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Abstract Citrus psorosis is a serious viral disease
affecting citrus trees in many countries. Its causal agent is
Citrus psorosis virus (CPsV), the type member of genus
Ophiovirus. CPsV infects most important citrus varieties,
including oranges, mandarins and grapefruits, as well as
hybrids and citrus relatives used as rootstocks. Certification
programs have not been sufficient to control the disease
and no sources of natural resistance have been found.
Pathogen-derived resistance (PDR) can provide an efficient
alternative to control viral diseases in their hosts. For this
purpose, we have produced 21 independent lines of sweet
orange expressing the coat protein gene of CPsV and five
of them were challenged with the homologous CPV 4
isolate. Two different viral loads were evaluated to chal-
lenge the transgenic plants, but so far, no resistance or
tolerance has been found in any line after 1 year of
observations. In contrast, after inoculation all lines showed
characteristic symptoms of psorosis in the greenhouse. The
transgenic lines expressed low and variable amounts of the
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cp gene and no correlation was found between copy
number and transgene expression. One line contained three
copies of the cp gene, expressed low amounts of the mRNA
and no coat protein. The ORF was cytosine methylated
suggesting a PTGS mechanism, although the transformant
failed to protect against the viral load used. Possible causes
for the failed protection against the CPsV are discussed.
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Abbreviations
CPsV Citrus psorosis virus
Cp Coat protein

TAS-ELISA  Triple sandwich immunoassay
PDR Pathogen-derived resistance
CaMV Cauliflower mosaic virus
AMV Alfalfa mosaic virus

nos Nopaline synthase gene

OD Optical density

dpi Days post inoculation

C-1 Infected control

C-NI Non-infected control

PTGS Post-transcriptional gene silencing
CTvV Citrus tristeza virus

GFLV Grapevine fan-leaf virus
TSWV Tomato spotted wilt virus
Introduction

Citrus psorosis, first described by Swingle and Webber
(1896), is a serious viral disease affecting citrus trees in
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many countries (Roistacher 1993). The distribution of the
disease is well documented and its presence has been
confirmed in the Americas, Africa and the Mediterranean
Basin. In Argentina, a certification program has not been
sufficient to control the disease that is causing important
losses (Dands 1990). It appears that the causal agent is
spread probably by an unknown vector (Befatena and
Portillo 1984). New reports have been published describing
the presence of psorosis in Texas, USA (Palle et al. 2004),
another region of the world where psorosis appears to
spread naturally. Usually, the symptoms appear on 10-15-
year-old trees, when they are at the stage of maximum
productivity. In the field, the characteristic symptoms on
sweet orange, mandarin and grapefruit are bark scaling on
the trunk and chlorotic flecks and spots on young leaves
(Roistacher 1991, 1993) These foliar symptoms are also
observed in experimentally graft-inoculated sweet orange
seedlings that are commonly used as biological indicators
for the indexing of psorosis (Roistacher 1991). In this test,
a shock reaction with shoot necrosis can be observed in the
first flush, followed by chlorotic leaf flecking and spotting
in subsequent flushes.

The causal agent of the disease is Citrus psorosis virus
(CPsV), the type member of genus Ophiovirus (Garcia
et al. 1994; Milne et al. 2003). The virus is tripartite and
its genome consists of three ssSRNAs of negative polarity.
CPsV RNA 1 codifies for two ORFs, a 24 kDa polypep-
tide of unknown function (24 K), and separated by an
intergenic region, the putative RNA polymerase
(280 kDa) (Naum-Ongania et al. 2003). RNA 2 contains
one ORF, encoding a polypeptide of 54.7 kDa of
unknown function (54 K), and RNA 3 codes for the coat
protein (CP) of 48.6 kDa (48 K) (Sanchez de la Torre
et al. 1998, 2002).

At present, CPsV is identified using a triple sandwich
immunoassay (TAS-ELISA) detecting the CP (Zanek
et al. 2006) or by RT-PCR for viral RNA detection. CPsV
infects most Citrus varieties and has also been found in
Poncirus trifoliata L. Raf. and in Troyer and Carrizo ci-
trange hybrids (Poncirus trifoliata L. Raf. x Citrus
sinensis L. Osbeck), that are used as rootstocks in many
countries, including Argentina and Uruguay. There are no
known sources of natural resistance or tolerance to the
disease.

Pathogen-derived resistance (PDR) has been used as a
means to control viral diseases through the incorporation
of viral-derived sequences into transgenic plants (Sanford
and Johnston 1985; Powell-Abel et al. 1986; Beachy et al.
1990; Baulcombe 1996; Goldbach et al. 2003). In this
paper, we describe the production of transgenic plants of
sweet orange expressing the cp gene of CPsV, their
challenge with the virus, and their evaluation for
resistance.
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Materials and methods
Virus isolates, plasmid constructs and bacterial strain

In this work, isolate CPV-4 was used. This isolate is con-
sidered from Florida (USA) where it was isolated first
(Garnsey and Timmer 1980), although it probably origi-
nated in Texas (Garnsey et al. 1976).

The full-length ORF of cp gene from isolate CPV-4 was
amplified by RT-PCR using the CPV3 (5 CCTAACGC
TAGCATGTCGATTCCTATTAAAG 3’) and the CPV4
(5" GACGAATTCTTAAAAGCATAACATGCAAGC 3')
primers (Barthe et al. 1998) and it was cloned subsequently
in the pGEM-T vector. The resulting plasmid was digested
with Nhel and EcoRI to release the cp gene. The protruding
ends thus formed were filled and inserted between the
Cauliflower mosaic virus (CaMV) 35S promoter, with
double enhancer plus Alfalfa mosaic virus (AMV) RNA 4
leader sequence and the nopaline synthase gene (nos) ter-
minator sequence of plasmid pMOGI180 (Mogen
International). Correct cloning and insert orientation were
confirmed by sequencing. The resulting expression cassette
was then subcloned into the binary vector p35SGUSINT
(Vancanneyt et al. 1990) at the EcoRI site, generating
p35SGUSINT/CP (see Fig. la). This plasmid was trans-
formed into Agrobacterium tumefaciens strain EHA 105 by
electroporation.

Transformation and regeneration

Internodal stem segments from 6- to 12-month-old green-
house-grown Pineapple sweet orange (Citrus sinensis
L. Osbeck) seedlings were transformed by cocultivation
with A. tumefaciens EHA 105 carrying the binary vector
p35SGUSINT/CP. Selection of transformants was per-
formed in a culture medium containing kanamycin
(100 pg/ml) (Pena et al. 1995).

The basal part of the shoots regenerated from the stem
segments was assayed for uidA gene expression (GUS) by
overnight incubation in a 2 mM X-Gluc solution at 37°C
(Cervera et al. 2005). When the reaction was positive,
shoot tips were grafted in vitro on decapitated and etiolated
seedlings of Troyer citrange as previously described (Pefia
et al. 1995). After 3—4 weeks, scions had developed several
leaves which were then screened for the presence of the cp
transgene by PCR. Positive transgenic plantlets were then
side-grafted on vigorous 6-month-old seedlings of rough
lemon (Citrus jambhiri Lush) and grown in a greenhouse
maintained at 24-26°C, with an 18 h day length provided
by a mixture of natural and supplemental light. The pres-
ence of the cp and uidA genes in the GUS positive
transgenic lines was verified by PCR using the CPV1
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Fig. 1 a Schematic representation of the T-DNA from the binary
plasmid p35SGUSINT/CP engineered to express the cp gene
(2,440 bp) from the CPsV strain CPV-4 in transgenic sweet orange
plants. The gene is controlled by the CaMV 35S promoter (35SP)
containing a duplicated enhancer region, the Alfalfa mosaic virus
RNA4 leader sequence (AIMV-RNA4-leader) and the nos terminator
(nosT). The ¢p coding region (ORF-cp) is flanked by the nptll gene
between the nos promoter (nosP) and the nosT, and by the uidA gene
(GUS) between the 35SP and the nosT. Transcription orientation of
each gene is indicated by the arrows, and EcoRI and HindIll
restriction sites are designated by vertical lines. The relative size of
the CP probe and the expected hybridization products are indicated.
RB right border, LB left border. b Southern blot analysis of total DNA

(5'-GCTTCCTGGAAAAGCTGATG-3') and the CPV2
(5-TCTGTTTTTGTCAACACACTC-3') primers designed
from the cp gene (Barthe et al. 1998) and GUSI
(5'-GGTGGGAAAGCGCGTTACAAG-3’) and GUS2
(5'-TGGATCCCGGCATAGTTAAA-3') from the uidA
gene (Pena et al. 1995). A regenerated shoot without agro-
infection was obtained and used as a regenerated non-
transgenic control.

Southern and northern blot analyses

Southern blot assays were performed to analyze the
integrity of the cp expression cassette, to estimate the
number of copies of the cp gene in the transgenic plant
genome and to analyze the possibility of transgene
methylation.

In order to analyze the integrity and the number of
copies of the cp transgene, DNA was extracted from 0.75 g
of leaves according to Futterer et al. (1995), and aliquots of

—— —
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extracted from the transgenic lines (1, 18, 20, 21, 23, 28, 29, 34 and
96) digested with EcoRI that releases the complete cp gene. ¢
Southern blot analysis of total DNA extracted from the same
transgenic lines digested with HindIlIl, which shows the copy number
of the transgene integrated. The nylon membranes were probed with a
digoxigenin-11-dUTP-labeled fragment of the c¢p coding region
(CPVI1-CPV2 probe). d Northern blot analysis of total RNA extracted
from the transgenic lines (1, 18, 20, 21, 23, 28, 29, 34 and 96) and
probed with [a-*?P-CTP]-labeled DNA fragment of the cp gene
(CPV1-CPV2 probe). e Total RNA extracted from the transgenic
plants stained with ethidium bromide after gel electrophoresis
showing RNA loads

20 pg were digested with EcoRI, which releases the cp
expression cassette, or with HindIIl which cuts outside of
this cassette. The digestion products were fractioned in
0.8%-TAE agarose gel, and then blotted onto positively
charged nylon membranes (ROCHE) by capillarity using
20x SSC buffer. After fixation, by baking at 120°C,
membranes were incubated with a digoxigenin-11-dUTP-
labeled fragment of the cp gene (CPV1-CPV2) prepared by
PCR according to the manufacturer’s instructions (ROCHE
Applied Science) or probed with a [a->?P-CTP]-labeled
fragment from the cp gene (CPV1, CPV2).

For the analysis of transgene methylation, 20 pg of total
DNA extracted from 0.75 g of leaves from lines 23, 96 and
non-transformed controls were digested with the restriction
enzyme EcoRI and the methylation-sensitive restriction
enzyme Ddel. After digestion, DNA fragments were frac-
tioned in 1.5%-TAE agarose gel, and then blotted onto
positively charged nylon membrane (ROCHE). The
membrane was incubated with two digoxigenin-11-dUTP-
labeled fragments of the cp gene, prepared by PCR using
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the CPV1 and CPV2 primers and C2 (5-TATTGAG
CTCAGCATCTGGG-3") and 48Kdir (5-TAAGCTCG
AGCAATGTCGATTCC-3') primers.

Hybridization with the digoxigenin-11-dUTP-labeled
probe was performed in 5x SSC, 2% Blocking Reagent
(ROCHE), 0.1% N-lauroylsarcosine, 0.2% SDS and
50 mM sodium phosphate (pH7) overnight at 65°C. After
three washing steps in 2x SSC, 0.2x SSC and 0.1x SSC
plus 0.1% SDS at 65°C, the detection was done by a
chemiluminescent substrate according to the manufac-
turer’s instructions (ROCHE) and exposed for 18 h to X-
ray film. Hybridization with the [o->*P-CTP]-labeled probe
was performed in 5x SSC, 5x Denhardt, 0.2% SDS and
500 pg/ml denatured herring sperm DNA (Invitrogen)
overnight at 65°C. After three washing steps in 2x SSC, 1x
SSC and 0.1x SSC plus 0.1% SDS at 65°C, membrane was
exposed for 30 days to X-ray film.

For northern blot analysis, 40 pg of total RNA extracted
from 1 g of citrus leaves were isolated according to Bek-
esiova et al. (1999). The samples were incubated for 5 min
at 95°C in a mixture containing formamide and formal-
dehyde and then fractionated by electrophoresis in 1%
agarose—formaldehyde denaturing gel in MOPS buffer.
Nucleic acids were transferred to a positively charged
nylon membrane (ROCHE) by capillarity using 20x SSC
buffer. After fixation through UV exposure, the membrane
was probed with a [oc—32P-CTP]-1abeled fragment from the
cp gene by PCR with CPV1 and CPV2 primers. Hybrid-
ization was performed in 5x SSC, 2x Denhardt, 0.1% SDS,
300 pg/ml denatured herring sperm DNA (Invitrogen) and
3 mg/ml denatured yeast tRNA (SIGMA) overnight at
65°C. After three washing steps in 2x SSC, 0.2x SSC and
0.1x SSC plus 0.1% SDS at 65°C, membrane was exposed
for 30 days to X-ray film.

Accumulation of CP in the transgenic lines

In order to determine the level of accumulation of the
transgene-derived CP, triple-sandwich immunoassay (TAS-
ELISA-HRP) was performed as previously described by
Zanek et al. (2006). Briefly, total protein was extracted from
200 mg of leaf tissue by grinding with liquid nitrogen using
PBS-Tween, 2% w/v polyvinyl pyrrolidone (PVP-40000),
and 2.5% w/v of defatted milk powder. Plate coating,
antibody incubations and washing conditions were per-
formed as described previously, using 1/2,500 dilution of
polyclonal anti-serum A376 (kindly provided by Pedro
Moreno, IVIA, Spain) and 1/3,000 dilution of Goat Anti-
Mouse IgG (H + L) Horseradish Peroxidase (PIERCE). The
substrate was incubated for 30 min at room temperature and
the reaction stopped with 0.7 M H,SO,. Optical density
(OD) at 492 nm was measured in a Tecan Spectra (Austria).

@ Springer

Samples were taken from six to seven times for
4 months and the data were subjected to analysis of vari-
ance using StatSoft, Inc. (2003) STATISTICA (data
analysis software system), version 6, to determine the
significance of differences in the accumulation of CP in
transgenic plants. Means were separated using the Fisher
LSD test.

Propagation and graft-inoculation

Transgenic lines were propagated by bud grafting onto 6-
to 8-month-old rough lemon seedlings as rootstocks, since
rough lemon is vigorous and thus, ensures fast growth of
the transgenic scion.

After 10 months, replicates of each line were graft-
inoculated on the transgenic scion using pieces of infected
bark tissue (bark pieces) carrying the CPV-4 isolate, from
which cp transgene was generated.

In a first assay, 3—4 of the 6 replicates of the transgenic
lines 21, 34, 28 and 96 were graft-inoculated with two bark
pieces that remained in the plants throughout the challenge
period. The plants were maintained in a light-controlled
greenhouse at 22-24°C. They were observed for develop-
ment of symptoms (rings, spots and flecking) in four
successive flushes for 4.5 months. After each observation,
leaf tissues were collected and analyzed by RT-PCR and
TAS-ELISA as described below. Controls for these
experiments were a non-transformed and a regenerated
non-transgenic plant.

Two different conditions were tested in which the
number of bark pieces and the time they remained as grafts
(time of virus transmission) were varied to evaluate a
lowest viral load sufficient to infect all plants. For this
purpose, ten non-transgenic sweet orange seedlings were
graft-inoculated with one infected bark piece carrying the
CPV-4 isolate. After 10 days, the bark pieces were
removed from four plants. In another four plants, the bark
pieces were removed 16 days post inoculation (dpi). In the
other two plants, considered as positive controls, the bark
piece remained grafted throughout the experiment. Symp-
toms were observed in new flushes from all plants 25 dpi.
To confirm the presence of the virus and since the plants
were not transgenic, RT-PCR using CPV1 and CPV2
primers for detection of the cp gene (RNA 3) was applied
on total RNA extracted from foliar tissue.

For a second challenge assay, buds from transgenic lines
28, 96 and 23 were propagated by grafting onto 6- to 8-
month-old rough lemon seedlings. After 10 months and
depending on the results of the viral load experiment, 6 of
the 8 replicates were graft-inoculated on the scion with
only one bark piece carrying the CPV-4 isolate and 16 days
later the inoculum was removed. The plants, maintained in
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the greenhouse, were inspected individually for symptoms
development in four successive flushes for 6 months and
after 1 year.

Virus detection

RT-PCR using the primers designed from CPsV RNA 2
was used to test the viral infection in the transgenic lines.
For amplification, the forward primer was A (5' TAG-
ATCCATGCTCAGTCACC 3') and the reverse primer was
B (5 TTGACAATGATGGACACTGG 3').

Total RNA was extracted from 100 mg of fresh tissue
with TRIZOL (Invitrogen), following the manufacturefs
instructions. RNA samples were resuspended in 50 pl of
RNase-free water. Total RNA weighing 1 pl was used for
one-step RT-PCR which was conducted in a 15 pl reaction
mixture containing 1 mM dNTPs, 2.5 mM MgCl,, 50 mM
KCl, 10 mM Tris—HCI pH 9.0 (at room temperature), 0.1%
triton X-100, 1 pM of each primer, 16 units RNAsin®
Ribonuclease Inhibitor (Promega), 12 units SuperScript™
IIT Reverse Transcriptase (Invitrogen) and 1 unit of Taq
DNA polymerase (Promega). The thermocycling condi-
tions included 30 min at 48°C for RT, 4 min at 94°C for
inactivation of reverse transcriptase and initial denatur-
ation, 36 cycles of 10 s at 94°C, 10 s at 50°C and 50 s at
72°C and a final elongation step of 4 min at 72°C in Per-
kin-Elmer 2400 equipment. PCR products were analyzed
by electrophoresis on 2%-TAE agarose gel stained with
ethidium bromide.

TAS-ELISA was the assay chosen to test the progress of
the CPsV infection in the plants. Using this method for
diagnosis, a sample is considered positive for CPsV when
its OD value is =3 times the healthy control (Alioto et al.
1999).

Results

Production of transgenic sweet orange plants
and their analysis

Twenty-one independent transgenic plants carrying the cp
gene were obtained by A. tumefaciens-mediated transfor-
mation with the plasmid p35SSGUSINT/CP. After
performing GUS assays from small pieces of kanamycin-
resistant regenerated shoots, positive scions were grafted
in vitro on decapitated seedlings. Small pieces of leaf tissue
of each line were tested by PCR in order to confirm the
presence of the cp gene. Transformation efficiency (trans-
genic lines per inoculated explant) varied from 3.3 to 4.5%.

Figure 1b, c shows the integrity of the transgene and the
number of copies inserted in each of nine transgenic lines,

respectively, as determined by Southern blot. Most trans-
formed plants had integrated one transgene copy (lines 1,
18, 20, 21, 28, 29 and 34). Lines 96 and 23 contained two
and three copies, respectively.

Lines 18, 28, 21, 29, 34 and 96 showed higher transgene
expression than lines 1, 23, and 20 in several northern blots.
As examples, results from two northern blots revealing
different levels of cp expression are shown in Fig. 1d.

There was no correlation between the transgene copy
number and the expression of the cp mRNA in these nine
lines. The seven lines with one copy showed different
levels of mRNA. For example, lines 34 and 96 containing
one and two copies of the transgene, respectively, expres-
sed similar amount of ¢cp mRNA. In line 23, cp mRNA
detection was difficult, and in fact, only one of three
northern blots showed a faint band (Fig. 1d).

CP could not be detected by western blot in any of the
lines using the available anti-sera (data not shown). How-
ever, TAS-ELISA-HRP, which is a more sensitive ELISA,
was able to detect CP quantitatively. Figure 2 shows the
optical density (OD), and the statistical values obtained in
the nine lines and a non-transgenic plant used as control. In
general, most lines accumulated low amounts of CP, but
the amounts observed in lines 18, 20, 21, 28, 29, 34
(P < 0.01), and line 1 (P < 0.05) were significantly higher
that in the non-transgenic control. All transgenic plants
displayed normal growth and development, similar to that
of non-transgenic controls.
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Fig. 2 TAS-ELISA-HRP for the detection of CPsV CP in transgenic
citrus plants. The OD values refer to the mean optical densities for six
to seven independent experiments. Small black boxes indicate the
mean, the empty boxes the mean + SE and the bars the mean + SD.
The OD values differences were analyzed according to the Fisher
LSD test. * represents a statistically significant difference in OD value
mean compared with non-transgenic line (healthy) at P < 0.01.
° represents a statistically significant difference in OD value mean
compared with non-transgenic line (healthy) at P < 0.05
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Challenge of transgenic lines with the CPV-4 isolate

To investigate the response of the transgenic plants against
viral infection, lines 21, 23, 28, 34, and 96 were challenged
with CPV-4 by graft-inoculation. In these experiments, the
non-transgenic and the regenerated non-transgenic plants
were considered as the same control (C), since, when infec-
ted, both showed the characteristic symptoms of psorosis.

In the first experiment, four replicates of lines 21, 28, 34
and 96 were tested. In the first flush, the presence of the
virus was determined by RT-PCR using the RNA 2 primers.
TAS-ELISA was applied to measure virus multiplication
quantitatively. The new flushes of the challenged plants had
higher OD values than in the non-infected transgenic lines
and were similar to those of infected controls. RT-PCR for
detection of the viral RNA 2, TAS-ELISA, and symptom
expression confirmed virus accumulation in the four lines
throughout the 4 months of observation (data not shown).
Some replicates of lines 28 and 96 died or grew slowly,
for this reason they were analyzed again in a second
experiment.

Since the two infected bark pieces used for grafting-
inoculation might carry an excessive viral load, a less
aggressive inoculum was tested in non-transgenic sweet
orange plants before the start of the second challenge
experiment. One bark piece infected with CPV-4 was
grafted and removed either 10 or 16 dpi. Twenty-five days
after inoculation, three of the four inoculated plants (10
dpi) and four of the four inoculated plants (16 dpi) devel-
oped symptoms of psorosis. The presence of the virus in
the symptomatic plants was confirmed by RT-PCR.

Therefore, the second challenge was performed by
grafting with one bark piece for 16 dpi. Lines 28, 96 and
23, containing 1, 2 and 3 copies of the cp gene, respec-
tively, developed characteristic symptoms of psorosis
(rings, spotting and flecking) for 1 year and no differences
were noticed among lines or among replicates of the same
line (Fig. 3). These plants were analyzed individually by
RT-PCR in the first flush and the RNA 2 of CPsV was
detected (data not shown). TAS-ELISA was applied for the
three successive flushes after inoculation (4 months) to
quantify the virus multiplication. As shown in Fig. 4, the
three lines gave OD values several times higher than those
of the non-infected transgenic plants and were similar to
those of infected controls (C-I). Moreover, there was no
recovery from symptoms several months later, indicating
that plants were still infected.

Analysis of transgene methylation

Line 23 contained three copies of the transgene, but mRNA
was barely detectable in this line, and CP accumulation was
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negative, suggesting that the cp transgene could be silenced
in this line. For this reason, methylation of the transgene in
line 23 was analyzed. Line 96 was included for comparison
with line 23 because it had two copies of the transgene and
expressed detectable CP mRNA and no CP.

Figure 5 shows the results of the Southern blot from
total DNA digested with EcoRI to excise the cassette, and
total DNA digested with Ddel, which is cytosine methyl-
ation-sensitive. Line 96 showed the same digestion pattern
as the binary plasmid p35SGUSINT/CP, suggesting that
the transgene was not methylated in this case. On the other
hand, the pattern obtained in line 23 showed a band of
about 2,400 nt corresponding to the fragment digested by
EcoRI and not by the Ddel, indicating methylation of the
OREF region. Another faint band of about 2,000 nt could be
the product of partial promoter methylation.

Discussion

Twenty-one transgenic lines containing the cp gene of
Citrus psorosis virus (CPV-4 isolate) were obtained and
nine were evaluated. The integrity of the transgene and the
mRNA expression were analyzed and showed that the
transgene had been integrated and expressed in the plant
genome.

Transgenic lines grew normally and were indistin-
guishable morphologically from non-transgenic Pineapple
sweet orange controls. Thus, this result is an indication that
the expression of c¢p gene was insufficient under the con-
ditions tested to produce psorosis symptoms as described
for transgenic citrus lines expressing the p23 protein of
Citrus tristeza virus (CTV) (Ghorbel et al. 2001). It has
also been reported that CP expression from the transgene
was able to promote virus accumulation in some cases
(Kouassi et al. 2006). In our case, in the first flush after
inoculation, none of the lines showed enhanced symptoms
over those produced by the non-transgenic controls, indi-
cating there was no increase in susceptibility.

We used TAS-ELISA-HRP, which has the same sensi-
tivity as RT-PCR (Zanek et al. 2006) to detect CP
expressed in transgenic citrus plants. Applying this method,
some variability in the expression of the transgene in the
first 5 months of growth was observed, probably due to the
sympodial growth pattern of citrus and the physiological
condition of the plants. According to statistical analysis, all
lines, except for lines 23 and 96, were low, but positive
expressers, of the CP. Variable and non-detectable
expression of the transgene has also been observed in
transgenic citrus plants with the major CP of CTV (Dom-
inguez et al. 2000) and with other proteins in some woody
transgenic plants such as grapevines (Gambino et al. 2005;
Maghuly et al. 2006).
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Fig. 3 Symptoms developed in
leaves from the challenged
transgenic lines inoculated with
CPV-4 isolate. a Non-
inoculated line 96; b and ¢ two
replicates of line 96 inoculated
with CPV-4; d non-inoculated
non-transgenic plant; e and f
two replicates of non-transgenic
plant inoculated with CPV-4

ODy920m

Fig. 4 Evaluation of transgenic lines challenged with CPsV. Anal-
ysis of virus accumulation of six replicates of lines 96, 23, 28 and the
control plant (C) by TAS-ELISA-HRP. The OD values refer to mean
optical densities for the six replicates infected with CPV-4 isolate for
96 (96-1), 23 (23-I) and 28 (28-I) transgenic lines in the three

3rd

successive flushes for 4 months. The OD values for mean optical
densities for two non-inoculated replicates of each transgenic line
analyzed are included in the graph (96-NI, 23-NI and 28-NI). C-1
refers to mean for infected control. C-NI refers to mean for non-
infected control. Standard deviations are indicated by bars

@ Springer



64

Plant Cell Rep (2008) 27:57-66

L 3560
— 33
— 5838
| 2430
— 2040
—— 1632

1434 —
— 1193

1950 —

300 —— 841

700 — .. .

600 ——

500 —| o

400 —| —— 400

300 —

200 —

Fig. 5 Analysis of transgene methylation from CP lines. a Schematic
representation of the T-DNA fragment containing the expression
cassette of the cp gene showing the resulting fragments after digestion
with the restriction enzyme EcoRI and the methylation-sensitive
restriction enzyme Ddel. The relative sizes of c¢p probes and the
expected hybridization products are indicated. b Southern blot

Western blots failed to detect CP in transgenic citrus.
However, in Nicotiana benthamiana plants transformed
with the same construct, the CP was detected by western
blot (data not shown) indicating that the whole protein is
stable in the herbaceous plant and it could be probably
synthesized intact in citrus plants.

In the first challenge experiment, lines 21 and 34 were
chosen because they were considered high expressers of the
CP, whereas lines 28 and 96 were low expressers. Lines 28
and 96 contained different number of copies of the trans-
gene, and for this reason, they were included in the second
experiment. Line 23 contained three copies of methylated
transgene, expressed only small amounts of its mRNA, and
accumulated negligible amounts of CP, suggesting PTGS
of the cp transgene. Thus, it was a good candidate to be
challenged since there is usually a correlation between
PTGS of the transgene and virus resistance in other
transgenic plant-virus combinations (Kalantidis et al. 2002;
Scorza et al. 2001; Fagoaga et al. 2006).

In the challenge experiments, the virus multiplication
was detected by RT-PCR using primers designed for the
RNA2, but TAS-ELISA-HRP was used to follow the pro-
gress of the infection. The OD values of the non-infected
transgenic plants were very low, and when infected, the
OD increased during the experiment 5-10 times higher
than the non-inoculated controls (Fig. 4).

Since CPsV is probably transmitted by a vector (Befia-
tena and Portillo 1984; Palle et al. 2004), the virus could
take years to multiply in a tree and to manifest symptoms.
Furthermore, previous experiments in the greenhouse

@ Springer

CPV1-CPV2 C2-48Kdir

probe probe <
nosTI ORF-cp H 35SP 2X
D DI DD
700pb i 490pb ::300pk  S18pb 330kt
Ddel Ddel Ddel Ddel
2440 pb
EcoRI EcoRI

hybridization of DNA from the binary plasmid p35SGUSINT/CP
(lane 1), non-transgenic control (lane 2) and lines 23 and 96 (lanes 3
and 4, respectively) digested with EcoRI and Ddel. The nylon
membrane was probed with digoxigenin-11-dUTP-labeled fragments
of the c¢p coding region (CPV1-CPV2 and C2-48Kdir probes). The
size of DNA markers are indicated in bp

indicated that graft-transmission of the psorosis agent can
occur in a few days (P. Moreno and L. W. Timmer, per-
sonal communication). These observations suggested that
under greenhouse conditions, the viral inoculum and
transmission time could be reduced. The viral load assay
revealed that one bark piece in 16 days was enough to
transmit the virus and ensured 100% infection. For this
reason, in the second challenge, the number of bark pieces
and the time of virus transmission were reduced. However,
we think that the viral inoculum dose was still too high,
since the transgenic plants showed symptoms simulta-
neously and with the same severity as the controls in which
the inoculum was not eliminated. An inherent difficulty in
this assay is that as long the rootstock is susceptible to the
CPsV, it can move to the rootstock and replicate there
delivering virus to the scion. This problem cannot be
overcome at the moment because there is no citrus or citrus
relative rootstock resistant to CPsV.

None of the evaluated lines was resistant to CPsV or
showed any delay in the symptom expression. Moreover,
we have not found any significant differences in the
response to virus challenge among the lines or among the
replicates as reported in transgenic citrus expressing the
major CP of CTV (Dominguez et al. 2002). In the CP-
mediated PDR strategy, resistance might be provided either
by transgene-derived CP over-accumulation or by PTGS
induction triggered by transgene expression. If the mech-
anism of protection were protein mediated, the protein
accumulation in the transgenic lines might not be sufficient
to prevent viral infection under the conditions assayed
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(high viral load and young seedlings). If we propose a
PTGS mechanism to protect the plants, line 23 would have
been a good candidate since it contains three copies of the
transgene, expresses a low level of mRNA and no CP, and
the ORF is cytosine-methylated. Our results of transgene
methylation revealed that this line could have partial pro-
moter methylation. Thus the possibility of TGS induction
cannot be discarded. Nevertheless, we speculate that PTGS
could have been induced in this line since low level of CP
mRNA could be detected.

PDR has been shown to be the means to control virus
infection in some plant-virus systems. Nevertheless, most
of the PDR has been reported for viruses of positive-
stranded genome RNA and applied to transgenic herba-
ceous hosts. Transformation of citrus and other woody
plants like grapevines and plums has been performed with
positive-stranded virus genes, such as CTV (Dominguez
et al. 2002; Fagoaga et al. 2006), GFLV (Gambino et al.
2005; Maghuly et al. 2006) and Plum pox virus (Rav-
elonandro et al. 1997; Hily et al. 2004). There are few
reports of transformation with genes of negative-stranded
genome viruses like Tomato spotted wilt virus, TSWV
(Levin et al. 2005; Pang et al. 1992; Prins et al. 1995) and
none on negative-stranded viruses in transgenic woody
plants.

Several factors could contribute to the lack of protection
observed in the transgenic lines evaluated here: (a) the high
dose of virus delivered to plants by graft-inoculation could
overcome the potential protection afforded by constitutive
expression of the cp gene in transgenic cells, (b) the vari-
able level of transgene expression during sympodial growth
and development of transgenic plants could affect the PDR
mechanism, and/or (c) the CPsV genome could encode
proteins breaking putative PTGS at least in line 23.
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