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Biolistic inoculation of plants with viroid nucleic acids
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Abstract

Parameters for biolistic transfer of viroid nucleic acids using a Helios Gene Gun device were assayed. The main achievement of this
method is high efficiency of inoculation with linear monomeric viroid cDNAs and RNAs. This greatly facilitates the study of mutated
sequence variants, viroid libraries and mixed populations. The lower limits for efficient inoculation of monomeric cDNA fragments with
the sequence of potato spindle tuber viroid (PSTVd) and native PSTVd RNA as detected 21 days p.i. are in the range of 50 ng and 200 pg
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er tomato plant, respectively. At a higher dose, i.e. 2 ng of native RNA per plant, biolistic transfer causes drastic stunting co
onventional mechanical inoculation, which points to higher PSTVd titers after the biolistic transfer. Infection is readily achieved w
ength monomeric RNA transcripts having 5′-triphosphate and 3′-OH termini in amounts ranging from 2 to 20 ng per plant, suggestin
eed for any supplementary modifications of ends or RNA circularization. The biolistic transfer is efficient for viroid “thermomutants
xhibit low or no infectivity with conventional mechanical inoculation with Carborundum. The biolistic inoculation is also efficient
ther members of thePospiviroidaefamily, hop stunt and hop latent viroid.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Biolistic transfer of nucleic acids was originally developed
n the late 1980s using large onion (Allium cepaL.) cells as a
arget for delivery of a chloramphenicol acetyl phosphotrans-
erase (CAT) expression construct, as well as RNA of tobacco
osaic virus (TMV) coated onto tungsten microprojectiles

Klein et al., 1987). Nowadays, biolistic particle bombard-
ent of plant cells (for review, seeMäenp̈aä et al., 1999) is
ecoming a powerful alternative toAgrobacterium-mediated
lant transformation (for a recent review, seeGelvin, 2003)
nd agroinfection described originally byGrimsley et al.
1986).

In plant virology, the biolistic method has been used for
noculation of various viral genomes either in the form of

∗ Corresponding author. Tel.: +42 38 777 5529; fax: +42 38 41475.
E-mail address:jmat@genom.umbr.cas.cz (J. Matoušek).

RNA or cDNA (Klein et al., 1987; Gilbertson et al., 199
Galon et al., 1995; Fakhfakh et al., 1996; Hämäläinen et al.
2000; Kekarainen et al., 2002; Merits et al., 2002). The He-
lios Gene Gun (Bio-Rad), a hand-held particle bombardm
device, is used quite commonly in various animal and hu
systems for vaccination, gene therapy and transfection,
especially useful to inoculate intact plants (Hämäläinen et al.
2000). Therefore, it has a wide application in plant virolo
No information, however, is available about the applica
of this technique for inoculation with viroid genomes.

Viroids are the smallest known plant pathogens
review, seeHadidi et al., 2003), consisting solely of
circular, non-coding RNA ranging from 246 to 463
Their replication follows a rolling-circle replication mec
anism. Viroids are transmissible by mechanical injury
host cells. To date, as many as 27 different viroid spe
have been classified and listed in biological datab
(Pelchat et al., 2003). Most viroid RNAs form rod-like sec
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ondary structures, which denature in a highly co-operative
mode at high temperatures (Riesner et al., 1979), and are
highly resistant to certain plant nucleases, as found for
potato spindle tuber viroid (PSTVd) (Matoǔsek et al., 1988,
1995).

Viroid cDNA has also been described to be infectious.
For instance,Tabler and S̈anger (1984)showed that cloned
single- and double-stranded DNA copies of PSTVd as well
as co-inoculated subgenomic DNA fragments are infectious.
The infectivity of cDNA of other viroid species like hop stunt
viroid (HSVd) (Meshi et al., 1984) or citrus exocortis viroid
(CEVd) (Visvader et al., 1985) has been studied. Linear vi-
roid molecules prepared by in vitro transcription were also
shown to be infectious (Tabler and S̈anger, 1985; Rigden and
Rezaian, 1992; Rakowski and Symons, 1994). Not all cDNA
or RNA forms, however, are equally efficient for inoculation.
In general, dimeric and oligomeric molecules are highly in-
fectious, whereas monomeric linear molecules are much less
infectious. This difference has been explained by the require-
ment for duplication of sequences necessary for processing to
circles. These processing sites involve either a sequence du-
plication of the central conserved region (CCR) (Hammond
et al., 1989; Candresse et al., 1990) where a well-defined pro-
cessing structure is formed (Baumstark et al., 1997; Schrader
et al., 2003), or of alternative sites (Hammond et al., 1989),
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2. Materials and methods

2.1. Plant and tissue culture cultivation conditions

Lycopersicon esculentumcv. Rutgers plants were main-
tained in clima boxes at a temperature of 25± 3◦C. Plants
were grown under natural light with supplementary illumi-
nation (90�mol m−2 s−1 PAR) to keep a 16-h day period.
Healthy hop mericlones of Osvald’s clone 72 were trans-
ferred to soil and maintained under clima box conditions for
approximately 3 weeks before inoculation. In vitro-grown
potato plants cv. Kaḿyk were supplied with light (16 h) of in-
tensity 35 mmol m−2 s−1 PAR. Day/night temperatures were
25/18◦C. Hairy root lines of potato were established after in-
jection of a suspension ofA. tumefaciensA4–24 strain bear-
ing Ri plasmid (Cardarelli et al., 1987). Hairy roots, which
developed usually within 2 weeks, were excised and grown
further on MS medium (Murashige and Skoog, 1962) with
200 mg/l Timentin.

2.2. RNA extractions, cDNA preparation, and in vitro
transcription

For inoculation, an RNA fraction was prepared by
fractionation of 2 M LiCl-soluble nucleic acids with 12–20%
P
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Rakowski and Symons, 1994). Due to low or no infectiv
ty of monomeric viroid cDNAs or monomeric RNA tra
cripts, usually dimeric or partly duplicated constructs
repared to study infectivity of specific clones or to
lyze viroid infections in so-called non-host plant spe
Gardner et al., 1986; Salazar et al., 1988). This approach i
articularly laborious in infectivity studies of viroid pop

ations, of quasispecies, or of the numerous sequence
nts known for various viroids (e.g.Visvader and Symon
985; Rigden and Rezaian, 1993; Góra-Sochacka et al., 200
ofalvi et al., 1997; Ambros et al., 1999; Matoušek et al.
001).

The small size of the viroid genome, and infectivity of
DNA and transcript RNA are favorable properties to ap
he biolistic method for effective inoculation. In the pres
ork, we assayed parameters for biolistic transfer of vi
ucleic acids using a Helios Gene Gun device and we sh

hat the biolistic method allows for efficient inoculation w
onomeric linear viroid constructs derived from the w

ype, with individual heat-induced sequence variants, w
e characterized previously (Matoǔsek et al., 2004), as wel
s with a mixture of clones forming a secondary populatio
iroid “thermomutants”. In addition, biolistic transfer of n
ive RNA greatly increased the pathogenic effect of PS
n tomato. The procedure described here was applied

o two other members of thePospiviroidaegroup, hop la
ent and hop stunt viroid. Thus, the use of biolistic tran
f monomeric cDNA as well as of RNA greatly simplifi
r even facilitates the molecular genetic analysis of vi
pecies.
EG 6000 as described earlier (Matoǔsek and Ďedǐc, 1988).
n the PEG precipitated fractions PSTVd amount was us
n the range 0.5–2%. The level of viroid was estima
n these samples using electrophoretic and hybridiz

ethods with HPLC-purified PSTVd as standard.
everse transcription-polymerase chain reaction (RT-P
otal RNA was isolated from 100 mg of leaf tissue using
lant RNA purification reagent CONCERTTM (Invitrogen)
nd additionally purified by the RNA cleaning proto
sing the RNeasy Plant Total RNA kit (Qiagen).

cDNA fragments from cloned wild-type and thermom
ant sequences were amplified using Pwo polymerase (A
andte Gentechnologie Systeme GmbH, Germany).
STVd amplifications, two primer pairs were used (Fig. 1).
rimers covering the BamHI restriction site were design
STVdb I (5′-aG92GATCCCTGAAGCGCTCCTCCG71-3′)
nd II (5′-aG87GATCCCCGGGGAAACCTGGAG108-3′),
nd primers covering theStyI restriction site were designat
STVds I (5′-aC337CAAGGGCTAAACACCCTCGC357-
′) and II (5′-aC343CTTGGAACCGCAGTTGGTTC323-
′). For HLVd cDNA amplification, we used prime
overing the PstI restriction site (HLVdp I, 5′-aC233
GCAGGTAAAGCTCGGC216-3′, HLVdp II, 5′-aC228
GCAGAAGTTCACATAAAAAG 249-3′). For HSVd am-
lification, we used primers covering the EcoR1 restriction
ite (HSVde I,5′-aA12GAATTCCCCAGAGGGGCTCA-3′
SVde II, 5′-aG5GAATTCTCGAGTTGCCGC-3′) (Fig. 1).
he non-specific adenine in each primer (indicated b
mall letter “a”) was designed to facilitate cleavage
DNA fragments; restriction sites encoded in the primer
nderlined. For in vitro transcription from double-stran

PC
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Fig. 1. Schematic drawing of primer systems used for viroid amplification and detection. Primers are localized on the left half part of viroid’s rod-like structure.
(A) Primer pairs for potato spindle tuber viroid (PSTVd). The primer pair designated PSTVdb I and II covers theBamHI restriction site localized in the upper
central part of the secondary structure. Primers PSTVds I and II cover theStyI restriction site localized in the lower part of the left half of the secondary structure.
These primers are used for preparation of infectious cDNA fragments. Primers PSTVd326T7 with a T7 box and PSTVd325E are primers used for transcription
of exact PSTVd monomers. (B) Primers designed for preparation of infectious cDNA of hop stunt viroid (HSVd). The primers are localized in the terminalpart
of rod-like structure and cover the uniqueEcoR1 restriction site. (C) Primers for preparation of infectious cDNA of hop latent viroid (HLVd). Primer binding
sites are localized in the lower part of the viroid’s structure and cover a uniquePstI restriction site. Primers are represented by arrows, positions are designated
by numbers; a, position of non-specific nucleotide; UCCR, upper part of the central conserved region.

PSTVd fragments having an attached T7 promoter sequence
we used primers (Fig. 1) PSTVd326T7 (5′-TAATACGACTC-
ACTATAGGGTGTTTAGCCCTTGGAACCGCAGTTGG-
3′, the attached T7 promoter part is underlined) and
PSTVD325E (5′-TCGCCCCGAAGCAAGTAAGATAG-3′).
The T7 primer was HPLC purified.

We used the following amplification conditions: 94◦C,
120 s; 35× (94◦C, 30 s; 58◦C, 30 s, 72◦C, 60 s); 72◦C,
10 min. PCR products were phenolized, precipitated with
3 (v/v) ethanol, dissolved in water, and cleaved with the
corresponding restriction endonuclease over night. Then the
fragments were phenolized and purified by the Qiagen Gel
Extraction Kit (Qiagen). Unless stated otherwise, purified
fragments were used for microprojectile coating.

RT-PCR reactions were performed using the Titan One
Tube RT-PCR system including a high-fidelityPwo poly-
merase (Roche Molecular Biochemicals) using primers de-
scribed above. Reactions were carried out in 50�l reaction
volume as recommended by the manufacturer, i.e., reverse
transcription was run for 30 min at 52◦C, and after 2 min de-

naturation at 94◦C, the polymerase chain reaction was started
with cycles of 30 s at 94◦C, 30 s at 58◦C and 60 s at 68◦C.
Unless stated otherwise, RT-PCR was carried out for 38 cy-
cles.

RNA transcription was run from DNA templates purified
with Qiagen Gel Extraction kit (Qiagen) using a Ribo-
Max protocol (Promega). After transcription, RNA was
extracted once with phenol:chloroform, precipitated with
ethanol and dissolved in DNAse I buffer. After DNAse
I cleavage, the sample was phenolized, precipitated with
ethanol, dissolved in water and RNA was purified using
the RNA clean up protocol from Qiagen. A one-tenth of
10× concentrated sodium-cacodylate hybridization buffer
(10 mM sodium-cacodylate buffer (pH 6.8) containing 1 M
NaCl and 10 mM EDTA) was then added to the sample.
RNA samples were heated to 95◦C in a heat block and
cooled slowly in an insulation box to 40◦C in 2 h to pre-form
the thermodynamically more stable rod-like conformation,
and finally precipitated with ethanol. Before adsorption, the
sample was dissolved in 1 mM sodium-cacodylate buffer pH
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6.8 without salt. In some cases, RNA samples were adjusted
with purified tRNA to make an equal concentration of 0.4�g
RNA per mg of microcarrier for coating.

2.3. Helios Gene Gun conditions for particle
bombardment, preparation of viroid inocula, and
inoculation methods

In this study, the Helios Gene Gun System from Bio-
Rad (USA) was used. The following parameters, recom-
mended by the manufacturer and established for plant tissue
by Hämäläinen et al. (2000), were used: the concentration of
polyvinyl pyrrolidone (PVP) was 0.05 mg/ml 99.8% ethanol
(Merck); gold microcarrier per shot, that is the so-called mi-
crocarrier loading quantity (MLQ), was kept at 0.5 mg per
shot, i.e. 25 mg of gold per standard length of gold tubing;
a 0-cm distance between the leaf and the gene gun spacer
was used for intact plants and approximately 2 cm distance
for tissue cultures. Other essential parameters varied; f.e., the
amount of DNA (DNA loading ratio, DLR) or RNA per mg
of microcarrier varied from 0.05 to 2.0�g/mg. This ratio may
not correspond to the amount of loaded viroid-specific DNA
or RNA, depending on the types of inocula: in case of plas-
mid inoculation, amounts of viroid-specific cDNA or RNA
per shot were re-calculated to correspond to the viroid cDNA
c vi-
r zes
o
a e-
l the
e

as
p ned
d red
b s to
f ow-
i rier
w soni-
c 0
o d by
a e
D hree
t n in
e coat-
i by
t

the
p e
g sed
f
B
R late
b
s
s s to
p three

times with 1 ml of absolute ethanol (Merck), followed by
transfer to 3 ml of absolute ethanol/PVP solution. This sus-
pension was used immediately for coating. The tubing was
rotated in the tubing prep station support cylinder while dry-
ing to ensure uniform coating over the inner surface of the
Goldcoat tubing.

Attached plant leaves were inoculated while supported
with thick cardboard paper. Tissue cultures were bombarded
under aseptical conditions after removal from medium and
placing in sterile Petri dishes. After inoculation, plants were
transferred immediately into polyethylene bags to prevent
drying of the shot-wound leaf area. Treated plants were con-
ditioned further by shading them for 24 h, and afterwards
by cultivation in holed bags for the next 2 days in the clima
boxes under standard conditions as described above. Because
the DNA and RNA coated onto microprojectiles appear to be
rather stable, laboratory surfaces and equipment used were
treated with diluted bleach and the laboratory was irradiated
overnight by 260 nm UV light to prevent possible PCR cross-
contaminations.

For preparation of conventional DNA or RNA inocula, nu-
cleic acids were dissolved in 0.04 M sodium phosphate buffer
(pH 7.6), containing 2 mg/ml RNA extract from healthy
plants (Matoǔsek et al., 1994). For mechanical inoculation,
we used 20�l inoculum per leaf and Carborundum as abra-
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oid in the RNA extract. In initial experiments, three si
f microprojectiles (0.6, 1.0, and 1.6�m) were applied; in
ll subsequent experiments 1.0�m particles were used. H

ium pressure varied from 50 to 150 psi, depending on
xperiment.

For biolistic inoculations, either viroid cDNA or RNA w
repared as described above. All cDNA constructs—clo
imeric or monomeric cDNAs, or DNA fragments prepa
y high-fidelity PCR and treated with restriction enzyme

orm sticky ends—were coated onto gold particles foll
ng the manufacturer’s protocol. Briefly, gold microcar
as re-suspended in 0.025 M spermidine and shortly
ated. Fifty microliters of DNA sample was added to 10�l
f gold suspension, vortexed, and the DNA co-precipitate
dding dropwise 100�l of 1 M CaCl2 while shaking. Then th
NA-coated gold was shortly centrifuged and washed t

imes with 1 ml of absolute ethanol before re-suspensio
thanol/PVP. This suspension was immediately used for

ng of the tubing following the procedure recommended
he manufacturer.

For coating with viroid RNA samples, we modified
rocedure described byQiu et al. (1996)developed for gen
un delivery of mRNA, based on the original procedure u

or coating tungsten microprojectiles (Klein et al., 1987).
riefly, 25 mg pre-sonicated microcarrier (1�m) and 12.5�g
NA were mixed in DEPC-treated 1 mM sodium-cacody
uffer (pH 6.8) to make a total volume of 100�l. To this
uspension was slowly added 37.5�l of 0.25 M CaCl2, the
ample incubated on ice for 5 min and centrifuged for 30
revent aggregation of particles. The sediment washed
ive. Unless stated otherwise, 8 or 10 plants were use
nfectivity tests.

.4. Viroid detection and electrophoretic analyses

RT-PCR detection of hop viroids was performed us
he Titan One Tube RT-PCR (Roche) under conditions
cribed above, using primers HLVdp I and II or HSVde I
I. Dot-blot hybridizations were performed as described
atoǔsek et al. (1994)using full-length PSTVd, HSVd o
LVd 32P[dCTP]-labeled probes. The lower detection li
f this method is about 0.03 pg/mg of fresh mass (Matoǔsek
t al., 1994).

Temperature gradient gel-electrophoresis (TGGE)
erformed in 6% polyacrylamide gels containing 7 M u
Riesner et al., 1989). Heteroduplexes were prepared by
ridization of cDNA samples. Hybridization procedure
ell as analysis of DNA in gels was described previou

Matoǔsek et al., 2001). Gels were stained for nucleic ac
ith AgNO3 as described bySchumacher et al. (1986). For
nalysis of RT-PCR products, 2% agarose gel was use
DNA stained with ethidium bromide. For RNA analysis,
leic acids were separated under native conditions in
etaphor agarose using DEPC-treated buffers and after

tained with ethidium bromide.

.5. Other methods

PSTVd strain intermediate (DI) (Owens et al., 1986) was
sed as wild type. Its cDNA was re-cloned as aBamHI frag-
ent from plasmid pRH701 (Hecker et al., 1988) to pBlue-
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Table 1
Effect of helium pressure and microcarrier size on the rate of infection with a dimeric PSTVd construct

Amount of total DNA
per shota (�g)

Amount of viroid
cDNA per shotb (ng)

Microcarrier size (�m) Number of plants infected/inoculatedc

Helium pressure (psi)

50 80 100 130 150

Tomato leaves
0.25 50 0.6 0/7 0/8 1/8 3/8 3/8
0.25 50 1.0 0/8 2/8 4/8 8/8 7/8
0.25 50 1.6 1/8 2/8 6/8 8/8 7/8

Hairy roots
1.0 200 1.0 – – – 0/8 1/8
1.0 200 1.6 – – – 9/12 6/8
a DNA loading ratio (DLR) representing the amount of DNA per mg of microcarrier was 0.5 and 2.0�g/mg for leaf and hairy roots tissues, respectively.
b Plants were shot at the stage of two true leaves; one shot per apical leaf or per hairy roots clump was applied.
c Detection was performed in upper non-inoculated leaves or in passaged “hairy roots” tissue 21 days p.i. using dot-blot hybridization; –, not performed;

p.i., post-inoculation.

script vector to form the infectiousBamHI dimer. The “lethal”
PSTVd KF440-1 (Schn̈olzer et al., 1985) was used for inoc-
ulation and analysis of symptoms. Clones from our thermo-
mutant library were described previously in detail (Matoǔsek
et al., 2004). The HLVd sample used for inoculation cor-
responded to GenBank sequence ACX07397 (Puchta et al.,
1988) and HSVd variant to ACE01844.

Levels of hybridization signals were assayed by the
STORM device and ImageQuaNT software (Molecular Dy-
namics).

3. Results

3.1. Optimized procedure for inoculation of attached
intact leaves and hairy roots with viroid using the Helios
Gene Gun system

For viroid inoculation mediated by the Helios Gene Gun
System, the manufacturer’s recommendations and data ob-
tained during optimization of potato virus A (PVA) inocula-
tion of potato (Hämäläinen et al., 2000) were followed. Based
on these data, two basic parameters were selected as constant:
the amount of gold microcarrier was kept at 0.5 mg per shot
and the concentration of polyvinyl pyrrolidone (PVP) adhe-
s n
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even at higher pressure. The most efficient inoculations were
achieved at particle sizes of 1.0 and 1.6�m and pressures in
the range 130–150 psi. Bombardment with 1.6�m particles
tends to rip leaves to a higher extent than with 1�m particles.
Covering plants with polyethylene bags to prevent drying up
the shot-wounded area significantly reduced consequences of
this damage. To avoid tissue damage, we selected 1.0�m par-
ticles as optimal for inoculation of intact plants in all further
experiments. For potato “hairy roots” in vitro culture inocu-
lation was unsuccessful with 1�m particles, even at maximal
DNA loading ratio (DLR), which is recommended for DNA
coating using the Helios Gene Gun System. This inoculation
was, however, efficient at a higher pressure with particles of
1.6�m reaching about 75% infected material (Table 1).

Next we tested if monomeric cDNA constructs, known
for their low infectivity (Tabler and S̈anger, 1984), could be
efficiently inoculated by particle bombardment. Full-length
BamHI and StyI fragments, prepared using primers posi-
tioned as shown inFig. 1A, were compared with respective
monomeric clones and an infectiousBamHI dimeric con-
struct (Table 2). Inoculations were performed at 80, 100, and
150 psi and various DNA loading ratios. A low pressure of
80 psi was not efficient for inducing disease neither from
plasmid nor from fragment DNA constructs. Interestingly,
at higher pressure similar infectivity results were obtained
f the
d ven
a ag-
m h
i ric
c ed to
b was
d er a
m ost
o ults
n eric
c thod,
b eric
f

ive used for coating the Goldcoat tubing (see Sectio2).
he gene gun spacer was in direct contact when a lea

noculated or kept at a distance of 2 cm for shooting of tis
ulture.

In first experiments, an infectious dimeric PSTVd c
truct cloned into theBamHI site of pBluescript SK(+) vec
or was coated onto 0.6, 1.0, and 1.6�m microprojectiles an
ntroduced to tomato leaves at different pressures (Table 1).
rom these well reproducible results, we roughly estim

he minimum amount of this construct required for infectiv
o be in the range of tenths of ng per shot. At pressures h
han 150 psi, tomato leaves were significantly damaged
herefore, this pressure was considered as the upper lim
ection with small-sized particles (0.6�m) was unsuccessf
or the monomeric fragments having sticky ends as for
imeric construct at the same amount of delivered DNA. E
100% infection was obtained for both monomeric fr
ents at 200 ng DNA per plant (Table 2), suggesting a hig

nfectivity of cDNA monomers. Delivery of both monome
onstructs at maximal DLR and 220 ng per plant seem
e unsuccessful, but surprisingly a 40–80% infection
etected at higher psi by the dot-blot hybridization aft
ore prolonged 45-day period of cultivation. However, m
f the resulting dot-blot signals were rather weak (res
ot shown). This suggests that inoculation with monom
loned constructs can be achieved by the biolistic me
ut there is a significant delay in comparison to monom
ragments or the dimeric variant.
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Table 2
Infectivity of various PSTVd constructs after biolistic inoculation

PSTVd cDNA construct Total DNA per
plant (�g)

Amount of viroid
cDNA per planta (ng)

Number of plants infectedb from eight plants inoculated

21 days p.i. at helium
pressure (psi)

45 days p.i. at helium
pressure (psi)

80 100 150 80 100 150

BamHI dimer in pBluescript SK(+)c

linearized withEcoRV
0.25 50 2 7 8 – – –

BamHI monomeric cDNA fragment,
BamHI-treated

0.05 50 0 4 6 – – –

0.2 200 1 8 8 – – –
StyI monomeric cDNA fragment,

StyI-treated
0.05 50 0 7 6 – – –

0.2 200 2 8 8 – – –
BamHI monomer in pCR-Script

SK(+) linearized withEcoRV
2.0 220 0 1 0 0 3 7

StyI monomer in pCR-Script SK(+)
linearized withEcoRV

2.0 220 0 2 0 0 6 5

a Various DNA loading ratios and 1�m microcarrier particles were used.
b Eight plants were shot on the stage of two true leaves twice, once in the cotyledon leaf and once in the apical true leaf; detection was performed in upper

non-inoculated leaves by dot-blot hybridization; –, not performed; p.i., post-inoculation.
c A mechanical inoculation of dimeric construct yielded 21 days p.i. no infected plant at 250 ng/plant and two infected out of eight inoculated plants at

1�g/plant, these amounts represent 50 and 200 ng of specific PSTVd cDNA per plant.

3.2. Application of the optimized procedure to
monomeric DNA of PSTVd variants and thermomutants

Based on the high inoculation efficiency of monomeric
fragments, we tested the infectivity of various mutant clones
which form part of a mutant PSTVd library obtained from
infected thermotreated plants (Matoǔsek et al., 2004). Most
of these “thermomutants” possess more than one mutation
(Table 3), which in most cases cause a destabilization of
the viroid’s secondary structure (Fig. 2). According to our
preliminary experiments withN. benthamianaplants, inoc-
ulation of the mutants as monomericBamHI fragments us-
ing Carborundum resulted in low or no infections (data not
shown). Thus, we analyzed the possibility to induce infection
by inoculation of these mutants into tomato by the biolistic
Helios Gene Gun method. Two hundred nanograms of viroid
cDNA was inoculated at 130 psi to tomato leaves and the in-
fection was assessed by dot-blot hybridization 21 and 45 days
p.i. For comparison, 4�g ofBamHI-treated cDNA fragments
was inoculated into plants using the conventional Carborun-
dum method. As shown inTable 3, at this concentration the
mechanical inoculation of the wild type was quite efficient,
reaching 75% of infection 21 days p.i., while none of the
“thermomutant” clones produced any detectable hybridiza-
tion signal. After a more prolonged period, however, infec-
t T98,
s . In
c g of
i ber
o . in-
f
t ical
i

In parallel, to analyze the possibility of simultaneous
transfer of the whole spectrum of mutants, we infected tomato
plants by inoculation with a “complex” inoculum prepared
by co-precipitation of a mixture of mutated cDNAs (listed
in Table 3). In Fig. 3A is shown an example of a tempera-
ture gradient gel (TGGE) analysis of cDNA prepared from
a viroid sample isolated from a single plant infected with
the “complex” inoculum. The cDNA profile (Fig. 3A) shows
multiple transition curves, suggesting the appearance of het-
eroduplexes. This clearly indicates the presence of a popula-
tion of viroid progenies in the analyzed sample. In contrast,
a unique transition curve was observed in TGGE (Fig. 3B)
with a mixed sample from 10 plants 45 days after inoculation
with the unique wild-typeBamHI monomer cloned in PCR-
Script vector (compareTable 2). This result suggests that the
wild-type PSTVd intermediate (DI) strain was quite stable af-
ter the biolistic inoculation, despite the infection proceeded
very slowly (Table 2).

3.3. Application of the biolistic procedure to native
viroid and linear monomeric RNA transcripts of PSTVd,
and enhanced pathogenicity reaction due to biolistic
delivery

It has been reported byRigden and Rezaian (1992)that
e itro
t f 5
t se
m e cir-
c ripts
w fter
i an-
s rag-
ion was detectable for clones T2, T23, T34, T37, and
uggesting a very low infectivity of thermomutant clones
ontrast, except for clone T65, biolistic delivery of 200 n
ndividual thermomutant cDNA led to a significant num
f infected plants already at 21 days p.i. At 45 days p.i

ection ranged from 50 to 100% (Table 3), clearly illustrating
hat the biolistic transfer is more efficient than mechan
noculation with these mutated variants.
xact length monomeric RNAs of CEVd prepared by in v
ranscription are infectious irrespective of the presence o′-
riphosphate and 3′-OH termini of untreated transcripts; the
olecules, however, were much less infectious than th

ular form. Thus, exact length monomeric PSTVd transc
ithout any further treatment were tested for infectivity a

noculation of tomato leaves by the biolistic method. Tr
cription was performed from double-stranded PCR f
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of the central conserved region; LCCR, lower part of the central conserved region; P,“pathogenicity” domain; T1 and T2, left and right
Symons (1985).
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Fig. 3. Temperature gradient gel-electrophoretic analysis of PSTVd cDNA
from biolistically infected tomato plants. cDNA was prepared using primers
PSTVds I and II, separated on a 6% acrylamide gel containing 7 M urea with
a temperature gradient from 15 to 65◦C and stained afterwards by silver. (A)
Electrophoretic profile of cDNA from a single plant infected with a mixture
ofBamHI-treated cDNA from clones listed inTable 3. The cDNA sample was
prepared by mixing equal aliquots of thermomutant cDNAs. This mixture
was then co-precipitated at a concentration 0.4�g/mg of gold microcarrier
and used for inoculation at 130 psi. Three shots with in total 400 ng of DNA
were performed on cotyledon and true leaves. RNA was isolated 21 days
p.i. and cDNA was prepared using PSTVds I and II primers. The range of
bands (see arrow) represents homo- and heteroduplexes that are formed due
to mismatches and are separated according to their thermostability. Distinct
transitions seen on the gel are formed by frequent sequence variants within
the evolved population. (B) Mixed sample from 10L. esculentumplants
infected with a monomericBamHI cDNA fragment cloned in pCR-Script
SK(+) vector. A mixed leaf sample was prepared 45 days p.i. and used for
RNA isolation and RT-PCR. Note the single band (arrow) in contrast to the
range of bands in (A).

ments fused with the T7 promoter as depicted inFig. 1A. Af-
ter removal of the DNA template by DNAse I treatment, RNA
was purified using the Qiagen protocol and self-annealed to
form the thermodynamically stable rod-like structure. This
self-annealing greatly stabilizes the RNA during successive
handling and immobilization on gold microcarrier (data not
shown). Analysis of this RNA in native METAPHOR agarose
gels showed a major band corresponding to exact unit length,
and minor contaminations with RNA species of about 200
nt length that probably resulted from premature termination
of the transcription reaction (Fig. 4). Pre-hybridized sam-
ples were immobilized onto 1�m gold microcarrier using

Fig. 4. Synthesis and adsorption of monomeric linear PSTVd. Viroid cDNA
containing the T7 promoter was prepared using the primer pair PSTVd326T7
and PSTVd325E as outlined inFig. 1, phenolized and gel-purified using
the gel extraction protocol from Qiagen. This cDNA served as template
for RNA transcription with T7 polymerase using the RiboMax protocol.
After transcription the DNA template was cleaved with DNAse I, and the
RNA self-annealed to pre-form the rod-like conformation. For adsorption,
0.4�g RNA per mg microcarrier was applied. Nucleic acid aliquots were
separated under native conditions in 1.5% metaphor agarose using DEPC-
treated buffers and afterwards stained with ethidium bromide. (A) T, T7
cDNA template; (B) R1, amount of RNA transcripts before adsorption; R2,
corresponding supernatant after adsorption; 1kb; 1 kb plus ladder (Gibco
BLR). Arrows on the sides indicate specific monomeric bands. The shorter
transcripts are probably results of premature termination.

the modified calcium co-precipitation procedure (see Section
2). As seen inFig. 4 this immobilization of RNA was effi-
cient reaching about 90% of RNA co-precipitation. Analysis
of infectivity (Table 4) showed that such monomeric RNA is
highly infectious, as delivery of 2 ng per plant yielded 40% in-
fection 21 days p.i. (Table 4), demonstrating that monomeric
RNA prepared without any subsequent treatment can be suc-
cessfully used for biolistic transfer.

We used the co-precipitation procedure to coat micropro-
jectiles with various concentrations of native viroid RNAs
extracted by LiCl extraction and PEG 6000 precipitation. In
these samples, equal concentrations of native linear and cir-
cular forms of PSTVd were detected (not shown). Infectivity
of such inocula is rather high because RNA amounts in the
range 50–200 pg per plant are sufficient for infections de-
tectable 20 days p.i. As judged from plant stunting, biolistic
delivery of 200 pg RNA per plant caused a similar pathogenic
effect as conventional inoculation with 2 ng PSTVd. Plant
heights reached 32± 8.6 and 29± 5.9 cm after biolistic and
conventional inoculation, respectively, while healthy plants
reached 48± 4.2 cm. In addition, biolistic inoculation with
2 ng of viroid RNA showed drastic stunting of the plants
to 15± 5.2 cm, i.e., the elongation growth of tomato stems
was practically abolished after inoculation (Table 4). These
results suggest that biolistic inoculation can lead to a more
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Table 3
Infectivity of thermomutant cDNAs after biolistic and mechanical inoculations

Thermomutanta cDNA inoculated Number of mutations compared to wild type Number of plants infected from eight plants inoculatedb

Biolistic inoculationc Mechanical inoculationd

21 days p.i. 45 days p.i. 21 days p.i. 45 days p.i.

T2 5 2 8 0 2
T23 5 5 8 0 3
T26 4 1 4 0 0
T34 1 6 8 0 1
T37 5 4 8 0 2
T40 2 5 8 0 0
T45 1 6 6 0 0
T48 4 2 8 0 0
T65 2 0 7 0 0
T67 2 6 8 0 0
T98 1 5 8 0 1
T99 4 1 5 0 0
Wild typee 0 8 – 6 8

a SeeFig. 2for positions of individual mutations.
b Plants were inoculated and analyzed by dot-blot hybridization for PSTVd in upper non-inoculated leaves.
c 200 ngBamHI cDNA fragments per plant were used for inoculation by shooting plants on the stage of two true leaves twice, once in the cotyledon leaf

and once in the apical true leaf with 1.0�m microcarrier particles at 0.2�g/mg DLR (seeTable 1) and 130 psi.
d 4�g ofBamHI cDNA fragments were used per plant by mechanical inoculation using Carborundum as abrasive.
e PSTVd intermediate (DI),BamHI fragments; –, not performed.

Table 4
Biolistic inoculation of tomato with native PSTVd and with monomeric linear RNA transcripts

Inoculuma Inoculation methodb Amount of viroid RNA
per plant (pg)

Number of plants
infected/inoculatedc

Plant heightd (cm)

Monomeric RNA transcripts
intermediate (DI) strain

Biolistic 2 × 103 4/10 –

2 × 104 9/9 –
Native viroid KF 440 strain Biolistic 5× 101 3/10 –

2 × 102 9/10 32± 8.6
2 × 103 10/10 15± 5.2

Native viroid KF 440 strain Mechanical 2× 102 2/10 –
2 × 103 10/10 29± 5.9

Control plants Mechanical
(inoculation buffer)

0 0/10 48± 4.2

a As a source of native viroid inoculum, a 12–20% PEG fraction was used; amount of viroid RNA was estimated from gel comparisons and molecular
hybridization using a HPLC-purified sample as standard; the viroid RNA consisted of about equal concentrations of linear and circular forms; self-annealed
exact length monomeric PSTVd transcripts were prepared using T7 primers as described inFig. 1.

b Plants were inoculated at the stage of two true leaves twice, once in the cotyledon leaf and once in the apical true leaf. Biolistic inoculation was performed
using 1�m microcarrier particles at a ratio 0.4�g RNA/mg of gold microcarrier and 130 psi (see Section2 for further details); for mechanical inoculation
Carborundum was used as an abrasive.

c Plants were analyzed by dot-blot hybridization for PSTVd 20 days p.i. in upper non-inoculated leaves.
d Confidence intervals are given atα = 0.05; –, not measured.

pronounced pathogenic reaction than inoculation using Car-
borundum.

3.4. DNA and RNA inoculation systems for hop viroids

To generalize the validity of parameters assayed for
biolistic inoculation of PSTVd cDNA and RNA, we tested
the inoculation system for hop viroids HSVd and HLVd,
both members of thePospiviroidaefamily. Primers designed
to produce infectious cDNA monomers covered the unique
EcoR1 restriction site in HSVd and thePstI restriction site
in HLVd (Fig. 1). Corresponding cDNAs, treated with the

restriction enzymes to form sticky ends, were coated onto
1�m microprojectiles and inoculated at 0.2�g/mg DLR
and 130 psi in hop leaves along the stem. Each plant was
inoculated in total with 150 ng of DNA. Both viroids were
detected in all inoculated plants (100% infection) 21 days
p.i. by RT-PCR (Fig. 5). Leaves were collected from these
plants 90 days p.i. and a 12–20% PEG extract was prepared.
This extract was coated to microcarriers at 0.4�g RNA per
mg gold particles and inoculated into healthy hop mericlones
at 130 psi. Each plant was shot with about 100 pg of viroid
sample. Dot-blot hybridization was performed 60 days p.i
and, as shown inFig. 5, a 100% infection was detected for
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Fig. 5. Detection of hop viroids inHumulus lupulusplants infected by par-
ticle bombardment. (A) RT-PCR analyses of hop plants infected with HLVd
and HSVd cDNA fragments using primers as shown inFig. 1 and cleaved
with PstI or EcoR1 in the case of HLVd and HSVd cDNA, respectively. Six
plants were shot with 130 psi each three times to individual leaves along
the stem in total with 150 ng of viroid cDNA immobilized on 1�m micro-
carrier at 0.2�g/mg DLR. Samples for RNA preparation and RT-PCR were
collected 25 days p.i. and analyzed using HLVdp and HSVde primers. 1,
sample from HSVd-infected plants; 2, control from non-inoculated plants,
HSVde primers; 3, HLVd-infected plants; 4, non-inoculated control, HLVdp
primers. The arrows designate the HSVd and HLVd-specific cDNA bands
in samples 1 and 3, respectively. (B) Detection of HLVd (a) and HSVd (b)
in hop plants biolistically inoculated with native viroid RNA using dot-blot
hybridization. RNA was extracted from plants infected by cDNA inocula-
tion (see panel A) 90 days p.i. A 12–20% PEG RNA fraction prepared from
leaves was immobilized at a concentration of 0.4�g RNA per mg micro-
carrier and used for inoculation of healthy mericlones as described in panel
(A). Six plants were shot, in total with approximately 100 pg of native viroid
RNA. Analysis was performed 60 days p.i. Amount of extracts per sample
blotted onto a Nylon membrane corresponds to 0.4 mg fresh leaf tissue. In
part (c), the hybridization signal corresponding to various amounts of puri-
fied viroid RNA is given for comparison; the specific activity of all viroid
probes was 4.4× 107 cpm/�g cDNA/20 ml hybridization solution. Samples
are numbered from 1 to 6; K1 and K2, non-inoculated controls.

both viroids. Plants inoculated with the HSVd variant showed
strong symptoms on leaves (changes in coloration, malfor-
mations) of Czech hop Osvald’s 72, while HLVd variants
remained without morphological symptoms (not shown).

4. Discussion

In this study, we assayed particle size, helium pressure
and amounts of viroid nucleic acid per shot as variables to
achieve successful inoculation of viroid cDNAs and RNAs.
Particle sizes of 1.0 and 1.6�m at pressures in the range from
130 to 150 psi are suitable for inoculation of tomato plants
with viroid nucleic acids. The optimal particle sizes are the
same as described byHämäläinen et al. (2000)for inoculation
with PVA, while their optimal helium pressure was higher,
about 200 psi for inoculation in potato. This difference could
be mainly due to the type and morphology of plant tissue:
potato leaves are thicker and rough, while tomato and young
hop leaves are rather thin and soft. Correspondingly, the in-
fection of potato “hairy roots”, which have hard epidermis
cells, was only achieved using 1.6�m microprojectiles. Low
pressures, especially 50 and 80 psi, were ineffective. At a he-
lium pressure between 130 and 150 psi we achieved a low
level of leaf damage that was further reduced by preventing
d gs.
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several plant viruses (Gilbertson et al., 1991; Galon et al.,
1995; Fakhfakh et al., 1996).

It is conceivable that the biolistic inoculation with the He-
lios Gene Gun system includes several mechanisms: (1) ad-
sorption of nucleic acids on the cell surface and subsequent
cell entry, the mechanism that presumably occurs in more
ripped parts of the shot-wound area adjacent to intact cells;
(2) RNA delivery into cells and cDNA transcription without
integration to plant chromosomes, the mechanism that may
occur in shot-surviving cells and finally; (3) cDNA integra-
tion into plant chromosomes that should occur after delivery
of microparticles into leaf cells (for review, seeMäenp̈aä et
al., 1999). For cDNA delivery, the first and the second mech-
anisms are similar to transient expression, while stable cDNA
integration may be similar to viroid agroinfection mechanism
used for inoculation of infectious dimeric viroid constructs
(Cress et al., 1983; Gardner et al., 1986; Salazar et al., 1988).
Most viroids including those of thePospiviroidaegroup repli-
cate in nucleoli (Harders et al., 1989); it is not clear, however,
that this localization may contribute to the efficiency of bi-
olistic delivery of viroid nucleic acids.

Biolistic inoculation with viroid nucleic acids may serve
as a good inoculation alternative to conventional inoculation
in several respects. Using the biolistic approach, one can in-
fect specific tissues that cannot be inoculated by conventional
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