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a b s t r a c t

Economic viability of a sugar beet crop largely depends on its successful protection against rhizomania, a
most devastating disease that causes severe losses in root yield, sucrose content and quality. Rhizomania
disease is caused by Beet necrotic yellow vein virus (BNYVV), a virus present in most sugar beet growing
regions being vectored by the widely spread soil borne protoctist Polymyxa betae Keskin. The only prac-
tical means to control the disease is the use of genetically resistant varieties and, to date, such resistance
is mainly based on a dominant gene (Rz1) that when present confers a sufficiently high level of protec-
tion against BNYVV. However, the emergence of virus strains capable of compromising the resistance
employed in commercial varieties as well as a possible spread of more pathogenic isolates threatens
esistance breeding crop’s protection efficiency in the future. All these point to the necessity for exploiting new and more
effective genetic sources of rhizomania resistance, both by classical and molecular breeding approaches,
a practice that is being pursued by the relevant breeding firms. This article critically reviews the various
issues related to the disease and its management and particularly to the ones pertaining to pathogen
genetic diversity, types of genetic resistance currently employed, as well as to novel biotechnological
approaches aiming at the development of better resisting cultivars.
© 2011 Elsevier B.V. All rights reserved.
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. The rhizomania disease

Historically, Beet necrotic yellow vein virus, the etiological agent

losses due to a dramatic reduction in root yield, sugar content and
purity (Tamada, 1999). The virus is the type species of the genus
Benyvirus (Torrance and Mayo, 1997; Tamada, 1999) and is trans-
f rhizomania disease (Tamada and Baba, 1973), is considered as
ne of the most important threats in worldwide sugar beet cul-
ivation (Tamada, 1999; Lennefors et al., 2005). In the absence
f efficient control measures, the disease causes severe economic

∗ Corresponding author. Tel.: +30 2105294633; fax: +30 2105294622.
E-mail address: gskaracis@aua.gr (G.N. Skaracis).

378-4290/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.fcr.2011.03.019
mitted by the widely spread soilborne protoctist Polymyxa betae
Keskin (Fujisawa and Sugimoto, 1976) which, due to its thick-
walled resting spores, can survive in soil for years (Abe and Tamada,
1986). Rhizomania disease root symptoms mainly include a mas-
sive proliferation of secondary and tertiary roots that eventually

become necrotic and give the root a bearded appearance, a pro-
found constriction of the main taproot, a general plant stunting
and a brown discoloration of the vascular stele (Richard-Molard,

dx.doi.org/10.1016/j.fcr.2011.03.019
http://www.sciencedirect.com/science/journal/03784290
http://www.elsevier.com/locate/fcr
mailto:gskaracis@aua.gr
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985; Putz et al., 1990). Foliar symptoms are mostly manifested
y a bright fluorescent yellowing which can be easily confused
ith nutrient deficiencies. The yellow vein appearance, that pro-

ides the name for the disease causal agent, is only rarely found
nd mostly confined to fields infected by a specific virus patho-
ype (Tamada, 1975). Diseased plants usually occur in patches, but
an also be found scattered throughout the field. Disease responses
t the physiology level include a reduced transpiration and CO2
ptake, a reduced content of nitrogen, chlorophyll and carotenoid
nd an elevated amino nitrogen, sodium and potassium in the root
ap (Steddom et al., 2003). For a detailed review on morphophysi-
logical consequences of the disease the reader is referred to Rush
2003).

Disease diagnosis is usually performed by immunological tests
uch as DAS-ELISA, whereas pathotype differentiation was in the
ast mainly based on molecular techniques such as single-strand
onformation polymorphism (SSCP) and restriction fragment
ength polymorphism (RFLP) analysis (Kruse et al., 1994; Koenig
t al., 1995; Suarez et al., 1999). Since some years differentiation
s mainly performed by partial or complete (re)sequencing (Koenig
nd Lennefors, 2000; Meunier et al., 2003; Schirmer et al., 2005).

. Genetic features and diversity of BNYVV

BNYVV has a multipartite genome consisting of four genomic
essenger-like RNAs, with some isolates also possessing a fifth

NA species, RNA 5. All genes required for basic house-keeping
unctions including replication, encapsidation and cellular translo-
ation reside on RNAs 1 and 2, whereas the small RNA species RNA
, 4 and the isolate-specific RNA 5 encode for genes involved in
ector transmission and pathogenicity (Fig. 1) (Tamada, 1999) (for
etails see Tamada, 2002; McGrann et al., 2009). RNA 3-encoded
25 is a major determinant of disease expression in the sugar beet
ost but also acts as an avirulence factor in resistant sugar beet

ines. The outcome of BNYVV-host-specific resistance interactions
s mainly controlled by single amino acid changes in p25 (Acosta-
eal et al., 2008, 2010b; Chiba et al., 2008, 2011; Koenig et al., 2009;
ferdmenges et al., 2009).

BNYVV has been classified in three major pathotypes, referred
o as A, B, and P (Koenig et al., 1995; Koenig and Lennefors, 2000).
ype A is widespread in most European countries, the USA, China
nd Japan (Schirmer et al., 2005). Type B has a limited spread and is
rimarily found in Germany and France (Kruse et al., 1994), while

t has been also incidentally reported in Sweden, China, Japan and
ran (Miyanishi et al., 1999; Lennefors et al., 2000; Sohi and Maleki,
004; Koenig et al., 2008). BNYVV type P contains an additional
enomic RNA (RNA 5) and is closely related to the A-type (Miyanishi
t al., 1999; Schirmer et al., 2005). P-type was originally discovered
n Pithiviers, France (Koenig et al., 1997) and was later also encoun-
ered in Kazakhstan (Koenig and Lennefors, 2000) and recently, in
he UK (Ward et al., 2007) and Iran (Mehrvar et al., 2009). Other RNA
-containing isolates have been reported in Japan, China (Tamada
t al., 1989; Kiguchi et al., 1996; Miyanishi et al., 1999), the UK
Harju et al., 2002; Ward et al., 2007) and in Germany, where an
sian RNA 5-containing BNYVV isolate has been recently found to
ccur (Koenig et al., 2008). BNYVV isolates containing a fifth RNA
pecies are generally considered as more aggressive than those con-
aining RNAs 1-4 (Tamada et al., 1989, 1996; Heijbroek et al., 1999),
resumably due to in planta transcription by the RNA 5-encoded
26 (Link et al., 2005).

Recent studies on the evolutionary history of BNYVV, based on

he magnitude and complexity of sequence variation of four genes
RNA 2-CP, RNA 3-p25, RNA 4-p31 and RNA 5-p26 genes), revealed
he existence of various reassortant isolates in China and Japan,
s a result of mixed infections of different source isolates. It was
arch 122 (2011) 165–172

thus suggested that the virus most probably originated in East Asia
long before the beginning of sugar beet cultivation and that wild
beet or related species might not have been the natural hosts of
both BNYVV and P. betae (Chiba et al., 2011). The spread of BNYVV
into the crop dates in recent years. Since the initial reports for the
disease (Canova, 1959), the virus has colonized most sugar beet
growing areas worldwide, yet generally showing a considerable
genetic stability among virus populations separated in space and
time (Koenig and Lennefors, 2000). BNYVV populations also present
a relatively low incidence of reassortants or natural recombinants
(Schirmer et al., 2005). Given its multipartite genome and the fre-
quent occurrence of mixed infections with different BNYVV strains
(Koenig et al., 1995), it has been assumed that natural selection
poses constraints in an expected BNYVV diversification and condi-
tions virus evolution by acting as a filter controlling the mutations
that eventually become fixed (Acosta-Leal et al., 2008).

Despite the relatively low general genetic diversity among
BNYVV isolates, different degrees of selection pressure seem to
operate, depending on the gene and geographic location. In this
framework, the RNA 3-p25 was found to be subjected to the
strongest selection pressure and, more importantly, it has been
demonstrated that certain amino acid changes in p25 are associated
with the emergence of BNYVV strains capable of compromising
the commercially exploited partial resistance sources in the last
decade (Schirmer et al., 2005; Acosta-Leal et al., 2008, 2010a; Chiba
et al., 2008, 2011; Koenig et al., 2009). More specifically, it has
been suggested that amino acids 67–70 of p25 are linked with
symptom development in resistant cultivars (Schirmer et al., 2005),
although other amino acid residues in p25 may also influence iso-
late virulence (Acosta-Leal and Rush, 2007; Liu and Lewellen, 2007;
Chiba et al., 2008). However, conclusive evidence has been to date
obtained only for positions 67 and 68. In this framework, it has been
shown that the amino acid change A → V at position 67 is associated
with increased virulence in cultivars endowed with the Rz1 and/or
Rz2 resistance genes (see later section) (Acosta-Leal et al., 2008,
2010a,b; Koenig et al., 2009; Pferdmenges et al., 2009; Pferdmenges
and Varrelmann, 2009). In addition, it has been reported that amino
acid residue 68 plays a major role in pathogenicity (Acosta-Leal
et al., 2008; Chiba et al., 2008) and furthermore, changes from F or
Y to C, H, L, Q lead to an increased virulence and thus, to the manifes-
tation of the Rz1-resistance breaking (RB) trait (Chiba et al., 2011).
Although, based on these studies, the V67C68 motif of p25 is gener-
ally considered as responsible for RB, the occurrence of such isolates
was not always found associated with more pronounced disease
symptoms, higher virus accumulation in the roots and reduced
performance of the varieties tested as a result of Rz1-RB (Liu and
Lewellen, 2007; Pavli et al., in press).

The possible association between genetic diversity of the virus
and resistance breaking ability has been investigated in a study
of host effect, employing Rz1, Rz2 and susceptible plants, on
genetic diversification of BNYVV. Although no direct such asso-
ciation was evidenced, the study revealed a significant increase
of virus diversity in proportion to the strength of host resistance
and it was argued that the genetic structure of BNYVV popula-
tions is correlated with virulence and the magnitude of defence
barriers to be defeated for disease occurrence (Acosta-Leal et al.,
2010a).

3. Conventional and molecular breeding for rhizomania
resistance
Rhizomania incidence and severity can be only very moderately
reduced by preventive cultural practices such as rotation, avoid-
ance of excessive soil moisture and early plantings. Consequently,
the only substantial means to ensure a viable crop production in
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Fig. 1. Genome organization of Beet necrotic yellow vein virus and function of viral gene products. All RNAs are polyadenylated at the 3′ end and capped at the 5′ terminal.
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f the article.)

hizomania incidence areas is the use of varieties specifically bred
s resistant to the disease (Biancardi et al., 2002).

Following the initial evidence concerning the existence of
enetic variability for rhizomania resistance (Bongiovanni and
anzoni, 1964), systematic breeding efforts commenced in the
ate 60s using germplasm originating from the Italian multigerm
ariety “Alba P”, a variety that had been originally bred for resis-
ance to the cercospora leaf spot (Cercospora beticola Sacc.) disease
Biancardi et al., 2002). Selections, mainly based on symptom occur-
ence and severity along with accompanying yield reduction in
erms of sucrose content, root yield and purity, resulted in the first
ommercial sugar beet cultivars that were widely used in infested
elds and their resistance was of a quantitative nature (Lewellen
nd Biancardi, 1990). Further mass selection, effected in mate-
ial of similar genetic background (Skaracis and Biancardi, 2000),
upplemented with artificial infections and ELISA tests on a sin-
le plant basis, led to the development of the diploid monogerm
ybrid variety “Rizor”, characterized by a considerable higher level
f resistance (De Biaggi, 1987). This variety was cultivated for a
ood number of years in heavily infested fields throughout Europe
Biancardi et al., 2002).

The production of resistant sugar beet hybrid varieties that have
ominated the market over the last 15 years is based on a resistance
ource found in a commercial hybrid of Holly Hybrids in the USA.
ollowing the first field observations in 1983, the results of only
few cycles of selection, based on individual plant performance,
ointed to the high heritability of this “Holly source” (Lewellen
t al., 1987; Lewellen, 1988). Later studies with segregating pop-
lations, confirmed that this resistance was simply inherited and
onditioned by a single dominant gene first named Rz and later
z1 (Lewellen et al., 1987; Lewellen and Biancardi, 1990; Pelsy and
erdinoglu, 1996; Scholten et al., 1996). Although susceptible to

nfection by both P. betae and BNYVV, plants harbouring this gene
ypically present a low virus titer and significantly reduced dis-
ase symptoms. Due to its qualitative nature, the introgression of
he Rz1 gene has been extensively exploited in backcross breeding

rograms for the development of the majority of modern commer-
ial sugar beet varieties (Biancardi et al., 2002). As to the relation
etween the “Holly” and the “Rizor” type resistances, they are most
robably caused by the same gene (Barzen et al., 1997).
icate their corresponding functions. RdRp: RNA dependent RNA polymerase, TGB:
references to color in this figure legend, the reader is referred to the web version

Additional sources of rhizomania resistance have also been
searched for in several collections of wild beet germplasm
(reviewed in Scholten and Lange, 2000; Biancardi et al., 2002). As
a result, resistance genes were found in the sea beet (Beta vul-
garis ssp. maritima) accessions WB41 and WB42, both accessions
collected in Denmark (Lewellen et al., 1987; Scholten et al., 1996,
1999). Resistance found in WB42 is controlled by a single dom-
inant gene (Rz2), closely linked to the previously identified Rz1
gene (Scholten et al., 1996; Amiri et al., 2003), and its effective-
ness in crop protection occasionally exceeds that of the Rz1 gene
(Paul et al., 1993b; Scholten et al., 1996). Consequently, although in
most cases Rz1 sufficiently protects against the A and B types, when
the disease is incited by highly virulent virus types, the employ-
ment of both the Rz1 and the Rz2 genes is already successfully
realized (Liu and Lewellen, 2007). The major gene component con-
ditioning resistance in WB41 was named Rz3 and was mapped
on chromosome III (Gidner et al., 2005). Based on a combined
use of AFLP, SNP and RAPD markers, QTL analysis in a sugar beet
mapping population has identified a novel resistance source (Rz4),
which like Rz1, Rz2 and Rz3 is located on chromosome III (Grimmer
et al., 2007). Given the continuous phenotypic variation (Lewellen
et al., 1987; Whitney, 1989) and the distorted segregation pat-
terns observed, it was not possible to clarify whether Rz2 and
Rz4 were allelic or closely linked with either Rz1 or Rz3 (Scholten
et al., 1996, 1997; Grimmer et al., 2007). Similarly, the Rz2 and Rz3
genes could also be different alleles at the same locus (Grimmer
et al., 2007). Recently, a novel resistance gene originating from
WB 258 accession, designated as Rz5, was mapped at the same
location as Rz1 and Rz4, indicating that these genes might rep-
resent different alleles (Grimmer et al., 2008). In addition, the
work of Lein et al. (2007), who mapped four resistance gene ana-
logues (RGAs) as molecular markers, further provided evidence that
the five major genes for rhizomania resistance reside at two dis-
tinct, proximal loci, with the first locus being represented by the
allelic series Rz1, Rz4 and Rz5 and the second by that of Rz2 and
Rz3.
Apart from the above well studied and mapped sources of resis-
tance, individuals with varying degrees of resistance to the virus
have also been identified in many other accessions of B. vulgaris ssp.
maritima such as R04, WB 151, WB 169, WB 258 (Lewellen, 1995)
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s well as in Beta corolliflora, Beta intermedia, Beta macrorhiza and
eta lomatogona (Paul et al., 1993a; Luterbacher et al., 2005).

In addition to searching for new genes against BNYVV, improv-
ng disease resistance has also been pursued by means of exploiting
robable resistance to the transmitting vector, P. betae, itself. To
his end, resistance to the vector has in the past been found in the
rocumbentes (Paul et al., 1992; Barr et al., 1995) and Corollinae
Paul et al., 1993a) sections, in hybrids of B. vulgaris with wild Beta
pecies as well as in different monosomic addition lines of Beta
rocumbens in B. vulgaris (Paul et al., 1992). However, in contrast
o the possibilities for gene transfer offered by the sexual compati-
ility with the sea beet (B. vulgaris ssp. maritima), the use of genes
rom species in these sections is severely hampered due to their
oor hybridization with the cultivated beet. Recently, a two-gene
ystem (Pb1/Pb2) conferring resistance against P. betae has been
dentified and mapped (Asher et al., 2009). The resistance to the
ector is simply inherited and acts additively to the Rz1 resistance
gainst BNYVV, while it also confers comparable to the Rz1 pro-
ection in individuals lacking this gene. The combined use of genes
ontrolling resistance against the pathogen and the vector could
ead to a more durable resistance to be exploited by the breeding
rograms (Asher et al., 2009).

. Transgenic strategies towards rhizomania resistance

In addition to conventional breeding methodologies, includ-
ng marker-assisted backcross breeding, that led to all rhizomania
esistant sugar beet varieties currently in commercial use, vari-
us genetic engineering approaches have also been studied for the
urpose of further improving disease resistance. These approaches

nclude the pathogen-derived resistance (PDR), relying on the
ransgenic expression of a key gene from the pathogen, the resis-
ance based on non-viral genes and the RNA silencing-mediated
esistance, the most successful variant of PDR.

Genetic transformation of sugar beet, a crop species whose
ecalcitrance is generally recognized, is characterized by a very low
fficiency owing to the poor competence of its cells to both trans-
ormation and regeneration procedures (Wozniak, 1999; Skaracis,
005). Several efforts for the development of efficient transforma-
ion protocols have focused on the optimization of various relevant
actors, such as explant type, gene transfer technique, selection sys-
em, tissue culture conditions and type/concentration of hormones
sed. Despite the progress achieved, reproducibility of transfor-
ation protocols among different laboratories tends to be poor

nd transformation frequencies are still much lower than those
f other crop species (Joersbo, 2007). To circumvent the problems
rising from sugar beet’s recalcitrance in general and specifically in
valuating resistance to rhizomania through a stable transforma-
ion, a protocol for Agrobacterium rhizogenes-mediated production
f transgenic hairy roots has been developed (Pavli and Skaracis,
010). This protocol provides an attractive platform for the study
f transgene expression in genetically engineered roots, prior to
he tedious and low in efficiency processes of transformation and
lant regeneration. Therefore, the approach may assist at improv-

ng resistance to root pathogens, whereas it could also be employed
s a molecular breeding tool aiming at other important traits i.e.
itrogen and water use efficiency.

.1. Pathogen-derived resistance

The pathogen-derived resistance (PDR) concept, as proposed by

anford and Johnston (1985), gave rise to a series of research ini-
iatives for the development of transgenic virus resistance over the
ears. Following the initial demonstration that the expression of a
iral coat protein (CP) confers a varying level of resistance to the
arch 122 (2011) 165–172

pathogen (Powell-Abel et al., 1986; Beachy et al., 1990), it was later
evidenced that the PDR-approach could be efficiently extended to
a wide range of plant viruses, including the rhizomania-causing
BNYVV.

In the framework of obtaining resistance against BNYVV,
Kallerhoff et al. (1990) showed that protoplasts of CP-transformed
sugar beet suspension cells, though amenable to infection,
presented lower virus multiplication rates in comparison to pro-
toplasts of non-transformed cells. Further, Ehlers et al. (1991)
described a protocol for the generation of CP-expressing hairy roots
obtained through A. rhizogenes-mediated transformation. CP-based
resistance at the plant level however, obtained via Agrobac-
terium tumefaciens-mediated transformation, was first reported by
Mannerlöf et al. (1996) using two constructs carrying the coding
region of the CP. Progenies obtained after two cycles of selfing, were
challenged with BNYVV and evaluated for resistance. Although
accumulation of the viral protein could not be detected, expression
of the CP gene was found correlated with reduced virus titers both
in greenhouse and field trial experiments. Presently, such a discrep-
ancy between translatable levels and reduced virus accumulation
has been explained on the basis of additional mechanisms such as
RNA-mediated interferences (RNAi) (for a review see Prins et al.,
2008).

Another PDR approach involves the employment of either func-
tional or truncated versions of virus movement proteins (MP) as a
means to interfere with virus cell-to-cell movement. In this line, the
“triple gene block” (TPG) movement proteins, found among several
genera, have served as potential targets for interfering with virus
movement (Beck et al., 1994). Towards this direction, the finding
that over-production of BNYVV-p15 relative to p13 results in inhi-
bition of TGB-based cell-to-cell movement (Bleykasten-Grosshans
et al., 1997), provides evidence that the transgenic expression of
p15 in sufficient amounts may be employed for generating resis-
tance to BNYVV.

4.2. RNA silencing-mediated resistance

RNA silencing has become the focus of interest in the broad field
of molecular biology since the early 1990s with the then unex-
plained observation that transgene introgression into the plant
genome triggered a co-suppression phenomenon, evidenced by the
silencing of both the transgene and homologous endogenous coun-
terparts (Napoli et al., 1990; van der Krol et al., 1990). Its recently
unravelled mechanism of innate sequence-specific RNA degrada-
tion, also referred to as post-transcriptional gene silencing (PTGS),
RNA silencing or RNAi, is nowadays considered as a highly promis-
ing biotechnological approach for building up plant virus resistance
(Baulcombe, 1999; Ding and Voinnet, 2007).

With the perspective of engineering resistance against rhizo-
mania disease, Andika et al. (2005) produced transgenic plants
of Nicotiana benthamiana expressing the CP (21 kDa) or the CP-
RTD ORF (54 kDa) of BNYVV. Upon challenge inoculation, only
the RTD-transformed plants showed various levels of resistance
to BNYVV: (a) highly resistant plants, (b) plants with delayed
symptom appearance and eventual recovery, and (c) susceptible
plants. Analyses of transgene mRNA and transgene-derived siRNA
accumulated prior and post infection, revealed that enhanced resis-
tance was based on transgene-induced RNA silencing, whereas the
recovery phenotype was triggered by virus-induced silencing. In
addition, based on results of mRNA degradation and siRNA accumu-
lation in leaves and roots of silenced plants, it was suggested that
RNA silencing-mediated resistance is less effective in roots than in

leaves. It is worth noting however, that the transgenes employed in
this study were transcribed as ssRNA, which is generally regarded
as a weak silencing inducer, therefore leading to a reduced activity
of transgene-induced RNA silencing.
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In sugar beet, RNA silencing-based resistance against BNYVV
as explored by Lennefors et al. (2006) who transgenically

xpressed a replicase-derived dsRNA molecule and, following inoc-
lation using the transmitting vector, assessed resistance on the
asis of virus titers. Transgenic plants presented equal or higher

evels of resistance, both under greenhouse and field conditions,
s compared to conventionally bred resistant plants. Further, Pavli
t al. (2010a) developed three different hairpin constructs, carry-
ng parts of a highly conserved region from the BNYVV replicase
ene and evaluated their transgenic expression in sugar beet hairy
oots, by means of an A. rhizogenes shortcut approach. Upon BNYVV
noculation, the composite seedlings showed a significant delay
n symptom development as compared to the wild type ones.
t the same time, the transgenic root system of these seedlings
as virus-free or presented marginally positive values while the
on-transformed aerial parts of the same plants proved infected.
hese findings support the conclusion that the expression of BNYVV
eplicase-derived dsRNA leads to resistant hairy roots, presumably
s a result of an RNA silencing mechanism.

.3. Resistance based on non-viral gene products

As an alternative to the widely explored PDR approach,
ther strategies involving the transgenic expression of non-viral
equences such as antibodies against a conserved domain in a key
iral protein/enzyme have been further elaborated to achieve virus
esistance. In sugar beet, a plantibody approach was employed by
ecker et al. (1997) who explored the potential of in vitro express-
ng single chain antibody fragments (scFv), specific to the viral coat
rotein or to the RNA 3-encoded p25 protein, in conferring protec-
ion against BNYVV. To this purpose, scFv-carrying constructs were
sed to transform N. benthamiana plants which were subsequently
hallenged by means of mechanical inoculation and through the
se of the transmitting agent P. betae. Although confined in the
ndoplasmic reticulum, the CP-specific scFvs resulted in the inhi-
ition of early infection and the development of milder symptoms
t later stages of infection. This transgenic approach however, has
ot been further elaborated in recent years for BNYVV.

Another non-viral gene approach for achieving resistance
gainst BNYVV, pertained to the expression of the harpin ZPsph
rotein from Pseudomonas syringae pv. phaseolicola, in a canonical
nd a plant-secreted form (SP/HrpZPsph), in transgenic N. ben-
hamiana plants (Pavli et al., 2010b, 2011). Although the protein
ould be readily detected at similar levels in plants expressing
ither HrpZPsph or SP/HrpZPsph, transgenic plants showed signif-
cant differences in terms of the number of plants that became
nfected, the timing of infection and the disease symptoms dis-
layed. Plants expressing HrpZPsph, presented similar phenotypic
eatures with the non-transgenic plants regarding resistance to
NYVV. In contrast, plants expressing SP/HrpZPsph were highly
esistant to BNYVV, as evidenced by a complete absence of symp-
oms or a significantly delayed symptom development as well as a
onsiderable reduction of virus multiplication, resulting in plants
hat were either virus-free or contained very low virus titer. These
ndings support the conclusion that the resistant phenotype is cor-
elated with the extracellular secretion of harpin. In addition, the
P/HrpZPsph protein has been expressed in sugar beet roots, through
. rhizogenes-mediated root transformation, as a means to eval-
ate the SP/HrpZ-based resistance in the sugar beet host (Pavli
t al., 2011). Transgenic hairy roots showed high-level resistance
o BNYVV, manifested by absence of disease symptoms as well as
o or very low content of virus titer, whereas the non-transgenic

arts of the same plants had both symptom development and virus
ontent comparable to those of the control seedlings. Although the
olecular mechanisms underlying the expression of the observed

esistance were not in this study adequately elucidated, these data
arch 122 (2011) 165–172 169

strengthen the proposal that harpins could add a novel tool towards
generating a broad-spectrum resistance in plants (Shao et al., 2008).
It is of interest that, apart from conferring enhanced rhizomania
resistance, the expression of SP/HrpZPsph in transgenic plants also
resulted in a significantly increased plant growth rate and a higher
final biomass. The latter, could prove important if sugar beet were to
be considered as raw material for bioethanol and related products.

5. Trends and future prospects

Although breeding efforts have so far been met with consider-
able success, resistant cultivars may still suffer losses compared
to their potential sugar yield under disease-free conditions. At the
same time, the observed changes in field and molecular BNYVV epi-
demiology, as manifested by the recent emergence of RB mutants
for the Rz-mediated resistances, most probably reflect an ensu-
ing new endemic disease development that would require major
adjustments in mainstream breeding programs if they were to keep
providing a durable crop protection through the use of appropri-
ate cultivars. Although further molecular and biological studies are
needed – mainly on the basis of disease inducing capacity – the
emergence of deviating strains with RB properties poses an obvi-
ous necessity to search for additional and more effective genetic
sources of rhizomania resistance. Such a strategy, apart from effec-
tively ensuring the economic viability of the crop, could also lead to
a loss of pathogen fitness so as to eventually prevent the endemic
spread of highly pathogenic BNYVV variants. Additional elements
for an increased level of resistance to BNYVV may be sought for in
the previously identified and/or developed germplasm originating
from the cultivated beet forms as well as the wild beet relatives
and especially the sea beet (B. vulgaris ssp. maritima) accessions
where several genes have proved efficient in conferring resistance
to the disease (Lewellen et al., 1987; Scholten et al., 1996, 1999; Liu
and Lewellen, 2007). The further development of suitable molec-
ular markers for the various sources/genes identified, as has been
already achieved for Rz1 (Barzen et al., 1997; Lein et al., 2007), Rz2
(Scholten et al., 1999), Rz3 (Gidner et al., 2005) and Rz4 (Grimmer
et al., 2007), strengthens the possibilities of gene pyramiding that
could eventually provide a more durable resistance, specifically if
it is combined with the finding of probable efficient sources against
the vector, P. betae (Asher et al., 2009). Also, the use of such mark-
ers will significantly facilitate the isolation of homozygous Rz-based
parents that will allow for a complete desirable heterozygosity in
commercial hybrids. Such practice will increase the frequency of
plants endowed with the resistance gene, which at present is only
around 80% in the cultivars used (Biancardi et al., 2010; De Biaggi
et al., 2011).

Obtaining durable rhizomania resistance through pyramiding
though, still faces limitations due to the relative few existing dif-
ferent resistance genes. Possibilities will increase as new genes,
mainly from the sea beet or other cross-compatible wild relatives
become available. To this end, TILLING and EcoTILLING approaches
represent valuable tools in generating and/or identifying bene-
ficial mutants in chemically mutagenized populations or natural
accessions respectively (Till et al., 2007). Apart from the recogni-
tion of such genes however, the method can be further exploited
for the identification of polymorphism associated with host speci-
ficity in terms of the virus and/or the transmitting vector. In this
manner, induced mutations might presumably create variation that
results in silencing of viral/vector receptors or other host compo-
nents which are essential for the establishment of a compatible

interaction leading to disease.

Recent advances in our understanding on host–virus molecu-
lar interactions, include the unravelled antiviral pathways of RNA
silencing and the more versatile identification of novel resistance
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ources due to common sequence features with previously identi-
ed R genes. In view of such advances and the possibilities offered
y marker assisted breeding approaches as well as the exploita-
ion of modern ‘omic’ technologies, the problems with plant virus
iseases can be faced in the near future in a considerably bet-
er perspective (Maule et al., 2007). In particular, bioinformatics
ill increasingly allow breeders to capitalize on the vast genomic

nformation – both at the structural and functional levels – as this
ecomes available for a good number of major crops, including
ugar beet of which a large part of its genome has already been
equenced. Additionally, such availability would allow for the iden-
ification of DNA segments that exert a function analogous to vector
lements and therefore their subsequent exploitation for generat-
ng intragenic vector systems (Conner et al., 2007; Schouten and
acobsen, 2008). Such an approach could prove extremely valuable
n incorporating resistance genes to a particular genotype(s) by

much more efficient backcrossing devoid of linkage drag prob-
ems, thus requiring considerably less time (Conner et al., 2007;
ommens et al., 2007). The possibility of acquiring resistance from
he repertoire of the crops’ gene pool however, is delimited by
wo factors: (i) the scarcity of natural genetic sources of resistance
o plant viruses in general and BNYVV in particular and (ii) the
nown high plasticity of viral genomes (Roossinck, 1997) that nega-
ively affects durability of resistance (Garcia-Arenal and McDonald,
003). As a consequence, the interest is justifiably concentrated to
he more “classical” transgenic approaches.

There is no doubt that, transgenic approaches are capable to
ubstantially complement conventional breeding methodology in
iminishing or even eliminating the problem of sugar beet rhizo-
ania disease, a problem ever maintaining its significance given

he repeatedly occurring virus variants that seem to breakdown
esistance. The commercial use of such resistant sugar beet trans-
enic varieties as they become available however, not only will
epend on an official approval of the specific events – single or
tacked – involved, but also on the compliance with specific rules
oncerning the co-existence of genetically modified (GM), conven-
ional and organic crops as well as the economic viability of the
elevant measures to be implicated. Overall concerns have already
hifted research and practice of GM technology towards relaxing
ossible risks as exemplified by the adoption of antibiotic marker-
ree selection systems. “Intragenesis”, earlier described, as well as
cisgenesis” are further steps towards the same direction. While a
ramatic reversal of the current attitude is not likely to occur in
he near future, it is reasonable to expect that GM cultivars might
ventually find their way in the EU. Considering such a probable
evelopment, and in view of no significant difficulties encountered

n achieving an economically sound co-existence in sugar beet (JRC,
006), the future perspective of deploying rhizomania resistant
ransgenic sugar beet varieties should be expected as a promising
trategy in complementing and enriching the breeder’ arsenal.

Among the various GM approaches available, the antiviral path-
ays of the naturally occurring mechanism of RNA silencing are

nticipated to assume a most central role in engineering virus resis-
ance as well as resistance to biotic and abiotic stresses in plants.
uch an expectation is based on the facts that RNA silencing: (i) has
he potential to accomplish a high level resistance or even immu-
ity, (ii) offers the possibility to build multiple resistance to a range
f, even distantly related, viruses, (iii) due to its mode of function,
xclusively acting on a sequence specific manner, it eliminates the
isks of food safety in terms of possible allergenicity as well as envi-
onmental safety; issues associated with constitutive expression
f viral gene segments are relatively relaxed due to the decreased

isk of recombination, synergism and transcapsidation (Fuchs and
onsalves, 2007). In terms of achieving durable rhizomania resis-

ance, an interesting approach could rely on the employment
f RNA silencing to simultaneously target multiple genes that
arch 122 (2011) 165–172

assume central roles in virus multiplication in the sugar beet host
and disease establishment. By analogy to the previously demon-
strated efficiency of building multiple virus resistance (Bucher et al.,
2006), this “co-targeting” approach would be expected to, apart
from providing a high level resistance or immunity against the
virus, prevent or considerably delay a counteracting virus adap-
tation leading to fitness gain and possibility for eventual breaking
of resistance. Although such a multigene-based resistance seems
quite promising, its possible approval under current regulatory
framework appears particularly difficult. Under field conditions
further, with plants being exposed to a plethora of viral pathogens,
effectiveness and durability of the RNA silencing-mediated resis-
tance could be threatened upon infection by a heterologous virus
that encodes silencing-suppressor proteins (Brumin et al., 2009).
Such probable reversal of plant immunity to susceptibility due to
suppression of the consistently activated resistance response high-
lights the need for the design of new strategies for engineering RNA
silencing-based resistance capable of counteracting these suppres-
sion phenomena.

6. Conclusions

There is no doubt that breeding ingenuity has resulted in a very
successful control of sugar beet rhizomania disease throughout the
world, thus ensuring crop’s viability and profitability. At the same
time, evolutionary changes in the pathogen continuously pose new
challenges and require the intensive exploitation of all novelties as
they become available. In the short and maybe in the midterm,
classical/molecular breeding techniques are expected to exert a
most important role. Molecular markers will accelerate new gene
introduction into elite material and allow for the pyramiding of
such genes towards a desirable durable resistance. At a later stage,
marker-assisted breeding will be complemented and/or replaced
by sequence-based breeding that relies on whole genome profil-
ing. In the mid to long term, when problems associated with the
approval and acceptance of GM technology are relaxed, relevant
varieties have the possibility to also significantly contribute to a
better and stable crop protection against the disease.
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