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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
per tomato plant, respectively. At a higher dose, i.e. 2ng of native RNA per plant, biolistic transfer causes drastic stunting compared to
conventional mechanical inoculation, which points to higher PSTVd titers after the biolistic transfer. Infection is readily achieved with exact
length monomeric RNA transcripts havingtiiphosphate and’3H termini in amounts ranging from 2 to 20 ng per plant, suggesting no
need for any supplementary modifications of ends or RNA circularization. The biolistic transfer is efficient for viroid “thermomutants”, which
exhibit low or no infectivity with conventional mechanical inoculation with Carborundum. The biolistic inoculation is also efficient for two
other members of thBospiviroidaefamily, hop stunt and hop latent viroid.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction RNA or cDNA (Klein et al., 1987; Gilbertson et al., 1991;
Galon et al., 1995; Fakhfakh et al., 199GiHalainen et al.,
Biolistic transfer of nucleic acids was originally developed 2000; Kekarainen et al., 2002; Merits et al., 2p0he He-
in the late 1980s using large onioAlljum cepal.) cells as a lios Gene Gun (Bio-Rad), a hand-held particle bombardment
target for delivery of a chloramphenicol acetyl phosphotrans- device, is used quite commonly in various animal and human
ferase (CAT) expression construct, as well as RNA of tobacco systems for vaccination, gene therapy and transfection, but is
mosaic virus (TMV) coated onto tungsten microprojectiles especially useful to inoculate intact plantiralainen etal.,
(Klein et al., 1987. Nowadays, biolistic particle bombard- 2000. Therefore, it has a wide application in plant virology.

ment of plant cells (for review, sedaen@a et al., 1999is No information, however, is available about the application
becoming a powerful alternative fggrobacteriuramediated of this technique for inoculation with viroid genomes.

plant transformation (for a recent review, gelvin, 2003 Viroids are the smallest known plant pathogens (for
and agroinfection described originally grimsley et al. review, seeHadidi et al., 2008 consisting solely of a
(1986) circular, non-coding RNA ranging from 246 to 463 nt.

In plant virology, the biolistic method has been used for Their replication follows a rolling-circle replication mech-
inoculation of various viral genomes either in the form of anism. Viroids are transmissible by mechanical injury of
host cells. To date, as many as 27 different viroid species
* Corresponding author. Tel.: +42 38 777 5529; fax: +42 38 41475, have been classified and. Ii§ted in biologicall databases
E-mail addressjmat@genom.umbr.cas.cz (J. Masek). (Pelchat et al., 20Q03Most viroid RNAs form rod-like sec-
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ondary structures, which denature in a highly co-operative
mode at high temperatureRiesner et al., 1999 and are
highly resistant to certain plant nucleases, as found for
potato spindle tuber viroid (PSTVdatousek et al., 1988,
1995.

Viroid cDNA has also been described to be infectious.
For instanceTabler and &nger (1984yhowed 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., 198)or citrus exocortis viroid
(CEVd) (Visvader et al., 198bhas been studied. Linear vi-
roid molecules prepared by in vitro transcription were also
shown to be infectiousTabler and &nger, 1985; Rigden and
Rezaian, 1992; Rakowski and Symons, 198t all cDNA
or RNA forms, however, are equally efficient for inoculation.
In general, dimeric and oligomeric molecules are highly in-
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2. Materials and methods
2.1. Plant and tissue culture cultivation conditions

Lycopersicon esculentugv. Rutgers plants were main-
tained in clima boxes at a temperature of 28°C. Plants
were grown under natural light with supplementary illumi-
nation (90umolm—2s~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. Kagrk were supplied with light (16 h) of in-
tensity 35 mmol m?s-! PAR. Day/night temperatures were
25/18°C. Hairy root lines of potato were established after in-
jection of a suspension &. tumefacien&4—24 strain bear-
ing Ri plasmid Cardarelli et al., 1987 Hairy roots, which
developed usually within 2 weeks, were excised and grown

fectious, whereas monomeric linear molecules are much lessfurther on MS mediumNlurashige and Skoog, 19b%ith

infectious. This difference has been explained by the require-

200 mg/l Timentin.

ment for duplication of sequences necessary for processing to
circles. These processing sites involve either a sequence du2.2. RNA extractions, cDNA preparation, and in vitro

plication of the central conserved region (CCRp(Mmmond
etal., 1989; Candresse et al., 1p@bere a well-defined pro-
cessing structure is formeB&umstark et al., 1997; Schrader
et al., 2003, or of alternative sitesHammond et al., 1989

transcription

For inoculation, an RNA fraction was prepared by
fractionation of 2 M LiCl-soluble nucleic acids with 12—20%

or of specific sequence stretches from the cloning vectors PEG 6000 as described earlidgtdtousek and [@dic, 1989.

(Rakowski and Symons, 1994Due to low or no infectiv-
ity of monomeric viroid cDNAs or monomeric RNA tran-

Inthe PEG precipitated fractions PSTVd amount was usually
in the range 0.5-2%. The level of viroid was estimated

scripts, usually dimeric or partly duplicated constructs are in these samples using electrophoretic and hybridization
prepared to study infectivity of specific clones or to an- methods with HPLC-purified PSTVd as standard. For
alyze viroid infections in so-called non-host plant species reverse transcription-polymerase chain reaction (RT-PCR),

(Gardner et al., 1986; Salazar et al., 198his approach is
particularly laborious in infectivity studies of viroid popu-

total RNA was isolated from 100 mg of leaf tissue using the
plant RNA purification reagent CONCERY (Invitrogen)

lations, of quasispecies, or of the numerous sequence vari-and additionally purified by the RNA cleaning protocol

ants known for various viroids (e.¥isvader and Symons,
1985; Rigden and Rezaian, 1993%)@-Sochackaetal., 2001;
Kofalvi et al., 1997; Ambros et al., 1999; Mateek et al.,
2001).

The small size of the viroid genome, and infectivity of its
cDNA and transcript RNA are favorable properties to apply
the biolistic method for effective inoculation. In the present
work, we assayed parameters for biolistic transfer of viroid

using the RNeasy Plant Total RNA kit (Qiagen).
cDNA fragments from cloned wild-type and thermomu-

tant sequences were amplified using Pwo polymerase (Ange-
wandte Gentechnologie Systeme GmbH, Germany). For
PSTVd amplifications, two primer pairs were usé&tty( 1).
Primers covering the BamHI restriction site were designated
PSTVdb | (3-aGy,GATCCCTGAAGCGCTCCTCCG;-3)

and Il (5-aGg7GATCCCCGGGGAAACCTGGAGE8-3),

nucleic acids using a Helios Gene Gun device and we showedand primers covering th&ty restriction site were designated

that the biolistic method allows for efficient inoculation with
monomeric linear viroid constructs derived from the wild
type, with individual heat-induced sequence variants, which
we characterized previousliviatousek et al., 200% as well

as with a mixture of clones forming a secondary population of
viroid “thermomutants”. In addition, biolistic transfer of na-
tive RNA greatly increased the pathogenic effect of PSTVd

PSTVds | (%aC337CAAGGGCTAAACACCCTCGG5T-
3) and Il (8-aG43CTTGGAACCGCAGTTGGTTG3-
3). For HLVd cDNA amplification, we used primers
covering the Pstl restriction site (HLVdp |, 5aG33
TGCAGGTAAAGCTCGGG16-3, HLVdp I, 5-aCpsg
TGCAGAAGTTCACATAAAAAG 249-3). For HSVd am-
plification, we usedprimerscoveringthe EcoR1 restriction

on tomato. The procedure described here was applied alsasite (HSVde 1,5aA,GAATTCCCCAGAGGGGCTCA-3

to two other members of thBospiviroidaegroup, hop la-

HSVdell, 5-aGGAATTCTCGAGTTGCCGC-J (Fig. 1).

tent and hop stunt viroid. Thus, the use of biolistic transfer The non-specific adenine in each primer (indicated by a
of monomeric cDNA as well as of RNA greatly simplifies small letter “a”) was designed to facilitate cleavage of
or even facilitates the molecular genetic analysis of viroid cDNA fragments; restriction sites encoded in the primers are
species. underlined. For in vitro transcription from double-stranded
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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 virdid'strodtlire.

(A) Primer pairs for potato spindle tuber viroid (PSTVd). The primer pair designated PSTVdb | and Il covBestHerestriction site localized in the upper
central part of the secondary structure. Primers PSTVds | and |l covBtyitrestriction 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 RgTYavith a T7 box and PST\43sE 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 thpaerminal
of rod-like structure and cover the unigieoR1 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 uRisfLieestriction 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 sequencenaturation at 94C, the polymerase chain reaction was started
we used primersHig. 1) PSTVds26T7 (5-TAATACGACTC- with cycles of 30s at 94C, 30s at 58C and 60 s at 68C.
ACTATAGGGTGTTTAGCCCTTGGAACCGCAGTTGG- Unless stated otherwise, RT-PCR was carried out for 38 cy-
3, the attached T7 promoter part is underlined) and cles.

PSTVD3osE (5-TCGCCCCGAAGCAAGTAAGATAG-3). RNA transcription was run from DNA templates purified
The T7 primer was HPLC purified. with Qiagen Gel Extraction kit (Qiagen) using a Ribo-
We used the following amplification conditions: 92, Max protocol (Promega). After transcription, RNA was

120s; 35x (94°C, 30s; 58C, 30s, 72C, 60s); 72C, extracted once with phenol:chloroform, precipitated with
10 min. PCR products were phenolized, precipitated with ethanol and dissolved in DNAse | buffer. After DNAse
3 (v/v) ethanol, dissolved in water, and cleaved with the | cleavage, the sample was phenolized, precipitated with
corresponding restriction endonuclease over night. Then theethanol, dissolved in water and RNA was purified using
fragments were phenolized and purified by the Qiagen Gelthe RNA clean up protocol from Qiagen. A one-tenth of
Extraction Kit (Qiagen). Unless stated otherwise, purified 10x concentrated sodium-cacodylate hybridization buffer
fragments were used for microprojectile coating. (10 mM sodium-cacodylate buffer (pH 6.8) containing 1 M
RT-PCR reactions were performed using the Titan One NaCl and 10mM EDTA) was then added to the sample.
Tube RT-PCR system including a high-fideliBwo poly- RNA samples were heated to 95 in a heat block and
merase (Roche Molecular Biochemicals) using primers de- cooled slowly in an insulation box to 4C in 2 h to pre-form
scribed above. Reactions were carried out inpnbeaction the thermodynamically more stable rod-like conformation,
volume as recommended by the manufacturer, i.e., reverseand finally precipitated with ethanol. Before adsorption, the
transcription was run for 30 min at 52, and after 2minde-  sample was dissolved in 1 mM sodium-cacodylate buffer pH
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6.8 without salt. In some cases, RNA samples were adjustedtimes with 1 ml of absolute ethanol (Merck), followed by
with purified tRNA to make an equal concentration of @gt transfer to 3 ml of absolute ethanol/PVP solution. This sus-

RNA per mg of microcarrier for coating. pension was used immediately for coating. The tubing was
rotated in the tubing prep station support cylinder while dry-

2.3. Helios Gene Gun conditions for particle ing to ensure uniform coating over the inner surface of the

bombardment, preparation of viroid inocula, and Goldcoat tubing.

inoculation methods Attached plant leaves were inoculated while supported

with thick cardboard paper. Tissue cultures were bombarded
In this study, the Helios Gene Gun System from Bio- under aseptical conditions after removal from medium and
Rad (USA) was used. The following parameters, recom- placing in sterile Petri dishes. After inoculation, plants were
mended by the manufacturer and established for plant tissugransferred immediately into polyethylene bags to prevent
by Hamélainen et al. (200Q)were used: the concentration of drying of the shot-wound leaf area. Treated plants were con-
polyvinyl pyrrolidone (PVP) was 0.05 mg/ml 99.8% ethanol ditioned further by shading them for 24 h, and afterwards
(Merck); gold microcarrier per shot, that is the so-called mi- by cultivation in holed bags for the next 2 days in the clima
crocarrier loading quantity (MLQ), was kept at 0.5 mg per boxes under standard conditions as described above. Because
shot, i.e. 25mg of gold per standard length of gold tubing; the DNA and RNA coated onto microprojectiles appear to be
a 0-cm distance between the leaf and the gene gun spacerather stable, laboratory surfaces and equipment used were
was used for intact plants and approximately 2 cm distancetreated with diluted bleach and the laboratory was irradiated
for tissue cultures. Other essential parameters varied; f.e., theovernight by 260 nm UV light to prevent possible PCR cross-
amount of DNA (DNA loading ratio, DLR) or RNA per mg  contaminations.
of microcarrier varied from 0.05 to 20g/mg. This ratio may For preparation of conventional DNA or RNA inocula, nu-
not correspond to the amount of loaded viroid-specific DNA cleic acids were dissolved in 0.04 M sodium phosphate buffer
or RNA, depending on the types of inocula: in case of plas- (pH 7.6), containing 2mg/ml RNA extract from healthy
mid inoculation, amounts of viroid-specific cDNA or RNA plants Matousek et al., 1994 For mechanical inoculation,
per shot were re-calculated to correspond to the viroid cDNA we used 2Qul inoculum per leaf and Carborundum as abra-
content in the whole construct or to the content of native vi- sive. Unless stated otherwise, 8 or 10 plants were used for
roid in the RNA extract. In initial experiments, three sizes infectivity tests.
of microprojectiles (0.6, 1.0, and 18n) were applied; in
all subsequent experiments Lt particles were used. He-  2.4. Viroid detection and electrophoretic analyses
lium pressure varied from 50 to 150 psi, depending on the
experiment. RT-PCR detection of hop viroids was performed using
For biolistic inoculations, either viroid cDNA or RNAwas  the Titan One Tube RT-PCR (Roche) under conditions de-
prepared as described above. All cDNA constructs—cloned scribed above, using primers HLVdp | and Il or HSVde | and
dimeric or monomeric cDNAs, or DNA fragments prepared 1l. Dot-blot hybridizations were performed as described by
by high-fidelity PCR and treated with restriction enzymes to Matousek et al. (1994ysing full-length PSTVd, HSVd or
form sticky ends—were coated onto gold particles follow- HLVd 32P[dCTP]-labeled probes. The lower detection limit
ing the manufacturer’s protocol. Briefly, gold microcarrier of this method is about 0.03 pg/mg of fresh madsiousek
was re-suspended in 0.025M spermidine and shortly soni-et al, 1994).
cated. Fifty microliters of DNA sample was added to 100 Temperature gradient gel-electrophoresis (TGGE) was
of gold suspension, vortexed, and the DNA co-precipitated by performed in 6% polyacrylamide gels containing 7 M urea
adding dropwise 100l of 1 M CaChL while shaking. Thenthe  (Riesner et al., 198§9Heteroduplexes were prepared by hy-
DNA-coated gold was shortly centrifuged and washed three bridization of cDNA samples. Hybridization procedure as
times with 1 ml of absolute ethanol before re-suspension in well as analysis of DNA in gels was described previously
ethanol/PVP. This suspension was immediately used for coat-(Matowsek et al., 2001l Gels were stained for nucleic acids
ing of the tubing following the procedure recommended by with AgNO3 as described b$chumacher et al. (198ajor
the manufacturer. analysis of RT-PCR products, 2% agarose gel was used and
For coating with viroid RNA samples, we modified the cDNA stained with ethidium bromide. For RNA analysis, nu-
procedure described iu et al. (1996eveloped for gene  cleic acids were separated under native conditions in 1.5%
gun delivery of mRNA, based on the original procedure used metaphor agarose using DEPC-treated buffers and afterwards
for coating tungsten microprojectileKléin et al., 1987. stained with ethidium bromide.
Briefly, 25 mg pre-sonicated microcarrier{in) and 12.5.9
RNA were mixed in DEPC-treated 1 mM sodium-cacodylate 2.5. Other methods
buffer (pH 6.8) to make a total volume of 100 To this
suspension was slowly added 3pl50f 0.25M CaCy, the PSTVd strain intermediate (DIDwens et al., 1986vas
sample incubated on ice for 5 min and centrifuged for 30 s to used as wild type. Its cDNA was re-cloned aBanH]| frag-
prevent aggregation of particles. The sediment washed threement from plasmid pRH701Hecker et al., 1988to 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 Amount of viroid Microcarrier size gm) Number of plants infected/inoculated
per shof (1g) CDNA per shot (ng) 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

@ DNA loading ratio (DLR) representing the amount of DNA per mg of microcarrier was 0.5 andyy 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.

¢ Detection was performed in upper non-inoculated leaves or in passaged “hairy roots” tissue 21 days p.i. using dot-blot hybridization; —, ®ak perform
p.i., post-inoculation.

script vector to form the infectiol&anH| dimer. The “lethal” even at higher pressure. The most efficient inoculations were
PSTVd KF440-1 $chrolzer et al., 198pwas used for inoc-  achieved at particle sizes of 1.0 and {Lré and pressures in
ulation and analysis of symptoms. Clones from our thermo- the range 130-150 psi. Bombardment with 18 particles
mutant library were described previously in detdMBtousek tends to rip leaves to a higher extent than wijhm particles.
et al., 2004. The HLVd sample used for inoculation cor- Covering plants with polyethylene bags to prevent drying up
responded to GenBank sequence ACX073uchta et al., the shot-wounded area significantly reduced consequences of
1988 and HSVd variant to ACE01844. this damage. To avoid tissue damage, we selectgdrh.par-
Levels of hybridization signals were assayed by the ticles as optimal for inoculation of intact plants in all further
STORM device and ImageQuaNT software (Molecular Dy- experiments. For potato “hairy roots” in vitro culture inocu-
namics). lation was unsuccessful withydm particles, even at maximal
DNA loading ratio (DLR), which is recommended for DNA
coating using the Helios Gene Gun System. This inoculation

3. Results was, however, efficient at a higher pressure with particles of
1.6pm reaching about 75% infected materigable J).

3.1. Optimized procedure for inoculation of attached Next we tested if monomeric cDNA constructs, known

intact leaves and hairy roots with viroid using the Helios for their low infectivity (Tabler and &nger, 198} could be

Gene Gun system efficiently inoculated by particle bombardment. Full-length

BarHI and Sty fragments, prepared using primers posi-
For viroid inoculation mediated by the Helios Gene Gun tioned as shown ifrig. 1A, were compared with respective
System, the manufacturer’'s recommendations and data obmonomeric clones and an infectioBamH| dimeric con-
tained during optimization of potato virus A (PVA) inocula- ~ Struct (Table 9. Inoculations were performed at 80, 100, and
tion of potato Hamélainen et al., 2000were followed. Based ~ 150 psi and various DNA loading ratios. A low pressure of
on these data, two basic parameters were selected as constarf0 psi was not efficient for inducing disease neither from
the amount of gold microcarrier was kept at 0.5 mg per shot Plasmid nor from fragment DNA constructs. Interestingly,
and the concentration of po|yv|ny| pyrro"done (PVP) adhe- at hlgher pressure similar |nfeCt|V|ty results were obtained
sive used for coating the Goldcoat tubing (see SecZpn for the monomeric fragments having sticky ends as for the
The gene gun spacer was in direct contact when a leaf wasdimeric construct at the same amount of delivered DNA. Even
inoculated or kept at a distance of 2 cm for shooting of tissue @ 100% infection was obtained for both monomeric frag-
culture. ments at 200 ng DNA per plantdble 9, suggesting a high
In first experiments, an infectious dimeric PSTVd con- infectivity of cDNA monomers. Delivery of both monomeric

struct cloned into th@anHi site of pBluescript SK(+) vec-  constructs at maximal DLR and 220 ng per plant seemed to
tor was coated onto 0.6, 1.0, and fu microprojectilesand ~ be unsuccessful, but surprisingly a 40-80% infection was
introduced to tomato leaves at different pressuteble J). detected at higher psi by the dot-blot hybridization after a
From these well reproducible results, we roughly estimated more prolonged 45-day period of cultivation. However, most
the minimum amount of this construct required for infectivity ©Of the resulting dot-blot signals were rather weak (results
to be in the range of tenths of ng per shot. At pressures higherot shown). This suggests that inoculation with monomeric
than 150 psi, tomato leaves were significantly damaged andcloned constructs can be achieved by the biolistic method,
therefore, this pressure was considered as the upper limit. In-Put there is a significant delay in comparison to monomeric
fection with small-sized particles (Oyén) was unsuccessful ~ fragments or the dimeric variant.
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Table 2
Infectivity of various PSTVd constructs after biolistic inoculation
PSTVd cDNA construct Total DNA per  Amount of viroid Number of plants infectédfrom eight plants inoculated
plant (10) CDNA per plant (ng) 21 days p.i. at helium 45 days p.i. at helium
pressure (psi) pressure (psi)
80 100 150 80 100 150
BarHI dimer in pBluescript SK(+9) 0.25 50 2 7 8 - - -
linearized withEcdRV
BarrHI monomeric cDNA fragment, 0.05 50 0 4 6 - - -
BanH|I-treated
0.2 200 1 8 8 - - -
Sty monomeric cDNA fragment, 0.05 50 0 7 6 - - -
Styl-treated
0.2 200 2 8 8 - - -
BarrHI monomer in pCR-Script 2.0 220 0 1 0 0 3 7
SK(+) linearized withEcaRV
Sty monomer in pCR-Script SK(+) 2.0 220 0 2 0 0 6 5
linearized withEcoRV

@ Various DNA loading ratios and 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 uppe
non-inoculated leaves by dot-blot hybridization; —, not performed; p.i., post-inoculation.

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

3.2. Application of the optimized procedure to In parallel, to analyze the possibility of simultaneous
monomeric DNA of PSTVd variants and thermomutants transfer of the whole spectrum of mutants, we infected tomato
plants by inoculation with a “complex” inoculum prepared
Based on the high inoculation efficiency of monomeric by co-precipitation of a mixture of mutated cDNAs (listed
fragments, we tested the infectivity of various mutant clones in Table 3. In Fig. 3A is shown an example of a tempera-
which form part of a mutant PSTVd library obtained from ture gradient gel (TGGE) analysis of cDNA prepared from
infected thermotreated plantslétousek et al., 2004 Most a viroid sample isolated from a single plant infected with
of these “thermomutants” possess more than one mutationthe “complex” inoculum. The cDNA profileHig. 3A) shows
(Table 3, which in most cases cause a destabilization of multiple transition curves, suggesting the appearance of het-
the viroid’s secondary structur&ify. 2). According to our eroduplexes. This clearly indicates the presence of a popula-
preliminary experiments witiN. benthamianglants, inoc- tion of viroid progenies in the analyzed sample. In contrast,
ulation of the mutants as monomeBanH| fragments us- a unique transition curve was observed in TGGH)( 3B)
ing Carborundum resulted in low or no infections (data not with a mixed sample from 10 plants 45 days after inoculation
shown). Thus, we analyzed the possibility to induce infection with the unique wild-typeBanHI monomer cloned in PCR-
by inoculation of these mutants into tomato by the biolistic Script vector (compar@able 2. This result suggests that the
Helios Gene Gun method. Two hundred nanograms of viroid wild-type PSTVd intermediate (DI) strain was quite stable af-
cDNA was inoculated at 130 psi to tomato leaves and the in- ter the biolistic inoculation, despite the infection proceeded
fection was assessed by dot-blot hybridization 21 and 45 daysvery slowly (Table 2.
p.i. For comparison, g of BanHI-treated cDNA fragments
was inoculated into plants using the conventional Carborun- 3.3. Application of the biolistic procedure to native
dum method. As shown ifiable 3 at this concentration the  viroid and linear monomeric RNA transcripts of PSTVd,
mechanical inoculation of the wild type was quite efficient, and enhanced pathogenicity reaction due to biolistic
reaching 75% of infection 21 days p.i., while none of the delivery
“thermomutant” clones produced any detectable hybridiza-
tion signal. After a more prolonged period, however, infec- It has been reported bigden and Rezaian (1998)at
tion was detectable for clones T2, T23, T34, T37, and T98, exact length monomeric RNAs of CEVd prepared by in vitro
suggesting a very low infectivity of thermomutant clones. In transcription are infectious irrespective of the presencé-of 5
contrast, except for clone T65, biolistic delivery of 200 ng of triphosphate and 3DH termini of untreated transcripts; these
individual thermomutant cDNA led to a significant number molecules, however, were much less infectious than the cir-
of infected plants already at 21 days p.i. At 45 days p.i. in- cular form. Thus, exact length monomeric PSTVd transcripts
fection ranged from 50 to 100%4ble 3, clearly illustrating without any further treatment were tested for infectivity after
that the biolistic transfer is more efficient than mechanical inoculation of tomato leaves by the biolistic method. Tran-
inoculation with these mutated variants. scription was performed from double-stranded PCR frag-
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i Fig. 4. Synthesis and adsorption of monomeric linear PSTVd. Viroid cDNA
(B) containing the T7 promoter was prepared using the primer pair P&V
and PSTVdysE as outlined inFig. 1, phenolized and gel-purified using

/‘ ' d the gel extraction protocol from Qiagen. This cDNA served as template
! {— for RNA transcription with T7 polymerase using the RiboMax protocol.
r
S§

(4} After transcription the DNA template was cleaved with DNAse |, and the
RNA self-annealed to pre-form the rod-like conformation. For adsorption,

dS 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.

Fig. 3. Temperature gradient gel-electrophoretic analysis of PSTVd cDNA
from biolistically infected tomato plants. cDNA was prepared using primers
PSTVds | and Il, separated on a 6% acrylamide gel containing 7 M urea with
atemperature gradient from 15 to 85 and stained afterwards by silver. (A)
Electrophoretic profile of cDNA from a single plant infected with a mixture

of BarH|-treated cDNA from clones listed ifable 3 The cDNA sample was . . L .
prepared by mixing equal aliquots of thermomutant cDNAs. This mixture the modified calcium co-precipitation procedure (see Section

was then co-precipitated at a concentrationy@#mg of gold microcarrier 2). As seen inFig. 4 this immobilization of RNA was effi-
and used for inoculation at 130 psi. Three shots with in total 400 ng of DNA ¢jent reaching about 90% of RNA co-precipitation. Analysis
were performed on cotyledon and true leaves. RNA was isolated 21 days of infectivity (Table 4 showed that such monomeric RNA is

p.i. and cDNA was prepared using PSTVds | and Il primers. The range of . . . . . o
bands (see arrow) represents homo- and heteroduplexes that are formed dugIghly infectious, as dellvery of2 ng per plantylelded 40%in-

to mismatches and are separated according to their thermostability. Distinct f€Ction 21 days p.i.Table 4, demonstrating that monomeric
transitions seen on the gel are formed by frequent sequence variants withinRNA prepared without any subsequent treatment can be suc-
the evolved population. (B) Mixed sample from 10 esculentunplants cessfully used for biolistic transfer.
infected with a m(_)nomeriBanHI cDNA fragment cloned in pCR—Script We used the co-precipitation procedure to coat micropro-
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 jectiles with Vajrlous Conlcentratlons of native Vlro_ld RNAS
range of bands in (A). 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
ments fused with the T7 promoter as depicteBim 1A. Af- of such inocula is rather high because RNA amounts in the
terremoval of the DNA template by DNAse | treatment, RNA range 50-200 pg per plant are sufficient for infections de-
was purified using the Qiagen protocol and self-annealed totectable 20 days p.i. As judged from plant stunting, biolistic
form the thermodynamically stable rod-like structure. This delivery of 200 pg RNA per plant caused a similar pathogenic
self-annealing greatly stabilizes the RNA during successive effect as conventional inoculation with 2ng PSTVd. Plant
handling and immobilization on gold microcarrier (data not heights reached 32 8.6 and 2%+ 5.9 cm after biolistic and
shown). Analysis of this RNA in native METAPHOR agarose conventional inoculation, respectively, while healthy plants
gels showed a major band corresponding to exact unit length,reached 48t 4.2 cm. In addition, biolistic inoculation with
and minor contaminations with RNA species of about 200 2ng of viroid RNA showed drastic stunting of the plants
nt length that probably resulted from premature termination to 15+ 5.2cm, i.e., the elongation growth of tomato stems
of the transcription reactionF{g. 4). Pre-hybridized sam-  was practically abolished after inoculatiofeple 4. These
ples were immobilized onto im gold microcarrier using  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

ThermomutaritcDNA inoculated Number of mutations compared to wild type Number of plants infected from eight plants indtulated
Biolistic inoculatiorf Mechanical inoculatich
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 type® 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.

¢ 200 ngBanHI 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 Juén microcarrier particles at 0i2g/mg DLR (se€Table 1) and 130 psi.

d 4 ug of BanHI cDNA fragments were used per plant by mechanical inoculation using Carborundum as abrasive.

€ PSTVd intermediate (DI)BanHI fragments; —, not performed.

Table 4
Biolistic inoculation of tomato with native PSTVd and with monomeric linear RNA transcripts
Inoculunt Inoculation metholl Amount of viroid RNA Number of plants Plant heigHt (cm)
per plant (pg) infected/inoculated
Monomeric RNA transcripts Biolistic 2x10° 4/10 -
intermediate (DI) strain
2 x 10 9/9 -
Native viroid KF 440 strain Biolistic 5 10t 3/10 -
2 x 10 9/10 32+ 8.6
2 x 10° 10/10 15+ 5.2
Native viroid KF 440 strain Mechanical 2107 2/10 -
2 x 10° 10/10 29+ 5.9
Control plants Mechanical 0 0/10 48+ 4.2

(inoculation buffer)

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 fornesgledif-an
exact length monomeric PSTVd transcripts were prepared using T7 primers as deschilged.in

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 inoculatiormveas perf
using 1um microcarrier particles at a ratio Qu RNA/mg of gold microcarrier and 130 psi (see Sectiofor further details); for mechanical inoculation
Carborundum was used as an abrasive.

¢ Plants were analyzed by dot-blot hybridization for PSTVd 20 days p.i. in upper non-inoculated leaves.

d Confidence intervals are givenat 0.05; —, not measured.

pronounced pathogenic reaction than inoculation using Car-restriction enzymes to form sticky ends, were coated onto

borundum. 1pm microprojectiles and inoculated at wg/mg DLR
and 130psi in hop leaves along the stem. Each plant was
3.4. DNA and RNA inoculation systems for hop viroids inoculated in total with 150 ng of DNA. Both viroids were

detected in all inoculated plants (100% infection) 21 days

To generalize the validity of parameters assayed for p.i. by RT-PCR Fig. 5). Leaves were collected from these
biolistic inoculation of PSTVd cDNA and RNA, we tested plants 90 days p.i. and a 12—20% PEG extract was prepared.
the inoculation system for hop viroids HSVd and HLVd, This extract was coated to microcarriers at|0gdRNA per
both members of thBospiviroidaefamily. Primers designed =~ mg gold particles and inoculated into healthy hop mericlones
to produce infectious cDNA monomers covered the unique at 130 psi. Each plant was shot with about 100 pg of viroid
EcoR1 restriction site in HSVd and tHest restriction site sample. Dot-blot hybridization was performed 60 days p.i
in HLVd (Fig. 1). Corresponding cDNAs, treated with the and, as shown ifrig. 5 a 100% infection was detected for
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Fig. 5. Detection of hop viroids irlumulus lupulugplants infected by par-
ticle bombardment. (A) RT-PCR analyses of hop plants infected with HLVd
and HSVd cDNA fragments using primers as showifig. 1 and cleaved
with Pstl or EcaR1 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 onun 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 @#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
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bothviroids. 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 161 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 biamalainen etal. (2000pr 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 Juén 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
drying up the shot-wounded area using polyethylene bags.

With the optimized conditions for biolistic inoculations,
lower limits of infection as detected 3 weeks post-inoculation
were 50 ng and 200 pg per plant for efficient inoculation with
monomeric cDNA fragments and native viroid RNA, respec-
tively. Compared to previous report3apler and &nger,
1984, 1985; Hadidi et al., 2093these amounts are approx-
imately two orders of magnitude lower for inoculation of
PSTVd cDNA fragments and approximately one order of
magnitude lower for inoculation of native RNAs. The higher
efficiency of the biolistic method can be explained by the de-
livery of high amounts of nucleic acids immobilized on the
microprojectile surface to a small volume within the cell. This
“dose effect” can explain the higher efficiency of inoculation
of mutant cDNAs, as well as the much stronger pathogenic
reaction with native RNA after the biolistic transfer. Further-
more, on the surface of microcarriers the sticky ends of inocu-
lated fragments might be in close proximity. The higher molar
concentrations should favor formation of dimers or polymers
by base pairing that are ligated in the plant cell and then serve
as templates for formation of processive viroid molecules.
The importance of such ligation events for infectivity of re-
striction fragments with viroid sequence was demonstrated
by Tabler and &nger (1984)Ligation of monomeric frag-
ments is also suggested in our system, because in prelimi-
nary experiments we were able to detect, by PCR uSisig

blotted onto a Nylon membrane corresponds to 0.4 mg fresh leaf tissue. In primers, PSTVd cDNA dimers in RNAse-treated DNA from

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 cpmjug cDNA/20 ml hybridization solution. Samples
are numbered from 1 to 6; K1 and K2, non-inoculated controls.

the shot-wounded area after biolistic inoculation viddorHl|

fragments only a few hours after inoculation. In comparison
to mechanical inoculation, a significant increase in efficiency
of inoculation by the biolistic method was also observed for
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several plant virusegSilbertson et al., 1991; Galon et al., excellent technical assistance. Authors would like to thank
1995; Fakhfakh et al., 1996 Bernd Esters (Institute of Physical Biology, Heinrich-Heine-
It is conceivable that the biolistic inoculation with the He-  Universitt Dsseldorf, Germany) for fruitful discussions and
lios Gene Gun system includes several mechanisms: (1) ad-excellent technical support. This work was supported by the
sorption of nucleic acids on the cell surface and subsequentbilateral WTZ project between CR and FRG No. ME662 and
cell entry, the mechanism that presumably occurs in more No. CZE 02/032 entitled: “Analysis of structural and func-
ripped parts of the shot-wound area adjacent to intact cells;tional properties of viroid thermomutants”, by GA AS CR
(2) RNA delivery into cells and cDNA transcription without  project AA85051014, NAZV MZe QC1183 and by GACR
integration to plant chromosomes, the mechanism that may521/03/0072.
occur in shot-surviving cells and finally; (3) cDNA integra-
tion into plant chromosomes that should occur after delivery
of micropatrticles into leaf cells (for review, sééaen@a et
al., 1999. For cDNA delivery, the first and the second mech-
gnlsms _are similar to_ tl’.anSIent. e>§preSS|_on, Whlle stable CDNA Ambros, S., Hernandez, C., Flores, R., 1999. Rapid generation of genetic
mtegratlo_n may b_e S|m||§1r to V'|r0|d agron?fec'uo_n mechanism heterogeneity in progenies from individual cDNA clones of peach
used for inoculation of infectious dimeric viroid constructs latent mosaic viroid in its natural host. J. Gen. Virol. 80, 2239-
(Cressetal., 1983; Gardner et al., 1986; Salazar etal.)1988  2252. i _ _
Most viroids including those of theospiviroidaegroup repli- ~ Baumstark, T., Sciider, A.R.W., Riesner, D., 1997. Switch from cleav-
tein nucleolil(-iarders etal 1989it is not clear. however age to ligation is driven by a change from a tetraloop to loop E
caten liKia LS " conformation. EMBO J. 16, 599-610.
that this localization may contribute to the efficiency of bi- candresse, T., Diener, T.0., Owens, R.A., 1990. The role of the viroid
olistic delivery of viroid nucleic acids. central conserved region in cDNA infectivity. Virology 175, 232—237.
Biolistic inoculation with viroid nucleic acids may serve Cardarelii, M., Marriotti, D., Pomponi, M., Spano, L., Capone, |., Con-
as a good inoculation alternative to conventional inoculation ~ Stantino, P., 1987Agrobacterium rhizogene$-DNA genes capable
. | respects. Using the biolistic approach. one can in- of inducing hairy root phenotype. Mol. Gen. Genet. 209, 475-480.
In several respects. g _ pp , N IN-cress, D.E., Kiefer, M.C., Owens, R.A., 1983. Construction of infec-
fect specific tissues that CannOt. be inoculated by_convem|0na| tious potato spindle tuber viroid cDNA clones. Nucl. Acids Res. 11,
methods, as we demonstrated in the case of “hairy roots” cul-  6821-6835.
ture. Because the linear viroid transcripts can be efficiently Fakhfakh, H., Vilaine, F., Makni, M., Robaglia, C., 1996. Cell-free cloning
inoculated early events of reversions or sequence adaptations and biolistic inoculation of an infectious cDNA potato virus Y. J. Gen.
be investigated using defined shot-wound or adjacent leaf . "% 77 519-523.
Can be Investigated using defined shot-wound or adjacentl€als ,,, 'a  Meiri, E., Huet, H., Hua, W.J., Raccah, B., Gaba, V., 1995. Par-
areas. As we demons_trfited here, monomeric DNA and RN_A ticle bombardment drastically increases the infectivity of cloned DNA
sequences can be efficiently transferred, which greatly facil-  of zucchini yellow mosaic potyvirus. J. Gen. Virol. 76, 3223-3227.
itates analysis of spectra of different clones or creation of Gardner, R.C., Kim, R., Owens, R.A., 1986. Potato spindle tuber viroid
artificial populations as shown by the example of thermo- infections mediated by the Ti plasmid éfgrobacterium tumefaciens
mutants. Using the i)iolistic rocedure, mutant spectra can Plant Mol. Bicl. 6, 221-228.
e 9 . p ! _p " Gelvin, S.B., 2003Agrobacteriummediated plant transformation: the bi-
b? .co-preC|p|tateld and delivered at once as a mixture tq IN- ology behind the “gene-jockeying” tool. Microbiol. Mol. Biol. Rev.
dividual cells. This should allow for equal and comparative 67, 16-37.
starting conditions for different mutants. The ligation of dif- ~Gilbertson, R.L., Faria, J.C., Hanson, S.F., Morales, F.J., Ahlquist, P.,
ferent mutant cDNA monomers in the cells could form new ~ Maxwell, D.P., Russell, D.R., 1991. Cloning of the complete DNA
binations of mutations within brocessive transcriots and genomes of four bean-infecting geminiviruses and determining their
com Y - - p - . p infectivity by electric discharge particle acceleration. Phytopathology
then in viroid offspring. This mechanism could even increase g1 ggp_9ss.
the biodiversity of artificial populations. A biolistic transfer  Géra-Sochacka, A., Candresse, T., @i, W., 2001. Genetic variability
of a wide pool of PSTVd sequence variants was used also in of potato spindle tuber viroid RNA replicon. Acta Biochim. Pol. 48,
our previous study for inoculation Brassicaspecies, where 467-476.

alow-level population of viroid evolved from the diverse pool Grimsley, N., Hohn, B., Hohn, T., Walden, R.M., 1986. "Agroinfection’
Pop P an alternative route for plant virus infection by using the Ti plasmid.

of mutants Matowsek et al., 2004 Proc. Natl. Acad. Sci. U.S.A. 83, 3282-3286.
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