terminal extremity BNYVV RT domain as
well as potential ubiquitination sites in CPs RTdins of BNYVV, BSBV
and BVQ support this hypothesis.

The in vivo approach, through the use of the first full-lenglbPNA clones
available for BSBV and BVQ, describes pioneeringutes in the field of
beet pomoviruses multiplication requirements aratgins expression. From
now on, a new powerful tool is therefore useabl&tther study the BSBV
and BVQ particular multiplication dynamics and, least for BSBV, the
potential pathogenicity on sugar beet and involvemi@ the complex
rhizomania syndrome.
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Appendix

RNA and DNA processing
RNA extractions

Working on plant RNA viruses, extracting total R&lArom fresh
infected plant material is essential to deal with viral genome. This was
performed using kits or following the classical pbkchloroform protocol.
FastRNA Pro Green kit (Qbiogen) or SV Total RNA Isolati@®ystem
(Promega) were used for RNAs extractions from rod8. vulgarisused as
bait plants in infected soil mixed with sterile danaccording to the
manufacturers’ instructions. RNAs extracts were sedgoently used for
targeted sequencing of viral genes or constructbriull-length cDNA
clones.

To extract RNA from infectedB. macrocarpaor C. quinoaleaves, the
Polysome extraction method was preferred (Jepial, 1990). 100-200 mg
of fresh or frozen leave is crushed in a sterilertemowith 1.5 ml of

Polysome buffer (TrisHCI 200mM pH 9, KCI 400 mMgcsharose 200 mM,
MgCl, 35 mM, EGTA 25 mM), on ice. 500 ul of homogenatehien mixed

with the same volume of saturated phenol pH 7.9 RyWortexed and
centrifuged for 20 min at 13000 rpm, 4°C. Supemiat@50-500 pl) is

removed, mixed with one volume of acid phenol-abflorm solution pH 4.5
(Ambion) and centrifuged again. The upper aquecess@ containing the
RNAs molecules is then precipitated with two volgnaeé 100% ethanol and
sodium acetate (150 mM final concentration) at €®3r 1 hour or over-
night (O/N) period. After centrifugation during XBin at 13000 rpm and
4°C, the pellet is washed with 70% ethanol, dried finally resuspended in
sterile demineralized water.

RNA-DNA amplification and visualization

From a limited amount of nucleic acid sequendss,polymerase chain
reaction (PCR) may generate millions of DNA copileat are useable for
direct visualization or further manipulations. WhiDNA is immediately
suitable for such amplification, RNA must be reeersanscribed first.
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Reverse transcription

The reverse transcription step aims to syntheBizeeach RNA of
interest the anti-complementary DNA strand, aldeedecDNA. This last is
then amplifyied by polymerase chain reaction (PCRWo reverse
transcriptases were used in the present study.

Moloney murine leukemia reverse transcriptase (MMMRT) (Promega)
was used for the common production of short frageé@up to 1-2 kb). RNA
samples, mixed with 1 pl reverse primer (25 uM) &tePC-treated D
(diethylpyrocarbonate, inhibits RNAses) up to 10fiphl volume, is first
heated during 10 min at 65°C in a MJ MMiPersonal Thermal Cycler or
iCycler'™ (Biorad) to disrupt secondary structures. The méomgation step
is performed at 42°C during 1 h after the additéd pl of 5x-concentrated
buffer (Tris-HCI 250 mM, KCI 375 mM, MgGI15 mM and DTT 50mM), 2
pl dNTPs (10 mM), 0.25 pl M-MLV RT (200 U/ul) and73 pl DEPC
water.

When high quantity of longer cDNA fragments (1.5-&b) needed to be
synthesized, Expand Reverse Transcriptase (Roclas) peferred. This
enzyme is a modified version of the M-MLV RT, whiBtNAse H activity,
i.e. the ability to degrade RNA, is considerablydueed. The first
denaturation step is identical to that with M-MLVI But, after adding 4l
5x-concentrated buffer (Tris-HCI 250 mM, KCI 200 mMgCl, 25 mM,
Tween 20 2.5%, pH 8,3), 2 ul dNTPs (10 mM), 2 ghidihreitol (DTT,
100 mM), 1 pl Expand RT (50 U/ul) and 1 pl DEPGatesl water,
elongation is performed during 60 min at 43°C.

Polymerase chain reaction

Two types of thermostable DNA polymerases syntiegi dSDNA
were used in the presented experiments.
Go Ta§ Flexi DNA polymerase (Promega) was used to amplifg kb
fragments that didn’t require high accuracy of dogye.g. viruses detection
or clones screening. 2.5 pl of cDNA from RT stepmixed with 5 pl Go
Tad® Flexi buffer 5x-concentrated, 2.5 pl MgQGR5 mM), 0.75 ul dNTPs
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(10 mM), 0.5 pl of each primer forward and reveZe uM), 0.12 pl of Go
Tad® DNA polymerase (5 U/ul) and sterile water up ta2%inal volume.
When 1.5-6.0 kb DNA fragments were amplified fobsequent cloning or
sequencing, Expand Long Template PCR System (Rowhs) preferred.
Because this last includes a mix of classical TagADpolymerase and
another proof-reading Tgo DNA polymerase, the aficplion accuracy is
threefold higher compared to systems using only firet enzyme. The
reaction mix is however somehow different, adding [2| Buffer n°1 10x-
concentrated, 0.9 pl dNTPs (10 mM), 0.75 pl of efctvard and reverse
primer (25 puM), and 0.4 pl polymerase mix (5 UA0)2.5 pl cDNA from
reverse transcription with Expand RT. Volume isuatgd with sterile water
to 25 pl.

Samples are then submitted to thermal cycling es/ston figure 18.

94°C 94°C

po 72°C
sec
\ 45-65°C / 1 min/kb

30 sec

72°C

2 min
7 min

27-35x

94°C

94°C I 94°C

2 min/3kb
30sec  +20sec/cycle

2 min/3kb
30 sec

10x 15-25x

Fig. 18. (a) Go Tag Polymerase (Promega) and (b) Expand Long Template PCR
System (Roche) thermal cycles for DNA amplification. 94C steps ensure DNA
denaturation and enable primer annealing on template strands at 45%65<C.
Hybridization T°is calculated according to the spe cific primer nucleotide sequence.
DNA synthesis is then performed at 72C or 68C dep ending on the polymerase
used and, after completion of the elongation step, the cycle between doted lines
starts again with DNA denaturation. The number of cycles is indicated above arrows
and incubation times are shown underneath full lines. Elongation time is adjusted
according to the length of DNA fragments to be amplified. Final incubation at 4C
maintains DNA integrity until used.
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Separation of DNA fragments on agarose gel by elphbresis

DNA molecules, whether coming from PCR reaction ather
applications (see after), may be separated acgptdiriheir size. For such
purpose, gels are prepared by melting Multi Puraseose (Roche) in 1x-
concentrated Tris-Borate-EDTA buffer (TBE, Tris-ate 89 mM, boric acid
89 mM and EDTA 2 mM) to concentrations varying begw 0.7 and 2.0%,
depending on the fragments size. Using Biorad Pd®ar 300 or Modell
1000/500 power supply (Biorad), DNA fragments aresequently forced to
migrate through the gel in TBE buffer 1x-concergdatowards the anode, as
being negatively charged. Ethidium bromide (BET)g(®), beforehand
added to the gel at 0.1 mg/ml, inserts between kt#nds of migrating
DNA and allows their visualization under UVs. Usihicgb or 100 bp DNA
ladders (Promega), the approximate size of therebdefragments can be
determined.

In vitro transcriptions

Conversely to the production of DNA from RNA by TR, RNA
may also be synthesizéd vitro from DNA sequences by transcription. This
strategy is widely used to produce viral singlesstted RNAs from DNA
constructions (see after). Two conditions are meguito allow efficient
transcription. First, a transcription promoter ddobe upstream the DNA
sequence to be transcribed and, in the present, dtuel one from phage T7
(TAATACGACTCACTATAGGG) was chosen. Secondly the DNAould
be linearized where transcription has to stop erpgblymerase will continue
transcribing. The RiboMAX" Large Scale RNA Production System — T7
(Promega) kit was used to synthesize RNAs of istere2 pug of template
DNA is mixed with 4 ul transcription buffer 5x-caemtrated, 1.5 pl of each
of the three rATPs (100 mM), rUTPs (100 mM), rC{P80 mM), 0.1 ul of
rGTPs (100 mM), 0.5 ul of RNAseOUT (40 U/ul) (Imagen), 4ul of
m’G° ppp’ CAP analog (New England Bioloabs) 2 pl of T7 enzymie and
sterile water up to 19 pul final volume. After 30mates incubation at 37°C,
1.5 pl of rGTPs (100 mM) is added to the reactidr that is then left for
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3 h 30 min at 37°C to complete transcription. Bedaaddition of rGTPs in
the reaction mix favors the incorporation of CAPalags in the newly
synthesized transcripts. The transcription efficieis checked by running a
1x-TBE agarose gel with 0.5 pl of each transcriptsample. However, as
migration of RNAs is performed in non-denaturataognditions, the real size
of RNAs molecules cannot be determined by usindN& [adder.

Purifications of nucleic acids

DNA and RNA molecules may be purified in the view further
manipulations. Three types of purification methedse used in this work,
depending on the nature of the molecules (DNA oARANd the aim of the
purification step.

When a single-type/length of DNA had to be sele@etbng molecules of
different sizes, all fragments were separated oagamose gel and the one of
interest was selected by cutting in the gel. DNAswabsequently extracted
from the piece of agarose by using affinity colunofs QIAquick Gel
Extraction kit (Qiagen) and eluted with sterile arat

In order to eliminate salts and chemicals presesbiution with DNA from
a previous reaction and make the DNA clean forhtrtapplications,
QIAquick PCR Purification (Qiagen) or MSBSpin PCRapace (Invitek) kits
were used and DNA was eluted with sterile water.

If RNA needed to be purified, the phenol-chlorofamethod was preferred.
Equal volumes of hydrophobic acid-phenol:chlorofofpH 4.5) solution
(Ambion) and RNA with water are mixed and centrgdgl5 min at 13000
rpm and 4°C. The upper aqueous phase containingi?s molecules is
then precipitated with two volumes of 100% ethaantl sodium acetate
(150 mM final concentration) at -20°C during 1 h.ftek 15 min
centrifugation at 13000 rpm and 4°C, the pellatagshed with 70% ethanol,
dried and resuspended in sterile demineralizedrwate
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RACE by RNAs circularization

While RNAs internal sequences are easily targéiedlassical RT-
PCR, rapid amplification of cDNAs ends (RACE) regsi RNA pre-
treatment. Annealing sites upstream 5’ end and dawam 3’ end should be
provided as primers hybridization sites are necgssa both sides of the
target sequence for amplification. Circularizatiof viral RNAs was
therefore performed to determine terminal nucleotisequences. The
pomoviruses genomic RNAs being putatively 5'-capplds last had to be
remove in order to allow intramolecular ligation.oMover, to maximize
self-ligation of viral capped RNAs, preliminary degsphorylation of non-
capped RNAs was performed. The strategy is illtestran figure 19.

4 ug of total RNA extract from roots of infectBdvulgarisare mixed with 1
p1 of Alkaline phosphatase from calf intesting(CIP) (1 U/ul) (Promega), 2
pl of 10x-concentrated buffer (500 mM Tris-HCI pkB910 mM MgC}, 1
mM ZnCI2 and 10 mM spermidine), 1 pl DTT (100 mM)pul RNAseOUT
(40 U/ul) (Invitrogen) and water to a final volunoé 20 pl. Tubes are
incubated for 30 min at 37°C. RNAs are then putlifiellowing a phenol-
chloroform protocole (see Appendix 1.4), resuspehitelO pl sterile water
and mixed with 1 pTobacco acid pyrophosphatas€¢TAP) (5 U/ul), 2.5 pul
buffer 10x-concentrated (500 mM sodium acetate p®§ 60 mM EDTA,
1% B-mercaptoethanol and 0.1% Triton X-100), 1 pl DTIDEGMM), 1 pl
RNAseOUT (40 U/ul) and water to a final volume & 2I. De-capping is
performed at 37°C for 60 min. RNAs are purified iagaesuspended in 10
pl sterile water and aliquots of 5 ul, 2 pl andllage mixed with 2 pir4
RNA ligase (5 U/ul) (Epicentre), 5 pl of 10x-concentratedatign buffer
(330 mM Tris-acetate pH 7.8, 660 mM potassium aeetd00 mM
magnesium acetate and 5 mM DTT), 5 pl ATP (10 mMjl RNAseOUT
(40 U/ul) and water to a final volume of 50 pl. Rihg the RNAs in a
bigger reaction volume promotes intramolecular tigga rather than
intermolecular linkage. Ligation reactions are feit 60 min at 37°C. After
final purification, RNAs are used to amplify 5’ a®d ends of self-ligated
viral RNAs.
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Fig. 19. Strategy of RNA
circularization for amplification of
cDNA ends. Successive
treatments of total RNAs with
alkaline phosphatase from calf
intestine  (CIP), tobacco acid
pyrophosphatase (TAP) and T4
RNA ligase (T4) lead to the
circularization of capped
molecules (B). 5 phosphate
groups (P), indispensable for intra-
molecular ligation, is removed by
CIP treatment for non-capped
RNAs (A). Arrows represent
primers  positions used for
amplification of cDNAs ends by
RT-PCR.
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Cloning

Bacterial plasmids

Three plasmids were used for cloning DNA fragmepG&EM®-T
(Promega) is sold as a 3 kb linear vector with timg® overhanging at 3’
extremities. These prevent the plasmid from retarization and facilitate
the insertion of PCR products with 5’ adenines baegs, added by classical
polymerases with no proofreading activity. T7 an@6Stranscription
promoters are also included on both sides of thertion site that is inside a
multiple cloning site (MCS) with numerous restricti sites. pGENM-T
vector is widely used for common cloning of PCRducts.pBAD-TOPO®
(Invitrogen) is also a linear plasmid of 4.1 kbttwsingle 3'-T overhangs
linked to Topoisomerases | that facilitate the itisa of PCR products.
Through a pBAD promoter upstream the insertion $ite transcription and
expression of the cloned sequence are regulatélielyyresence L-arabinose.
This vector is therefore useful for the productiainproteins in bacteria.
Contrary to the above-mentioned plasmids, the B pWC19 should be
open by means of restriction treatment (see afitethe MCS to insert the
DNA sequence of interest. The simple arrangemernhisfvector makes it
easy to work with, as it doesn’t contain specifamscription promoters near
the cloning site and its MCS is composed of mafffgidint restriction sites.
All three types of plasmid carry an ampicilline istance gene that makes
bacteria containing the desired plasmid resistgainst the antibiotic. In
addition, MCS of these vectors are situated insidether gene coding for
the B-galactosidase. If disrupted by insertion of a R@&duct, the enzyme
is not able to degrade the X-galactose anymorebanteria appear white on
Petri dishes.

Plasmid and insert processing

To obtain the desired final construct with theemsof interest in a
specific vector, DNA often needed to be processed.
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A-overhang

When PCR products were amplified using the Explamg) template
PCR system, the proof-reading activity of Tgo engymemoved 5-A
overhangs from amplicons. For an efficient cloniof the amplified
fragments in a vector with 3-T overhang, adenireee added at 5’
extremities of DNA fragments before cloning. TheRP@roduct is therefore
purified, mixed with 1 pl Go Taq polymerase (5 U/ull pl 10x-
concentrated buffer, 0.5 pl dNTPs (10 mM) and MglCl, (25 mM) in a
final volume of 10 pl, and incubated at 72°C forrBid.

Restriction

When DNA fragments were transferred from the pGEMector to
pUC19 or directly inserted into this last, treattnefith restriction enzymes
were necessary. These proteins recognize speciNA Bequences —
commonly of 6 nt, but sometimes smaller or longand cleave the double-
strand to produce two cohesive or protrusive, 35orextremities. 1 pg of
template DNA to be restricted is incubated with QL2f restriction enzyme
(10 U/ul) and the appropriate restriction bufferttee temperature required
by the enzyme (mostly 37°C) during O/N.

Dephosphorylation

To avoid self-ligation of the restricted plasmitigavor the insertion of
the DNA of interest, phosphate groups from 5’-axiitees of the linearized
vector may be removed. As these are necessaryhéotigation of DNA
strands, the fragment to be inserted brings the @hlosphate groups
available and insertion is the only way to get wiacization. 1 pg of
linearized vector to be dephosphorylated is mixeth w pl of alkaline
phosphatase from calf intestine (20 U/ul) (Rocl2epl dephosphorylation
buffer 10x-concentrated (0.5 M Tris-HCI, 1 mM EDT@H 8.5) and water
to 20 pl final volume. The reaction is performe@atC for 60 min.
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Ligation

Ligation reactions depend on the vector used. Wigaiing a DNA
fragment into pGEM-T or pUC19 vector, 50 ng of plasmid are mixed with
3 units of T4 DNA ligase (Promega or Roche, therappate ligation buffer
and a length-adapted* quantity of PCR product. idaetions are incubated
over-night at 4°C or at room temperature. RegargiBgD-TOPJ cloning,
PCR products ligate themselves to the vector bguering the energy from
vector-topoisomerases links. No ligase is neededsteh cloning and
ligation reaction is set up at room temperaturéngus to 30 min.

*To optimize cloning conditions, a one for thredoaf vector/insert as well
as the length of both DNA fragments always deteeahithe quantity of
insert to add to the ligation reaction, followingxh formula:

vector gtity (ng) x insert length (kb) 3
qgtity of insert to clone (ng) = X
vector length (kb) 1

Mutagenesis

Different kind of sequence modifications may berdduced in
constructs. Among the multiple deletion, insertand directed mutagenesis
techniques, two were used in the present work.

With the view of disrupting a specific coding senoe, a shift may be
introduced in the ribosomes reading frame by addingleotides. This
technique relies on the presence of a restricti@nvehere the mutation has
to be done and that is not present elsewhere icdhstruct. Moreover, 5'-
protruding termini should be produced after theasiDNA elongation, and
therefore gap-filling, goes always in a 5’ to 3radtion (Fig. 20a). See
chapter I, communication in Journal of General gy, for theframeshift
insertion into the pUBS-2-wt construct.
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Inserting a restriction site can be performed by means of PCR and using a

polymerase with proof-reading activity. Such atefygt has been used to
insert new restriction sites at 5’ extremities of¥@ full-length clones in
pUC19 (see Chapter Ill, Project paper). Construatse amplified using
primers with the new restriction sequences in ff@pjueue (Fig. 20b) and
Expand Long Template PCR System. PCR products websequently
purified and O/N treated with the enzyme cutting thewly inserted
restriction site. Purified restriction products wéinally self-ligated.

a b 0
. v
5 L OrEETCer s AT Y 3
3 ——  TACGAGCATGLTGCTAA — 5
l Bsiml
1 PCR
.  .aTcCcTC GTACGACGATT . . e 3
| — y |
3 ——. . TACGAGCATG o CTGCTAA. . e g = —
1 Restriction
l KLENOW Pol |
[ =
= =
8. . ATECTCGTAL  CTACGEDERTT . e
3'—— .  .TACGAGCATG CATGCTGCTAZ .. & 1Ligation

l T4 DNA ligase

5 e  ATGCTCGTACGTACGACGATT. . e 3’
. . TACGAGCATGCATGCTGCTAL . e g
+4nt

Fig. 20. Strategies for introducing (a) a BsiWI frameshift mutation or (b) restriction
sites in constructs. (a) Restriction sequence recognized by BsiWI is in bold and
cutting sites are indicated (V). Gap-filling by the Klenow fragment of DNA
polymerase | is followed by intra-molecular ligation using T4 DNA ligase. 4
nucleotides are added, GTAC. (b) Primers used for amplification of the construct are
flanked by the restriction sequence to be inserted in floating queue (boxes). PCR
products with restriction sites at both extremities are then restricted with
corresponding enzyme and self-ligated with T4 DNA ligase.
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Constructs multiplication in Escherichia coli

Processeth vitro, constructs have to be transferred imt@ivo systems
for both selecting the rare successful events Isotraultiplying them.

Escherichia colstrains

The common laboratory bacteria used multiplyinghstructs is the

gram negativeE. coli, an Enterobacteriaceadrom warm-blooded animals.
Two strains were used in the presented studies.
E. coli strain DH5-a [genotype F-®80lacZAM15 A(lacZYA-argF) U169
recAl endAl hsdR17 (rK—, mK+)phoA supE44 - thi-1 gyrA96 relAl | is
very popular for common cloning and was mostly usettie present work.
E. coli strainMC1022 [genotypearaD139 A(ara leu)7697(lacZ)M15galU
galK rpsL] was rather used for difficult cloning, e.g. thasvolving toxic
inserts.

Preparation and transformation of chimio-competetis

To optimize constructs uptake by bacteria — badtéransformation —
cells may be submitted to special treatments thaease their potential of
transformation, also called competence. Such peepaacteria, when briefly
chocked by means of electricity or temperaturegriparate more easily the
desired constructs. Depending on the type of chusekd for transformation,
cells are prepared differently and distinction iad®a between electro- and
chimio-competent cells. Th&. coli DH5-« and MC1022 strains were
prepared following a Rubidium chloride protocol dfega), with the view
of making them chimio-competent.

A fresh culture of 2.5 ml LB liquid medium inocudat with a single bacteria
colony from a LB plate is first grown O/N, at 37&d 180 rpm. Next day
morning, this pre-culture is mixed with 250 ml LBuid medium with 20
mM MgSQ, in a 1 L flask. This last is placed at 37°C, 1®dnruntil the
absorbance of the culture at 600 nmygAreaches 0.5 (around 150 min for
E. coli DH5-0). The culture is then distributed in four 50 nerde falcons,
centrifuged for 5 min at 4500 g and 4°C. Each effibur bacteria pellets is
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gently resuspended in 20 ml of ice-cold TFB1 ¢CBOK 30 mM, CaGl10
mM, MnCl, 50 mM, RbCIl 100 mM, Glycerol solution 15%, pH 5fi@ered
through 0.2 um acrodisc) on ice. After 5 min indidra on ice, tubes are
centrifuged again in the same conditions. Pelld@cteria are resuspended
in 2 ml of ice-cold TFB2 (PIPES 10 mM, CaGl5 mM, RbCl 10 mM,
glycerol solution 15%, pH 6.5, filtered through Quéh acrodisc) on ice and
the four tubes are pooled in one. After 45 min bation on ice, the final 8
ml of prepared bacteria are distributed in 150 liquats that are flash-
freezed in liquid nitrogen before storage at -80°C.

For the transformation of constructs into theseniticompetent cells, up to
3 ul of the ligation reaction is gently mixed wBB pl of chimio-competent
cells thawed on ice and left for 20-30 min on ieédpe 45 sec incubation at
42°C. Following this heat shock, the tube is plaoadce for 2 min before
adding 250 pl of SOC medium (see next point) afmdidcubation at 37°C
on a rotating wheel. Finally, bacteria are platedL® medium with 100
pg/ml ampicillin and incubated O/N at 37°C.

Media for cultures of bacteria

Two types of media were used for growing bactéféaen plated on
Petri dishes, solid.uria-Bertani (LB) medium (Bact8” Trypton 10 g/l
Bactd" Yeast Extract 5 g/l, NaCl 5 g/l, Agar 15 g/l) wased. If needed,
100 pg/ml ampicillin was added after sterilization auto-clave. Liquid LB
medium doesn’t contain agar.

The enrichedsOC medium is composed of Tryptone (20 g/l), Yeastr&ott
(5 g/l), NaCl (10 mM), KCI (2.5 mM), MgGI(10 mM), MgSQ (20 mM)
and Glucose (20 mM).
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Sequencing

The nucleotide sequence of PCR products or clangalicons may be
checked by sequencing. With this view, the DNA fnagt to be sequenced
is mixed with one primer (forward or reverse) afudlowing the method of
Sanger, the incorporation of fluorescent chain-teator di-
deoxynucleotides during an elongation reaction bypMA polymerase
makes DNA sequences “readable”. In the presentadiest, many primers
were designed especially for such purposes. Tablesd 9 contain all
primers used for sequencing of BSBV and BVQ, retpely.
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Table 8. BSBV-specific sequencing primers.

BSBVfI1.1F ACCAGCGATTCTTCTGAGAT
BSBVflI12F TCCTTTGTTTGTTGTGGATG
BSBVfI13F TAAGGAAAAGACGGTAGATG
BSBVflI14F AGAAGCGATCCGAGGCACTA
BSBVfI15F AAAACTGTACGCGGTTCGAC
BSBVfl1.6 F AGTGTACTACACACGTGCTG
BSBVIr1.6'F | TGATAGAGAGCGTTCTGGCAC
BSBVfI1.7F TGATGTTAAGCCTAAGTTGG
BSBVfI1.8F TATAAGTTTGCTCCGGATCC
BSBVfI11R ACCAACGTCCGTTCAAAGCA
BSBVIr1.1R ACCAACGTCCGTTCAAAGCG
BSBVIr1.1'R | CATCAATCACCCTACACAAAG
BSBVflI1.2R CAACCGTTAACTGATTCTCC
BSBVfI1.3R CGTTTATCAACACGTGCACG
BSBVfl14R TCAGTCATCGCAGACTTATC
BSBVfI15R GTAAACCATACCAGCATGCG
BSBVflI1.6 R TATCGACTCGTACTTCGACC
BSBVflI1.7R ATCTCCTTCATCACAGGACC
BSBVflI1.8R TGTAGTCATGATAAGAACGG
BSBVfl2.1F GCTACTATACTGTCGCAGGT
BSBVfl2.2F CCGAATTGACATAAAAGGCG
BSBVIr2.2F CCGAATTGACATAAGAGGCG
BSBVfI2.3F GTGTCGAGGAAGGTTAGCAT
BSBVIr2.3 F GTGTCGAGGAAAGTTAGCAA
BSBVfl2.4F | CCATAGAAGCTTTTGAAAGGC
BSBVIr24F CCATAGAAGCTTTGGAAAGAC
BSBVfI25F GATAAAGGCATCGAGTTCGG
BSBVfl2.1R TTCTTATCCTGGCCTCACTC
BSBVIr2.1R TTCTTATCCTGGCCTCACTT
BSBVfl2.2R CCAAAACCCAGGCTAAACCA
BSBVflI2.3R TATCACCTCCTCCATACTGC
BSBVfl24R TTCGGCAAGGTGTTAGTACC
BSBVIr2.4R TTCGGCAGGGTGTTGGTACC
BSBVflI25R GTCACGTACTGTGTTATTGG
BSBVfI3.1F GAAGAAGACGTTGTGGACGG
BSBVIr3.1F GAGGAAGACGTTGCGGACGA
BSBVfI3.2F TACGTTATTGCAGAACGGCG
BSBVIr3.2 F TACGTTGTTACAGAACGGTG
BSBVfI3.3F GTATTGGCCAATAGTCGTGG
BSBVIr33F GTATTGGCCAATTGTCGTAG
BSBVfI3.4F AGGAACGTGCCGAGGTGAAT
BSBVIr3.4F AGGAACGTGCCGAGGTGAAT
BSBVfI3.1R TTGGAATCCACACCAGCTCC
BSBVfI3.2R ACTGGAATCTGCAACCACTC
BSBVfI3.3R TGAACACGCTTATTGCCGTC
BSBVfI3.4R TAGAAACGACACTTTACCAC
BSBVIr3.4 R TAGGAACGACACTTAACCAC
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Table 9. BVQ-specific sequencing primers.

BQls-aF CGGAACGTATTCGAGACGAT

BQ1lsa()F CGGCCATGAGGAAGATTGAA

BQ 1s-a(3)F TGACTGAAGCAACGGAAGCC

BQ1s-bF TCGCAGAGATACTTCTGAGG

BQ 1s-b(2) F GGGTCATTTCAGTAGTGAGC

BQ 1s-b(3)F GATAGTGATAACGGTGGTGG

BQ1lscF GGACAGGTATGACTTCCATC

BQ 1sc(2) F TTCGATGAAGCGCTAATGGC

BQ 1s-c(3) F GTACCTGATGTAGGTGAAGC

BQ1lsdF GCTGTGTGGAACTTTGACTG
BQ 1s-d(2)F ACTACACATTCGTGCGGTGT
BQ 1s-aR ATCGTCTCGAATACGTTCCG
BQ 1sa(2) R CATTGACGGTAGGTAACTCG
BQ 1s-bR CCTCAGAAGTATCTCTGCGA

BQ1s-b(2) R CACTATCGTCTGAGTCATCG

BQ 1s-b(3) R TTACTTCAACGAACGCAGGG

BQ1scR GATGGAAGTCATACCTGTCC
BQ 1s-c(2) R TTACACTTCTTCGGTGCCGT
BQ 1s-c(3) R CAACCTGGCACACCATCAAT
BQ1s-dR CAGTCAAAGTTCCACACAGC

BQ 1s-d(2) R TTTAGTGCCTCTAGTACGCG

BQ 1s-d(3)R AAAGCAAACCGAATGCGCTC

BQ2s-aF TGCATTGCAAAGTGTGCGAG

BQ2s-bF GGTGACTTAAGTACTCGTCG

BQ 2s-b(2) F ATACTGACATGAAAGCCGCG

BQ 2s-b(3) F CGTGGTGCATACGTTAATGC

BQ2s-aR CTCGCACACTTTGCAATGCA

BQ2s-bR CGACGAGTACTTAAGTCACC

BQ 2s-b(2) R GTACATTGGGTAAGCCACAC

BQ 2 s-b(3) R AAAGATCCATACTCCACCCC

BQ3saF TGCGACGAATTCAGACGGAA
BQ 3s-a(2)F AGGTTCTGAACGGTACACAG
BQ 3s-a(3)F CGATCAGTTGCTTTTACCCG
BQ 3s-aR TTCCGTCTGAATTCGTCGCA
BQ 3s-a(2) R GCACAAAGAGGCGGTTGATT
BQ 3s-b(2) F ATCATCTCGTGGTGCATACG
BQ 3s-b(2) R TCAACCTCAGCACCAGACTT
BQ 3s-b(3) R CCAAACGGTGCTTCCTGAAA
BVQ RT rev GCATTAACGTATGCACCACGT
BVQ RT for CGCAGGACAAATTCGAGCTA
REV1 CGCGTCTTTAAACGCGTCAC
REV2 TTCGCGGCTTTCATGTCAGT
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Detection of viral components

Three different techniques were used to deteed RINAS or proteins,
depending on what had to be evidenced.

RT-PCR

Multiplex RT-PCR, aiming to detect simultaneouBlybetag BNYVV,
BSBV and BVQ, was developed by Meunier and co-amsthio 2003 and
used in the present work as a common tool to iffeRINAs extracts from
beet roots that contained BVQ or BSBV. However, IRIR proved to be
too sensitive when working with full-length infeatis clones and the
following Northern and Western blot techniques wiberefore preferred.

Northern blot

Viral RNAs were detected by Northern blot in RNAstracts from
samples infected with full-length infectious trarigts. Extractions were
performed following the Polysome protocol.

Electrophoresis

Total RNAs samples are first separated accordintheir size on an
agarose gel. Composed of TBE 1x-concentrated andngéded agarose, it
also contains 3.8% formaldehyde that ensures dexietn of migrating
RNAs. For each sample, one volume of 2-3 pg RNAsiied with four
volumes of RNA loading buffer (HEPES 24.4 mM, EDTA2 mM, KOH
20.7 mM, deionized formamide 61%, formaldehyde 7.4%romophenol
blue 0,007%, ethidium bromide 25 pg/ml, glycerdl98) before spotted in
the gel's wells. Migration is performed under theot in HEPES buffer 1x-
concentrated (HEPES 20 mM, EDTA 1 mM and KOH 17 n#)50-80
volts depending on the gel size.

Blotting and fixation

After the gel migration, RNAs are transferred onydon Hybond-NX
membrane (GE Healthcare) by capillarity action wathigh salt SSC 20x-
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concentrated solution (NaCl 3 M and Citrate triN& ™). The following
day, RNAs are fixed on the membrane by exposition254nm-UVs,
100 000 pJoules/cinin a CL-1000 UV Crosslinker (UVP). The transfer
efficiency is then checked by visualization of gkl RNAs, as BET from
RNA loading buffer makes them visible under UVs.

Probes synthesis and purification

Viral RNAs are detected on the nylon membraneuginchybridization
of specific radio-labeled probes, which sequencesati-complementary to
a limited part of the targeted RNAs. In the preseotk, DNA probes were
used rather than RNA ones as these last prove@ tmurh less specific.
220-750 nt long PCR products were amplified fromigngth constructs of
the targeted RNAs as templates for probes synth@é8iag of purified PCR
fragments in 20 pl sterile water are first denatiae100°C for 2 min, put on
ice and mixed with 12 pl 40, 10 pl Labeling buffer 5x-concentrated
(Promega), 2 pl Bovine serum albumine (BSA) (10mig/2 ul d(AGT)TPs
PCR Grade (500 uM each) (Roche) and 1 pl DNA Potgse Klenow (5
U/ul) (Promega). 25-30 puCuf?P]dCTP (3000Ci/mmol) are added to each
reaction tube for the probes radioactive labellrgft for 60-90 min at room
temperature, reactions are stopped by heating GitCLbr 2 min and then
directly chilled on ice. Finally, probes are puiion lllustra MicroSpih?
G-25 Columns (GE Healthcare).

Hybridization, washing and exposition

Membranes with cross-linked RNAs are placed inesubwith
PerfectHyB" Plus Hybridization Buffer (Sigma) inside a Hybdation
Oven/Shaker (Amersham). They are first incubatdd a@ 50°C for a pre-
hybridization step, so that RNA-free sites of theenmbranes become
saturated by the buffer. Once probes have beerddddee tubes, these are
left for O/N hybridization at 50°C. On the followgnday, buffer from the
tubes is collected (probes may be used severak}imed membranes are
washed at 65°C for three periods of 15 min witktfzx SSC - 0.1% sodium
dodecylsulfate (SDS) buffer and then 0.2x SSC 9%03DS buffer. Dried
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membranes are left with an Amersham Hyperfilm EGIEE (Healthcare) for
20 min to one week exposure periods, depending@mnadioactivity emitted
by radiolabeled RNAs. Films are revealed manually.

Western blot

The same blotting strategy was applied for theditn of specific viral
proteins by means of Western blot.

Samples preparation

Vegetal tissue to be analyzed for the presenceiraf proteins are
directly crushed in sample buffer (Tris-HCI 62.5 np¥d 6.8, glycerol 25%,
SDS 2%, bromophenol blue 0.01%-mercapatoethanol 5%). Leaves or
single lesions are crushed with 2-3ml or 50 pl ahple buffer per piece,
respectively. Homogenate is then centrifuged forl20min at 13000 rpm
and 4°C to pellet remnants of cellular structurgrt of the supernatant is
mixed with an equal volume of sample buffer anddabor heated for 3 min
at 95°C to denature proteins.

SDS-PAGE and blotting

Following the example of DNAs and RNAs fragmentsagarose gels,
proteins are separated according to their MM on -pbigacrylamide gels.
However, these are composed of two superimposes wéh distinct
functions. The proteins separation occurs in theeforesolving gel, which
polyacrylamide concentration is adapted to the MiMthe proteins to be
separated. Bigger proteins require low concentmaid polyacrylamide
whereas high-concentrated gels are used for smales. The upper
stacking gel is prepared with 4 or 5% polyacrylaeng&hd is crucial for the
proteins concentration before entering in the resglgel. Gels are casted in
Mini-PROTEAN® 3 Cell or Mini-PROTEAN Tetra Electrophoresis Syste
(Biorad) and immersed under running buffer (Tris&a5 mM, glycine 192
mM, SDS 0.1%). Samples prepared in sample buffer Rrecidion Plus
Proteil™ Standards Dual Color (BioRad) or PageRUlePlus Prestained
Protein ladder (Fermentas) are then spotted irgétie wells and migration
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is performed at 80 V until samples reach the réisglgel and then 150 V to
the end.

After migration, the gel is placed against a niglhdose membrane (Biorad)
and both are sandwiched between Whatman papessagtwo foam pads.
This assembly is locked in a holder cassette, wiscimserted in a Mini

Trans-blot Cell (Biorad) and immersed with transberffer (Tris-Base 25

mM, glycine 192 mM, methanol 20%). Blotting is parhed at 30 V, room

temperature, O/N.

Immuno-detection and revelation

On the following day, the blotted membrane is batigd 1 h in TBS-
Tween-milk blocking buffer (Tris-Base 50 mM, Na@ @M, 0.1% Tween
20 and 5% skimmed milk) so that protein-free shesome saturated by
proteins of the milk. Membranes are then left wathmary rabbit polyclonal
antibody (PADb) specific to the BSBV or BNYVV (DSMZnd anti-rabbit
alkaline  phosphatase-conjugated secondary IgG (@igiahrich),
successively. Incubations are performed in 20 mEBveen-milk buffer
with 1:10 000 diluted Ab at room temperature fdr 8haking at 100 rpm for
the first and for 2 h at 37°C for the second. WdsBi¢imes for 15 min with
TBS-Tween buffer (Tris-Base 50 mM, NaCl 40 mM, 0.T%een 20) after
each of these two last treatments, membrane iyfimgubated with 7.5-10
ml of premixed solution of 5-bromo-4-chloro-3-inglbphosphate (BCIP)
and nitro blue tetrazolium (NBT) (SIGMA). The dinmtion reaction of
BCIP initiated by the alkaline phosphatase andreddy NBT leads to the
formation of indigo precipitate were secondary Akfiked on primary Ab.
Revelation reaction is left for at least 30-45 ntiefore washing with
demineralized water.
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