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Summary

Virus-induced gene silencing (VIGS) is an attractive method for assaying gene function in species that are
resistant to conventional genetic approaches. However, VIGS has been shown to be effective in only a few,
closely related plant species. Tobacco rattle virus (TRV), a bipartite RNA virus, has a wide host range and so in
principle could serve as an efficient vector for VIGS in a diverse array of plant species. Here we show that a
vector based on TRV sequences is effective at silencing the endogenous phytoene desaturase (PapsPDS) gene
in Papaver somniferum (opium poppy). We show that this vector does not compromise the growth or
reproduction of poppy and the plants did not display viral symptoms. The silencing of PapsPDS resulted in a
significant reduction in PapsPDS mRNA and a concomitant photobleached phenotype. The ability to rapidly
assay gene function in P. somniferum will be valuable in manipulation of the opiate pathway in this
pharmaceutically important species. We suggest that our vacuum infiltration method used to deliver TRV-
based vectors into poppy is a promising approach for expanding VIGS to diverse angiosperm species in which
traditional delivery methods fail to induce VIGS. Furthermore, these studies demonstrate the utility of TRV-
VIGS for probing gene function in a basal eudicot species that is phylogenetically distant from model plant

species.

Keywords: TRV-VIGS, virus-induced gene silencing, Papaver somniferum, poppy, phytoene desaturase.

Introduction

Genetic transformation is a necessary prerequisite to
determining the function of gene products in species where
traditional forward genetic approaches are not possible. In
plants, Agrobacterium-mediated transformation approa-
ches are commonly used in a variety of model systems
including Arabidopsis (Lindsey and Wei, 2000), rice (Hiei
et al., 1994) and tomato (Fillatti et al., 1987). This strategy
generally relies on transforming explanted plant tissue, and
from these regenerating transgenic plants via tissue culture.
For many species these approaches are limited due to diffi-
culties in defining fast and effective means to regenerate
large populations of transgenic plants.
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The recent accumulation of plant genomic data, inclu-
ding expressed sequence tag (EST) library and genome
sequencing projects (http://www.ncbi.nIm.nih.gov/genomes/
PLANTS/PlantList.html), makes high-throughput functional
studies in diverse angiosperm species an exciting prospect,
but the difficulties faced in developing genetic transforma-
tion protocols for multiple plant species remain daunting.
Virus-induced gene silencing (VIGS; Ruiz et al., 1998) is an
attractive alternative approach for determining the biological
function of gene products in species that are not easily
amenable to traditional Agrobacterium-mediated transfor-
mation protocols. Therefore, developing VIGS as a tool for
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reverse genetics in diverse plant species will facilitate time-
efficient large-scale functional studies.

VIGS takes advantage of the fact that plants induce
homology-dependent defense mechanisms in response to
attack by viruses. Therefore viruses can be engineered to
target a host gene(s) of interest for silencing (Burch-Smith
et al., 2004; Robertson, 2004). VIGS probably acts through
the same or similar mechanism as post-transcriptional gene
silencing (PTGS; Robertson, 2004), also known as RNA
interference or quelling in animal and fungal systems
(Cogoni and Macino, 2000). VIGS or PTGS results in the
degradation of endogenous RNA with extensive sequence
complementarity to endogenous microRNA (miRNA), exo-
genous transgenes or viral RNA (Fagard and Vaucheret,
2000).

The trigger for PTGS is double-stranded RNA (ds RNA;
Fire et al, 1998). In VIGS, double-stranded viral RNA is
generated by RNA-dependent RNA polymerase (RdRP)
encoded in the viral genome. Double-stranded RNA is
detected by the host plant genome as aberrant and is
cleaved into small interfering RNA (siRNA) by the action of
DICER (Hamilton and Baulcombe, 1999; Hammond et al.,
2000; Zamore et al., 2000). Through sequence complement-
arity, siRNA in association with an RNA-induced silencing
complex (RISC), directs the cleavage of endogenous RNA
transcripts (Hammond et al., 2000). Small interfering RNA is
also responsible for amplifying the silencing signal by
priming endogenous RNA which can be converted to dsRNA
by the action of RdRP encoded in the plant genome
(Makeyev and Bamford, 2002; Tang et al., 2003).

Tobacco rattle virus (TRV) is one of a handful of plant
viruses that have been modified to serve as a vector to
facilitate the silencing of endogenous target genes in host
plants (Liu et al., 2002c; Ratcliff et al., 2001). TRV is a bipartite
single-stranded RNA (ssRNA) tobravirus (MacFarlane 1999).
To expedite cloning and transfer to plant hosts, cDNA
versions of TRV sequences have been introduced into an
Agrobacterium T-DNA binary vector. Multicloning sites (Liu
et al., 2002c) or recombination (Liu et al., 2002b) are used to
insert a fragment of an endogenous gene of interest, such
that it is converted to dsRNA as part of viral replication. The
presence of dsRNA complementary to endogenous tran-
scripts results in the degradation of these dsRNAs along with
the silencing of their endogenous mRNA counterparts. To
date, TRV-based vectors have been used to silence endog-
enous genes in multiple Solanaceae genera including Nic-
otiana (Abbink et al., 2002; Ahn et al., 2004; Bouarab et al.,
2002;Jin et al., 2002; Liu et al., 2002a,b,c, 2004a,b; Peart et al.,
2002a,b; del Pozo et al., 2004; Ratcliff et al., 2001; Rivas et al.,
2004; Ryu et al., 2004; Saedler and Baldwin, 2004; Valentine
et al., 2004), Capsicum (Chung et al., 2004; Ryu et al., 2004),
Solanum (Brigneti et al., 2004; Ryu et al., 2004), Lycopersicon
(Ekengren et al., 2003; Liu et al., 2002b; del Pozo et al., 2004;
Rivas et al., 2004; Valentine et al., 2004) and Petunia (Chen
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et al., 2004; Ryu et al., 2004), as well as endogenous genes
involvedinrootdevelopmentin Arabidopsis (Valentine et al.,
2004). Using VIGS in Solanaceae, a number of genes have
been functionally characterized. The biological role of these
genes ranges from pathogen defense (Bouarab et al., 2002;
Brigneti et al., 2004; Ekengren et al., 2003; Jin et al., 2002; Liu
et al., 2002a,b,c, 2004b; Peart et al., 2002a,b; del Pozo et al.,
2004; Rivas et al., 2004; Valentine et al., 2004) to metabolic
processes (Abbink et al., 2002; Ahn et al., 2004; Chen et al.,
2004; Ryu et al., 2004; Saedler and Baldwin, 2004) and
developmental patterning (Liu et al., 2004a; Ratcliff et al.,
2001; Valentine et al., 2004), indicating that TRV-based VIGS
can be used to target genes expressed at different stages, in
different tissues and in different pathways.

Here we describe the novel use of TRV-mediated gene
silencing in the basal eudicot species Papaver somniferum
(opium poppy). We show a 3.2- to 7.5-fold reduction in
endogenous transcript levels of the P. somniferum phytoene
desaturase gene (PapsPDS; Demmig-Adams and Adams,
1992; Ruiz et al., 1998), resulting in a photobleached pheno-
type, in VIGS-treated poppy plants. Poppy is of agronomic
importance in that it is the primary source of opiate
production (Allen et al., 2004). Therefore, the ability to
assess gene function in this species will have important
ramifications, including the possibility of manipulation of
the morphine biosynthetic pathway. In addition, the poppy
family is a member of the basal eudicot clade which also
contains buttercups, barberry and curare. While some
members of this clade have significant pharmaceutical or
ornamental value, there has been little progress in develop-
ing any of these species as a model system for functional
genomics. Poppy diverged from Solanaceae and Arabidop-
sis at least 100 million years ago (Crepet et al., 2004), and
therefore represents a phylogenetically distant species from
those that have previously been shown to be susceptible to
TRV-mediated VIGS. This, along with the fact that TRV has
a broad host range (http://www.ncbi.nlm.nih.gov/ICTVdb/
ICTVdB/index.htm), spanning much of angiosperm diver-
sity, and that TRV-mediated VIGS affects both vegetative
and floral development in poppy, suggests that TRV-VIGS
will be a powerful tool for investigating gene function in a
wide range of species.

Results

TRV-based VIGS of PapsPDS in P. somniferum

To determine if endogenous gene silencing can be elicited
by a TRV-based VIGS system in poppy we generated a TRV2
construct (Liu et al., 2002c) that carries a 436 bp fragment of
PapsPDS (Figure 1). The PapsPDS fragment was amplified
from cDNA using primers corresponding to a conserved
region present in PDS genes from diverse angiosperm spe-
cies (see Experimental procedures). PDS is an ideal gene for
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(a) Figure 1. Constructs used in this study.
, (a) Map of PapsPDS. The black area is the 436 bp
3 .
436 bp PapsPDS fragment UTR fragment cloned into TRV2 and the gray area
[ I I represents the 5 end. The primers used for

100 b PsPDSF PsPDSF2  PsPDSR PsPDSR3 oligo-dT amplification ar.1d sequencing are indicated
below. The asterisk represents the stop codon.
(b) Map of the TRV2-PapsPDS construct used for
VIGS. The gray area is the 436 bp PapsPDS
fragment.

(b) () Map of TRV2-E used for mock VIGS: LB, left
border; RB, right border; CP, coat protein; Rz,
self-cleaving ribozyme; NOS,, NOS terminator.
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assaying VIGS because it encodes an enzyme required for
the biosynthesis of carotenoids, which in turn protect chlo-
rophyll from photo-oxidation (Demmig-Adams and Adams,
1992). Silencing of PDS in several species has been shown to
result in decreased carotene content and ultimately to the
easily observed symptom of leaf photobleaching (Benedito
et al., 2004).

Endogenous gene silencing by TRV-based VIGS is facili-
tated by Agrobacterium-mediated delivery of TRV vectors
into host plant cells (Lu et al., 2003; Robertson, 2004). Once
TRV1 and TRV2 have been introduced into plant cells, the
viral machinery of TRV1 is responsible for the replication
and movement of both TRV1 and TRV2 (Robertson, 2004).
Standard methods for Agrobacterium inoculation of Solan-
aceae species include direct injection into leaves, misting
(Dinesh-Kumar et al., 2003) or agrodrench (exposing the
crown of the plant to Agrobacterium; Ryu et al., 2004). We
assessed each of these methods for VIGS in poppy (data not
shown) but found that only vacuum infiltration of Agrobac-
terium, transformed with TRV2-PapsPDS, into poppy plants
successfully silenced endogenous PapsPDS expression,
resulting in the expected photobleaching phenotype
(Figure 2). Poppy plants at early (three to five leaves), mid
(six to eight leaves) or late (eight to 11 leaves) stages of
development were vacuum infiltrated with Agrobacterium
(strain GV3101 or EHA105) carrying TRV1 and either TRV2-
PapsPDS or a TRV2 empty vector (TRV2-E). Three independ-
ent trials for each condition were carried out. Fourteen to
17 days post-infiltration a photobleached phenotype was
observed in the newly emerging leaves of 4.8 to 23.8% of
TRV2-PapsPDS-treated plants (Table 1 and data not shown).
The photobleached phenotype was easily detectable
throughout subsequent stages of development (Figure 2).
In mock-treated samples containing TRV1 and TRV2-E, plant
growth and reproductive capabilities were unaffected by the
presence of virus and no viral symptoms were noted
(Figure 2, Table 1 and data not shown).

A4
[Rz[NOs;

The photobleached phenotype is observed in P. somniferum
flowers

Although many PapsPDS silenced plants showed a severe
phenotype, with all newly emerging leaves being completely
photobleached (e.g. Figure 2b), some PapsPDS silenced
plants exhibited a less severe phenotype with a patchy
pattern of photobleaching. Plants with severe photobleach-
ing had high levels of early mortality, presumably due to
extreme photo-oxidation. Many plants with less severe
phenotypes survived to reproduction (about 20 weeks post-
infiltration under growth chamber conditions). Strikingly, in
these plants the photobleached phenotype persisted in
flowers, specifically in the sepals (Figure 2e) and carpels
(Figure 2c). This indicates that TRV-based VIGS is capable of
eliciting a gene silencing phenotype in poppy for at least
20 weeks after inoculation. Petals in photobleached plants
were indistinguishable in color from those of mock-treated or
untreated poppy plants, since petal pigmentation is not
dependent on carotenoids (Figure 2f,g).

Infiltration at earlier stages results in a higher percentage of
photobleached plants

Poppy plants were infiltrated at early, mid and late stages of
seedling development, and our results suggest that both
TRV-VIGS-treated and mock-treated plants infiltrated at later
stages were better able to survive the infiltration treatment
(91.7-96.5% survival for later stage treatments compared
with 58.5-85.6% survival for early and mid-stage treatments,
Table 1). However, of the plants that survived, those infil-
trated with Agrobacterium at earlier stages showed a higher
percentage of the photobleached phenotype (15.2-23.8% for
early and mid-stage treatments compared with 4.8-11.5%
for late stage treatments; Table 1). Results from infiltration
experiments using Agrobacterium strains GV3101 and
EHA105 suggest that both strains were equally efficient at
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Figure 2. VIGS of PapsPDS results in photobleaching in P. somniferum.
(a) Mock-treated poppy plant 104 days post-TRV inoculation. Mock treatment does not result in a photobleached phenotype.

(b) VIGS-treated poppy plant 123 days post-TRV infiltration showing a photobleached phenotype. A photobleached phenotype is observed in the carpels (c, left) and
sepals (e) of VIGS-treated poppy plants, but not in the carpels (c, right) or sepals (d) of mock-treated plants. Petals from VIGS-treated poppy plants (g) are
indistinguishable from mock-treated plants (f) because carotenoid biosynthesis is not responsible for pigmentation in poppy petals. All plants were inoculated with

Agrobacterium EHA105.
(c-g) Poppy plants 122-149 days post-inoculation. Scale bars = 3.5 cm.

Table 1 Rates of survival and silencing observed in TRV-VIGS-treated poppy plants

No. of leaves at infiltration

Agrobacterium strain 6-8 8-10
GV3101
Introduced TRV2-PapsPDS, TRV2-E, TRV2-PapsPDS, TRV2-E, TRV2-PapsPDS,
construct n=270 n=290 n=270 n=2386 n =180
% survival 58.5 77.8 72.2 96.5 91.7
% phenotype® 17.7 0 15.2 0 4.8
6-8 9-11
EHA105
Introduced TRV2-PapsPDS, TRV2-E, TRV2-PapsPDS, TRV2-E, TRV2-PapsPDS,
construct n=117 n=234 n=201 n=290 n=81
% survival 76.9 82.9 62.7 93.3 96.2
% phenotype® 15.4 0 23.8 0 11.5

2Per cent of surviving plants exhibiting phenotype.
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Figure 3. PapsPDS transcripts are reduced in VIGS poppy plants exhibiting a photobleached phenotype.
(a) Select semiquantitative RT-PCR results for PapsPDS. Relative PapsPDS levels were normalized against ACTIN. TRV1 and TRV2 RNA were detected in VIGS poppy

plants exhibiting a photobleached phenotype, but not in untreated plants.

(b) Relative PapsPDS expression levels were determined by semiquantitative RT-PCR (as in A) for multiple VIGS poppy plants exhibiting a photobleached

phenotype. PapsPDS expression levels are reduced by 3.2- to 7.5-fold compa

red with untreated plants. Standard errors are shown. Early, mid and late refer to the

age of poppy plants at the time of infiltration. GV3101 and EHA105 are the strains of Agrobacterium used for infiltration.

delivering TRV vectors to poppy cells to elicit VIGS of
PapsPDS (Table 1).

PapsPDS transcripts are reduced in photobleached
P. somniferum plants

To confirm that the observed photobleached phenotype in
TRV2-PapsPDS-treated poppy plants is due to silencing of
PapsPDS, we assessed the relative abundance of PapsPDS
mRNA using semi-quantitative RT-PCR in plants exhibiting a
photobleached phenotype compared with untreated poppy
plants. We found that photobleached plants exhibited a
mean reduction of 3.2- to 7.5-fold in PapsPDS mRNA levels
compared with untreated plants (Figure 3). In addition,
the expression data suggest that when TRV vectors are
introduced into poppy with EHA105, stronger PapsPDS
suppression results (5.3- to 7.5-fold reduction on average for
infiltration with EHA105 compared with 3.2- to 4.4-fold
reduction on average for infiltration with GV3101).

To confirm that the observed photobleached phenotype is
correlated with the presence of TRV vectors, we showed by
RT-PCR that both TRV1 and TRV2-PapsPDS RNA was present
in leaves from 100% of sampled plants exhibiting a photo-
bleached phenotype (Table 2). On the other hand, TRV1
RNA was present in 3.1% of treated plants that do not
show a photobleached phenotype, but both TRV1 and

Table 2 Detection of viral RNAs by RT-PCR in treated poppy plants

TRV2-PapsPDS RNA were never detected in these plants
(Table 2). The presence of both TRV1 and TRV2-E RNA was
detected in 13.5% of sampled mock-treated poppy plants.
None of these plants exhibited a photobleached phenotype,
confirming that the TRV2-PapsPDS vector is responsible for
PapsPDS silencing and the photobleached phenotype in
VIGS-treated poppy plants.

Discussion

TRV-VIGS is effective in P. somniferum

We have shown that TRV-VIGS is a rapid and efficient
method for assessing gene function in P. somniferum. We
investigated several strategies for introducing TRV vectors
via Agrobacterium-mediated transfer into host plant cells.
Vacuum infiltration of Agrobacterium was far more effective
than other strategies tested, with different Agrobacterium
strains showing similar gene silencing results, although
EHA105 may be slightly more effective in reducing endog-
enous mRNA levels (Figure 3). The levels of silencing that
we observed are in line with those found in other studies,
although it is clear that levels of silencing depend on a host
of environmental variables, including temperature, growth
conditions and stage of inoculation (Robertson, 2004). Infil-
tration of poppy at earlier stages gave higher percentages of

Infiltrated with TRV1 and Infiltrated with TRV1 and Infiltrated with TRV1 and
TRV2-PapsPDS; TRV2-PapsPDS; TRV2-E; non-photobleached,
photobleached, n = 96 non-photobleached, n = 96 n =96

TRV1 and TRV2 100% 0 13.5%

TRV1 only 0 3.1% 5.2%
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silencing (Table 1) and silencing could be observed
throughout plant development, including in developing
flowers and fruits (Figure 2). These observations indicate
that gene products involved in a variety of developmental
and biosynthetic processes in poppy should be amenable to
functional dissection using TRV-VIGS. Furthermore, TRV-
VIGS has been shown to be effective in silencing genes in
meristematic regions (Liu et al., 2004a; Ratcliff et al., 2001),
opening up the possibility of studying gene function at early
stages of development.

Opium poppy is the main source of the analgesic alkaloids
morphine and codeine (Kapoor, 1995). The biosynthetic
pathways controlling the production of these alkaloids is
largely understood (Allen et al., 2004), but the chemical
nature of these alkaloids makes it economically unfeasible to
synthesize these compounds in the laboratory (Memelink,
2004). As such, purification from poppy latex remains the
most efficient way to isolate these compounds. Modifica-
tions of the opiate biosynthetic pathways, and the properties
of the resulting opiates, have thus relied on conventional
plant breeding, forward mutagenesis procedures as well as
stable Agrobacterium-mediated transformation technol-
ogies (Allen et al, 2004; Kapoor, 1995; Millgate et al.,
2004). However, such approaches are in their infancy and
are hampered by their relative inefficiency. Taking a TRV-
VIGS approach to the study of opiate biosynthesis has the
potential to facilitate pharmaceutical research without rely-
ing entirely on the laborious process of genetic transforma-
tion in poppy.

TRV-VIGS as a tool for functional analysis in a wide array of
species

Most studies of TRV-VIGS have focused on the Solanaceae
(reviewed in Burch-Smith et al., 2004) and little work has
been carried out to date to assess the potential of this
method in diverse angiosperm species. EST databases and
genomic sequencing efforts are currently ongoing for a
variety of angiosperm species (see http://www.ncbi.nIm.
nih.gov/genomes/PLANTS/PlantList.html), yet functional
approaches to assess the endogenous roles of these newly
identified genes lag far behind. By demonstrating the
potential for functional dissection in P. somniferum, a
species that has diverged from model systems such as
Arabidopsis and tomato by at least 100 million years, we
have provided a proof of concept that such strategies can be
utilized in distantly related angiosperm species.

TRV-VIGS will most likely be effective in silencing endog-
enous genes in species that have previously been shown to
act as host to TRV. Species that have been shown to be hosts
include a variety of core eudicots and monocots (http:/
www.ncbi.nlm.nih.gov/ICTVdb/ICTVdB/index.htm; APG,
1998). In the core eudicots, host species are found in seven,
eight and four families of the rosid, asterid and caryophyllid
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lineages, respectively. This accounts for the major diversity
of core eudicot species. In the monocots, host species are
found in five families representing much of monocot
diversity. Host susceptibility has not been reported in other
major angiosperm groups such as the basal eudicots (which
include poppy), the paleoherbs or the basal angiosperms.
The fact that we show TRV-VIGS is effective at silencing
endogenous genes in poppy suggests that TRV-VIGS will be
even more broadly applicable than expected from previ-
ously determined host susceptibility data.

We have also shown that vacuum infiltration of TRV
vectors, a method rarely used in solanaceous species
(Ekengren et al., 2003), induced gene silencing in poppy
where standard methods of delivery including injection,
misting or agro-drench (Dinesh-Kumar et al., 2003; Ryu
et al., 2004) failed. Many species may have various anatom-
ies or physiologies that make them resistant to standard
methods for TRV-VIGS, such as poppy with copious latex,
plants with highly lignified leaves or plants in which
silencing needs to be induced at later stages of develop-
ment. Adding vacuum infiltration as a standard approach to
applying TRV-VIGS to a new species expands the available
tools for VIGS across angiosperms and increases the
potential for high-throughput studies in non-model species.

Experimental procedures

Identification of PapsPDS from P. somniferum

RNA was isolated from P. somniferum var. nigrum (Sand Mountain
Herbs, Fyffe, AL, USA) leaf tissue using Trizol (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. Comple-
mentary DNA was generated using Superscript Il reverse tran-
scriptase (Invitrogen) according to manufacturer’s instructions. A
436 bp fragment of PapsPDS, corresponding to base pairs 778-1214
of the Arabidopsis thaliana PDS coding sequence, was amplified
from cDNA using primers corresponding to conserved regions of
PDS; PsPDSF (Figure 1; 5-GAGGTGTTCATCGCAATGTCAAAGGC-
3’) and PsPDSR (Figure 1; 5-GTGTTGTTGAGCTTTCGGTCAAAC-
CATATATG-3'). Conserved regions for primer design were
determined using a nucleotide alignment that included PDS from
A. thaliana (NM117498), Lycopersicon esculentum (M88683), Cap-
sicum annuum (X68058), Solanum tuberosum (AY484445), Pisum
sativum (AJ21573), Glycine max (M64704), Gentiana lutea
(AB028665), Citrus sinensis (AJ319761) and Zea mays (U37285). The
436 bp PapsPDS PCR fragment was cloned into TOPO TA 2.1 (Invi-
trogen), and subcloned into TRV2 (Figure 1; Liu et al., 2002c) using
EcoRl. A sequence-confirmed TRV2-PapsPDS construct, with the
436 bp fragment in the sense orientation (Figure 1), was used for
subsequent VIGS experiments.

The C-terminal end of the PapsPDS gene was amplified using
PsPDSF2 (Figure 1; 5-TGGTAATCCTCCCGAGAG-3') and an oligo-
dinucleotide (oligo-dT) reverse primer. PCR products were cloned
into the TOPO-TA 2.1 vector and sequenced. Based on the
C-terminal sequence of PapsPDS, a reverse primer, PsPDSR3
(Figure 1; 5-GCAGCAAGCATCTCACAATC-3) was designed for
expression analysis. The poppy PapsPDS sequence has been
deposited in GenBank (accession no. DQ116056).



340 Lena C. Hileman et al.

Germination of P. somniferum

Poppy seeds were treated with 70% ethanol (EtOH) for 1 min, fol-
lowed by sterilization in three 10 min changes of 50% bleach and
rinsed three times in distilled water. Seeds were vernalized on
vermiculite in the dark at 4°C for 10 days before being transferred to
growth chambers for germination (21°C; 16 h light/8 h dark). The
seeds germinated 3-4 days after transfer to growth chambers.

Preparation of Agrobacterium

Agrobacterium for VIGS was prepared according to a modified
protocol (Dinesh-Kumar et al., 2003). Two strains of Agrobacterium
tumefasciens (GV3101 and EHA105) were used to introduce TRV-
based VIGS vectors into poppy plants. Electrocompetent Agrobac-
terium was transformed with TRV1, TRV2-PapsPDS or an empty
TRV2 vector (TRV2-E). Single colonies were used to inoculate
3 ml Luria Broth (LB) overnight cultures. These cultures were PCR
screened for the presence of the appropriate construct using prim-
ers pYL156F (5-GGTCAAGGTACGTAGTAGAG-3') and pYL156R
(5"-CGAGAATGTCAATCTCGTAGG-3') for Agrobacterium trans-
formed with TRV2, and primers OYL195 (5-CTTGAAGAAGAA-
GACTTTCGAAGTCTC-3') and OYL198 (5'-GTAAAATCATTGATAAC-
AACACAGACAAAC-3') for Agrobacterium transformed with TRV1,
and further used to inoculate 1| LB (containing 10 mm MES (2-[N-
morpholino]ethanesulfonic acid) and 20 um acetosyringone).
Agrobacterium from 1 | overnight cultures were pelleted at 3000 g
and resuspended in inoculation solution (10 mm MES, 200 pm ace-
tosyringone, 10 mm MgCl,) to an absorbance at 260 nm (Abs,g) of
1.5. Agrobacterium resuspended in inoculation solution was incu-
bated at room temperature overnight before being used in poppy
vacuum infiltration.

Vacuum infiltration of Agrobacterium carrying TRV1 and
TRV2 constructs into P. somniferum

Poppy plants were infiltrated at three different stages of seedling
development: early stage, three to five leaves; mid stage, six to eight
leaves; later stage, eight to 11 leaves. At each of these stages,
seedlings were infiltrated with a 1:1 mixture of Agrobacterium car-
rying TRV1 and TRV2-PapsPDS. As a mock treatment, poppy plants
at early, mid and late stages were infiltrated with a 1:1 mixture of
Agrobacterium carrying TRV1 and TRV2-E.

Seedlings at early, mid and late stages were removed from the
vermiculite, vermiculite was rinsed from the roots in distilled water,
and rinsed seedlings were kept on wet paper towels before
infiltration. Approximately 20 seedlings were infiltrated at a time.
Agrobacterium (resuspended in infiltration solution) carrying TRV1
and Agrobacterium carrying TRV2-PapsPDS or TRV2-E, were mixed
in a 1:1 ratio and Silwet was added to a final concentration of 0.05%.
Seedlings were submerged into the 1:1 mixture of Agrobacteri-
um + Silwet and vacuum infiltrated for 1 min. Following vacuum
infiltration, seedlings were rinsed briefly in infiltration solution and
moved to wet paper towels before replanting. Infiltrated seedlings
were planted in a 1:1 mixture of vermiculite and soil (Super Fine
Germinating Mix; Fafard Co., Agawam, MA, USA).

Analysis of PapsPDS, TRV1 and TRV2 expression

Two to 5 weeks following observed leaf photobleaching, early
emerging leaves were collected from 96 poppy plants infiltrated with
TRV1 and TRV2-PapsPDS exhibiting a photobleached phenotype,
and from 96 plants infiltrated with TRV1 and TRV2-PapsPDS but not

exhibiting a photobleached phenotype. In additions, early emerging
leaves were collected from 96 mock-treated poppy plants. RNA was
extracted from these tissues using Trizol and cDNA was generated
using Superscript lll. The presence of TRV1 (primers OYL195,
0YL198) and TRV2 (primers PYL156F, PYL156R) RNA in VIGS-treated
and mock-treated plants was determined by RT-PCR. The relative
mRNA levels of PapsPDS (primers PsPDSF2, PsPDSR3; Figure 1),
and ACTIN (Prasad et al., 2001) were determined in wild-type and
VIGS-treated poppy plants using semiquantitative RT-PCR. Expres-
sion levels of PapsPDS relative to ACTIN were determined for eight to
18 VIGS-treated individuals showing a photobleached phenotype for
each of the six experimental conditions (early, mid and older plants
infiltrated with Agrobacterium GV3101 or EHA105). Relative Paps-
PDS expression in photobleached leaves was compared with relative
PapsPDS expression in leaves from three untreated poppy plants.
Semiquantitative RT-PCR was replicated 14 times for each of the
three untreated leaf samples. The linear range of amplification for
both PapsPDS and ACTIN in untreated poppy was determined to be
between 24 and 34 cycles, and 26 cycles of PCR were used for all
semiquantitative RT-PCR reactions. Semiquantitative RT-PCR gel
images were scanned as jpeg documents and relative RT-PCR band
intensities were analyzed using the public domain NIH Image pro-
gram (developed atthe US National Institutes of Health and available
on the Internet at http://rsb.info.nih.gov/nih-image/).
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