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Abstract

With the aim of achieving durable resistance against rhizomania disease of sugar beet, the employment of different sources
of resistance to Beet necrotic yellow vein virus was pursued. To this purpose, Nicotiana benthamiana transgenic plants that
simultaneously produce dsRNA originating from a conserved region of the BNYVV replicase gene and the HrpZp,,, protein
in a secreted form (SP/HrpZp,,,) were produced. The integration and expression of both transgenes as well as proper
production of the harpin protein were verified in all primary transformants and selfed progeny (T1, T2). Transgenic
resistance was assessed by BNYVV-challenge inoculation on T2 progeny by scoring disease symptoms and DAS-ELISA at 20
and 30 dpi. Transgenic lines possessing single transformation events for both transgenes as well as wild type plants were
included in inoculation experiments. Transgenic plants were highly resistant to virus infection, whereas in some cases
immunity was achieved. In all cases, the resistant phenotype of transgenic plants carrying both transgenes was superior in
comparison with the ones carrying a single transgene. Collectively, our findings demonstrate, for a first time, that the
combination of two entirely different resistance mechanisms provide high level resistance or even immunity against the
virus. Such a novel approach is anticipated to prevent a rapid virus adaptation that could potentially lead to the emergence
of isolates with resistance breaking properties.
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Introduction generally considered as more aggressive than those containing
RNAs 14 [4,10,11]. A is the most widespread type, found in most
EU countries, USA, China and Japan, whereas the other two types
present a more limited spread [12,13].

Rhizomania incidence and severity cannot be considerably
reduced by preventive cultural practices such as rotation,
avoidance of excessive soil moisture and early plantings. Conse-
quently, the only substantial means to ensure a viable crop
production in rhizomania incidence areas is the use of varieties
specifically bred as resistant to the disease [14]. In this respect,
coping with rhizomania to date has mainly been based on cultivars
endowed with the Rz/ gene (“Holly” source), a dominant gene
conferring sufficiently high levels of protection against BNYVV
[15-17]. In terms of generating high level disease resistance, the
potential of various genetic engineering approaches has been
further explored. Although successful at varying levels, all such
methodologies have to date exploited the introgression of a single
transgene with the perspective of engineering resistance based on
either the expression of gene products of pathogen [18] or non-
pathogen origin [19,20] or the RNA-silencing signaling route [21—
23].

However, recent changes in field and molecular BNYVV
epidemiology, as manifested by the recent emergence of

Sugar beet (Beta vulgaris L. ssp. wvulgaris) is one of the most
important industrial crop species, occupying globally a cultivated
area of approximately 8.1 million hectares spread over 41
countries [1]. Worldwide, the economic viability of sugar beet
cultivation is largely depended on the successful protection against
pathogens, of which Rhizomania, a viral root disease caused by
Beet necrotic yellow vein virus (BNYVV), exerts a very high impact.
The disease causes severe economic losses as a consequence of a
dramatic reduction in root yield, sugar content and purity,
especially when infections occur early in the growing season [2]. In
most of the rhizomania infested areas, partially resistant sugar beet
varieties have replaced susceptible cultivars since they could lose
up to 80-90% of their potential sugar yield [3].

BNYVV is a rod-shaped virus with a multipartite plus ssRNA
genome, consisting of four genomic messenger-sense RNAs, with
some isolates harbouring a fifth RNA segment [4-6]. RNAs 1 and
2 carry all necessary information for housekeeping functions,
whereas the natural infection process requires the host-specific
function of additional proteins, directly involved in pathogenesis
and vector transmission, encoded by the small RNA species [7].
On the basis of its molecular characteristics, BNYVV has been
classified in three major pathotypes, referred to as A, B, and P . : . . -
[8,9]. BNYVV isolates containing a fith RNA species are resistance-breaking mutants for the Rz/-mediated resistance,
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resulting from high selective pressure to overcome this gene
[1,13,24-31], probably reflect an ensuing new endemic disease
development. Such an evolution would require major adjustments
in mainstream breeding programs if they were to keep providing a
durable crop protection through the use of appropriate cultivars.
Due to the limited availability of useful natural genetic sources of
resistance against the prevailing virus strains [32] as well as the
recent emergence of novel resistance breaking strains, all relevant
breeding activities become of paramount importance.

In this study we explored the possibility to integrate two entirely
different functional defense mechanisms in order to generate
transgenic resistance against rhizomania disease of sugar beet.
Towards this direction, we produced transgenic N. benthamiana
plants simultaneously expressing two distinct transgenes: the
hrpZpy, from P, syringae. pv. phaseolicola, which has been previously
proved as a valuable tool for achieving rhizomania resistance, and
a conserved region of the BNYVV replicase gene arranged as
inverted repeat, an arrangement known to act as a strong silencing
inducer.

Materials and Methods

Plasmids and bacterial strains

Agrobacterium tumefaciens strain C58C1 harboring the binary plant
expression vector construct pBin.Hyg. Tx-SP/kplpy, [33] and A.
tumefaciens strain GV3101 carrying the intron-hairpin construct
GW-IR3 [23] were used to transform N. benthamiana plants. The
former plasmid contains the /pl gene from P. syringae. pv.
phaseolicola NPS3121 (approx. 1 kb) fused in-frame with the signal
peptide from the tobacco pathogenesis-related protein, whereas
the latter carries a fragment (459 bp) of the BNYVV RNA 1-
encoded replicase gene, which upon transcription is processed as
dsRNA.

Bacterial cells were grown at 28°C in liquid LB selection
medium  containing: rifampicine (50 ug ml~"), carbenicillin
(100 ug ml™") and kanamycin (50 pg ml~") for strain C58Cl;
rifampicine (20 pg ml™"), gentamycin (25 ug ml~ ") and spectino-
mycin (50 pg ml™") for GV3101, for 2 days or until ODggo = 0.6—
1 was reached. Cultures were centrifuged and then resuspended to
a final concentration of 107 cfu/ml. Cell suspensions were mixed
in equal volumes and the resulting mixture was used as inoculum
for plant transformation.

For the generation of transgenics carrying only one transgene,
used as controls, cell suspensions were separately used for plant
transformation.

Plant transformation and evaluation of transgenics

For plant transformation, leaf discs from healthy N. benthamiana
plants (5-6 wecks-old) were used as explants, according to the
protocol described by Horsch et al. [34]. Following selection of
transformants with respect to antibiotic resistance to hygromycin
(30 ug ml™') and kanamycin (150 pug ml™ ") for the transforming
plasmids pBin.Hyg. Tx-SP/hplpy, and GW-IR3 respectively,
regenerated shoots were rooted and transferred to soil.

Transgene integration and absence of Ti plasmid-originated
sequences was examined by a multiplex PCR assay, using specific
primers to amplify the 995 bp, 459 bp and 590 bp fragments of
hipZpyn [20], the BNYVV-derived transgene [23] and virG of A.
tumefaciens [20]. Transgene expression was verified by RT-PCR
using abovementioned primers. Plants that were PCR-positive for
transgene integration and expression were subsequently examined
for the accumulation of SP/HrpZ p,,, by immunoblot blot analysis
as previously described [20]. Plants that met all above require-
ments were selfed and thereof progeny seeds (T'1, T2) were
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selected against hygromycin and kanamycin. Resistant plants were
grown i vitro for shoot and root formation and were subsequently
transferred to soil. Representative T2 transgenic plants were
further assessed on the basis of BNYVV-derived transgene
expression and SP/HrpZ p,;, protein accumulation.

Virus inoculations

For foliar rub-inoculations of N. benthamiana plants, heavily
BNYVV-infected sugar beet plants were exploited as virus source.
In order to evaluate resistance under high infectivity pressure, a
previously characterized as highly infectious virus isolate, due to
the presence of specific aa at key positions of the BNYVV p25
protein, was used [31].

Transgenic lines simultancously expressing SP/HrpZp,,;, and
BNYVV-derived dsRNA were assessed for resistance to the
BNYVV. In addition, transgenic lines carrying only one transgene,
either SP/hplpyy [20] or BNYVV-dsRNA (this study), were also
included in the experiments as comparative controls. In total, 30
transgenic N. benthamiana 'TO lines were evaluated for BNYVV
resistance: 1) ten doubly transformed plants expressing SP/
HrpZpy, and BNYVV-derived dsRNA, ii) ten lines expressing
SP/HrpZpy, and iii) ten lines expressing the virus-derived
transgene. Twelve T2 plants from each transgenic line were
challenge-inoculated with BNYVV and were evaluated for
resistance In two consecutive resistance assays.

Plants at the stage of 46 leaves were mechanically inoculated
by first dusting at least 3 leaves with carborundum, in order to
facilitate virus entrance, and then applying a virus-infected leaf
extract. The inoculum source was obtained as described in Pavli et
al. [23]. Inocula were tested on non-transgenic control N.
benthamiana plants to confer infectivity. Tissue from non-transgenic
uninoculated plants was accordingly processed and used as
experimental negative control.

Evaluation of virus resistance

Assessment of virus resistance in transgenic N. benthamiana was
performed on the basis of macroscopically scoring disease
symptoms and measuring virus titers. Plants were regularly
monitored and symptoms were scored during the 30 day period
post inoculation (dpi). The relative amount of virus in inoculated
plants was estimated by DAS-ELISA (Adgen Phytodiagnostics) at
20 and 30 dpi, according to the supplier’s instructions. Replicate
leaf tissue samples were homogenized in 1:3 extraction buffer.
Samples scoring absorbance values (405 nm) at least three times
the respective measurements of the negative controls were
considered as positive.

Results and Discussion

Generation of transgenic N. benthamiana plants
simultaneously expressing SP/hrpZps,, and BNYVV
replicase-derived transgene

The simultaneous expression of two distinct transgenes has been
pursued for a first time as a means to develop high level and stable
resistance against this most devastating disease of the sugar beet
crop. In this context, a conserved region originating from the
BNYVYV replicase gene, arranged as inverted repeat, as well as the
harpin SP/HrpZpy, from P. syringae pv. phaseolicola have been
simultaneously produced in transgenic V. benthamiana plants.

A. tumefaciens-mediated transformation of N. benthamiana plants
with two distinct plasmids, pBin.Hyg. Tx-SP/Aplpy, and GW-
IR3, was carried out by a standard leaf disc method. Sixteen (16)
independent transgenic lines (TO0) expressing SP//hp<py,; along
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with BNYVV-derived dsRNA were developed and ten of them
were randomly selected and selfed to produce T'1 and T2 lines.
Primary double transgenics (T0) and selfed progeny (T'1, T2)
were phenotypically normal at a macroscopic level, presenting
however an increased vigor in comparison to the GW-IR3-
transformed lines or to the non-transgenic plants of the same age.
This phenotype has been previously ascribed to the expression of
SP/hiplpyy [20]. In addition, such enhanced growth properties
have been reported to occur both upon external application of
purified harpins [35-38] and transgene expression [39—41].
Proper transgene integration and absence of A. tumefaciens was
verified by a multiplex PCR assay, targeting regions of hippy,
BNYVV-replicase gene and virG of the disarmed Ti plasmid, in all
primary transgenics (1T0) and selfed progeny (T2) tested. Figure 1
shows the presence of /hpl and BNYVV-replicase region
amplicons in representative T2 double transgenic plants as well
the presence of the corresponding amplicons in transgenic plants
carrying single transgenes. At the same time, the absence of virG
amplicons confirms the transgenic nature of plants grown under
antibiotic selection (data not shown). Transgene expression was
verified, though at varying levels, by means of a RT-PCR assay, in
more than 90% of the samples examined (Figure 2). More
specifically, transgene expression was detected in 57 out of 60 T2
double transgenics and of these, 44 plants showed high expression
levels whereas, 11 and 2 plants showed moderate and low
transgene expression levels, respectively. In case of single
transgenic plants, 54 were found positive for the BNYVV-derived
transgene expression, and of these 27, 16 and 11 plants showed
high, moderate and low expression levels, respectively.
Immunoblot analysis of all primary transgenics (1T0) and T2
transgenic lines tested indicated the production of three immuno-
reactive bands corresponding to SP/HrpZ, HrpZ and a truncated
form of the protein (Figure 3). This result demonstrated that the
protein was indeed produced and the signal peptide was properly
processed and it is also consistent with a previous study [20].

N. benthamiana plants expressing SP/HrpZpgpn and
BNYVV-derived dsRNA show high-level resistance to
BNYVV inoculation

The ability of the two distinct transgenes, SP/hrplpyy, and
BNYVV-derived dsRNA, in conferring resistance to rhizomania
disease was evaluated by BNYVV-challenge inoculation of double
transgenic plants (T2 progeny) of N. benthamiana, which represents
a model crop that can be readily exploited for the purpose of
assessing rhizomania resistance as previously described [19-21].
Resistance was assessed by visual symptom observation as well as
by measurement of virus titers using ELISA at 20 and 30 dpi.
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In order to examine resistance of double transformed lines in
comparison to lines carrying single transgenes, thirty transgenic V.
benthamiana lines 'T0 were evaluated for BNYVV resistance: 1) ten
double transformed plants expressing both SP/HrpZp,, and
BNYVV-derived dsRNA, ii) ten lines expressing SP/HrpZ py,, and
i) ten lines expressing the BNYVV-derived transgene. Six
progeny plants (T2), for each of the ten transgenic lines (T0) per
group, were evaluated for virus infection. Challenge inoculation
experiments were repeated twice by choosing different T2 plants
in each experiment. In total, twelve T2 plants for each of the ten
TO lines (in total 120 T2 plants per group) were evaluated for
resistance.

In non-transgenic plants, symptoms of leaf curling and sporadic
chlorosis appeared at 10-14 dpi, whereas all of them exhibited
systemic disease symptoms l.e. severe mosaic, occasional leaf
distortion and general stunting, at 20-22 dpi. In addition, ELISA
readings were in agreement with the abovementioned visual
assessments (Table 1). Instead, transgenic plants expressing the
SP/hiplpyn were highly resistant to BNYVV in terms of both
symptom development and virus accumulation. Such results are in
agreement with previous observations [20] and further substan-
tiate the conclusion that the endogenous expression of SP/hplpyy,
confers enhanced resistance against rhizomania. It is worth noting
however, that the SP/HrpZ py-based resistance reported in this
study, although quantitatively similar to the one earlier demon-
strated [20], was assessed in T2 progeny, as opposed to our
previous experiments conducted on T1 transgenic plants. Trans-
genic plants expressing a fragment of the virus replicase gene,
which is transcribed in dsRINA, were challenge-inoculated and
assessed for resistance to the BNYVV. Four out of the ten
transgenic lines (T0) tested showed high level resistance with
respect to symptom development and virus content, pointing to a
mechanism analogous to that resulting in resistant sugar beet hairy
roots transgenically expressing the BNYVV replicase-derived
dsRNA [23]. In contrast, the T2 progeny of the remaining six
lines (T0) segregated in varying levels of virus infection ranging
from complete resistance to susceptibility (Table 1). It is worth
mentioning, that highly resistant lines as well as resistant plants
originating from segregating lines were characterized by high
transgene expression levels whereas, susceptible plants showed low
transgene expression levels. Such findings indicate that line
performance is correlated to the corresponding level of the
BNYVYV replicase transgene expression.

Upon challenge with BNYVV, all T2 transgenic plants
expressing both the SP/hrplpy, and the virus-derived transgene
were characterized as highly resistant or even immune to infection.
On the basis of symptom expression, the majority of T2 plants
(85.0%) remained completely symptomless throughout the period

9
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Figure 1. Amplification products obtained by multiplex PCR on total genomic DNA from A. tumefaciens-transformed N. benthamiana
plants. Lane M: Marker in bp (Gene Ruler Ladder mix, Fermentas). Lanes 1, 2, 3: Representative T2 double transgenic plants, carrying the 995 bp
fragment of hrpZp,, and the 459 bp fragment of the BNYVV-replicase gene. Lanes 4, 5, 6: Representative T2 transgenic plants, carrying the 995 bp
fragment of hrpZp,ps. Lanes 7, 8, 9: Representative T2 transgenic plants, carrying the 459 bp fragment of the BNYVV-replicase gene. The 590 bp
amplicon corresponding to virG of A. tumefaciens could not be obtained, thus verifying the absence of Ti plasmid sequences in antibiotic resistant N.
benthamiana transformants.

doi:10.1371/journal.pone.0051414.g001
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Figure 2. RT-PCR amplification products obtained from transgenic N. benthamiana plants expressing the BNYVV replicase-derived
transgene. Lane M: Marker in bp (Gene Ruler Ladder mix, Fermentas). Lanes 1, 2, 3: Representative T2 double transgenic plants, expressing the
hrpZp,, and the BNYVV replicase-derived transgenes, presenting high, moderate and low resistance levels, respectively. Lanes 4, 5, 6: Representative
T2 GW-IR3-transformed plants presenting high, moderate and low resistance levels, respectively. The EF7a gene transcript is used as loading control

for equal amounts of RNA.
doi:10.1371/journal.pone.0051414.9g002

of observation, whereas the remaining plants (15.0%) showed
either leaf curling (13.33%) or mild stunting (1.67%), which were
though delayed by approximately 15 days compared to the non-
transgenic ones (Table 1) (Figure 4). More specifically, all the T2
plants deriving from eight of the ten TO lines (96 plants) were
entirely symptomless and virus-free as evidenced by visual scoring
and ELISA assay, respectively (80.0%). The T2 progeny of the
remaining two TO lines were also partially resistant with a portion
of them (6 plants) remaining symptomless (25.0%), while the rest
18 plants (75.0%) manifested mild to moderate disease symptoms
and relatively low virus titers. At 20 dpi, the great majority of
transgenic plants (91.4%) were negative to infection according to
ELISA values (data not shown). At 30 dpi, 83.33% of these plants
remained completely virus-free while 16.67% presented very low
or marginally positive values (Table 1). These findings highlight
the effectiveness of the simultaneous expression of the SP/hplpyy,
and the replicase transgenes in conferring high level resistance or
even immunity against BNYVV. At the same time, it has been
demonstrated that such resistance is superior to the SP/plpy-
based resistance [20] or to the RNA silencing-mediated resistance
described in this study (data presented in Table 1). Collectively,
these data support the conclusion that although the single
expression of abovementioned transgenes resulted in enhanced
resistance against the disease, their co-expression in transgenic
plants led to superior performance, presumably due to additive
transgene effects.

Previously, it has been shown that the BNYVV-resistant
phenotype is positively correlated with harpin accumulation to
the plant cell exterior and it was further speculated that the
observed resistance may be attributed to a primed state of plants

M 2 3 4

53.

35.

expressing the SP/plpy, [20]. Furthermore, an intriguing
observation was the development of a localized necrosis only in
the SP/plpyi-expressing leaves in the virus inoculation area.
Authors suggested that this necrosis might be attributed to an
augmentation or synergistic effects of defense responses elicited by
the extracellularly targeted harpin and virus infection. It is
mteresting that double transformants did not develop an
analogous necrosis in the virus inoculation area. It is likely that
the primed state of SP/HrpZ py;-expressing plants mounts a first
basal level of defense which may be subsequently enhanced by the
RNA-silencing signaling route. In this context, it is tempting to
speculate that such network interference or combined action of the
two defense mechanisms may result in high disease resistance and
absence of visible cell death.

A thorough investigation of the transcriptomic profile of
defense-related genes in plants expressing SP/HrpZpy, and
BNYVV-derived dsRNA is anticipated to shed light in the
resistance observed in this study. Furthermore, it is important to
mvestigate the occurrence of siRINAs prior and at different time
intervals post inoculation in order to determine the timing of the
RNA silencing activation.

Conclusively, our findings highlight the potential of integrating
two genetically distinct defense mechanisms as a novel tool to
achieve high level and stable resistance against rhizomania disease
of sugar beet. Such “co-targeting” approaches may be extended to
a large number of viruses and/or other biotic agents and to a wide
variety of cultivated crop species.

SP-HrpZ
HrpZ

é
é
< truncated HrpZ

Figure 3. Western blot analysis of SP/HrpZ,,,, in protein extracts from leaves of double and single transgenic N. benthamiana
plants. Lane M: Marker in kDa (Broad range pre-stained SDS marker, Biorad). Lanes 1, 2, 3: Representative T2 double transgenic plants transformed
with the plasmids pBin.Hyg.Tx-SP/hrpZp,,, and GW-IR3 showing high, moderate and low resistance levels, respectively. Lanes 4, 5, 6: Representative
T2 plants transformed with the plasmid pBin.Hyg.Tx-SP/hrpZp,,, showing high, moderate and low resistance levels, respectively. The lower band
represents the truncated form of the harpin (approx. 2 kDa smaller than the full-length HrpZp,,;,). Equal amounts of total protein (30 ug) were loaded.
doi:10.1371/journal.pone.0051414.g003
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Table 1. Symptom severity and virus titer of transgenic N. benthamiana T2 plants expressing SP/HrpZp,, and BNYVV-derived
dsRNA in comparison to T2 plants expressing either SP/HrpZp,,, or BNYVV-derived dsRNA, 30 days after challenge with BNYVV.
Plant type T2 plants tested TO origin 'Symptom development 2Virus content
Score Number of plants Score Number of plants
8 - 96> 80.0* - 9% 80.0
SP/HIDZpsph - 6 50 - 4 3.33
& 120 + 2 1.67
BNYVV-dsRNA 2 + 16 13.33 + 12 10.0
++ 4 333
4=F 2 1.67 4=F 2 1.67
7 - 84 70.0 - 78 65.0
+ 6 5.0
- 10 833 + 10 833
SP/HrpZpsph 120 + 18 15.0 + 16 13.33
3 ++ 2 1.67
St 8 6.67 S 5 417
+++ 3 25
4 = 48 40.0 = 40 3333
+ 8 6.67
= 9 7.5 = 6 5.0
BNYVV-dsRNA 120 + 3 25
6 + 35 29.17 + 27 225
++ 8 6.67
++ 28 2333 ++ 23 19.16
+++ 5 417
Non-transgenics 30 ++ 30 100° +H+ 30 100
'— absence of symptoms, + leaf curling, ++ faint mosaic, mild stunting, +++ severe mosaic, leaf distortion, general stunting.
2 — value indicative of virus absence, + close to the positive threshold (three times the negative control), ++ half reading of positive control (non-transgenic), +++
equal to the positive control.
3numbers denote number of plants in corresponding categories.
“numbers denote percent of plants in corresponding categories.
doi:10.1371/journal.pone.0051414.t001

Figure 4. Symptoms of Beet necrotic yellow vein virus in N. benthamiana at 30 days post inoculation. A) Non-transgenic plant. B) T2
transgenic plant expressing fragment of the BNYVV-replicase gene. C) T2 transgenic plant expressing the hrpZp,,;, transgene. D) T2 double transgenic
plant expressing the hrpZp,, and a fragment of the BNYVV-replicase gene. The transgenic plant expressing the hrpZp,,, as well as the double
transgenic plant, expressing both the hrpZp,,, and the BNYVV-replicase transgene, are symptomless. In contrast, the BNYVV dsRNA-expressing plant
and the non-transgenic control plant exhibit symptoms of general stunting and/or leaf curling.

doi:10.1371/journal.pone.0051414.g004
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