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Abstract

Viscotoxins are a group of toxic thionins found in several mistletoe species. The constitutive Caivbrnoter

was used to drive the expression of the viscotoxin A3 cDNA fkdscum albunin transgeni@rabidopsis thaliana

C24. Lines with high viscotoxin A3 levels in all parts of the plant were selected and tested for resistance against
the clubroot pathogeRlasmodiophora brassicadhe transgenic lines were more resistant to infection by this
pathogen than the parental line.

Introduction a signal transduction pathway different from that for
PR proteins [20]. The induction of thithi2.1gene by
Several groups of basic and cysteine-rich polypeptides Fusarium oxysporursp.matthiolaeis much stronger
of plants are now being recognized as possibly involved in resistant than in susceptible ecotypes (Epple, Vign-
in the defence against phytopathogens. These includeutelli, Apel and Bohlmann, manuscript submitted).
thionins [for review see 8, 10, 29], lipid transfer pro- Finally, overexpression of the THI2.1 thionin in the
teins [30], and plant defensins [66]. The toxic activit- susceptible ecotype Col-2 leads to higher resistance
ies of thionins have been studied for several decades.against. oxysporunf. sp. matthiolag[20].
Soon after the isolation of purothionin from wheat flour Viscotoxins are a group of thionins which have
[4], it was discovered that it has antimicrobial activ- been isolated and sequenced from different mistletoe
ity [64]. Such antimicrobial activity has since been species [52, 72]. Mistletoe extracts are being used in
demonstrated for several other thionins [11, 25, 26, the treatment of cancer [62] and as antihypertensive.
44, 65, 67], supporting the suggestion that thionins are Therefore, the toxicity of viscotoxins against mammals
defence proteins [25]. Further evidence for such a pos- and other biological systems has been well documented
sible function comes from observations that the expres- [e.g. 2, 17, 39, 50]. The toxicity of viscotoxins and
sion of several thionin genesis inducible by phytopath- other thionins has been attributed to a damaging effect
ogenic fungi [11, 12, 20, 68, 69]. Furthermore, it has on membranes [e.g. 15, 17, 39]. Like other thionins,
been shown that the expressionahordothionin in viscotoxins are also produced as preproproteins with a
transgenic tobacco plants can lead to enhanced res-molecular mass of about 15 kDa [8, 10, 29].
istance against a phytopathogenic bacterium [16]. In Four viscotoxin isoforms with six cysteine residues

similar experiments, however, Floraekal. [27] did have been characterized frafiscum albunteaves [46,

not find enhanced resistance in transgenic tobacco liness3, 54, 55]. Additional new viscotoxin variants were

expressing a synthetig-hordothionin gene. identified by a PCR-based approach [60]. The thionin
We have recently shown that &mabidopsis thali- domains encoded by two of these cDNAs have eight

anathionin gene is inducible by pathogenic fungi via cysteine residues, in contrast to six in the classical vis-



674

cotoxins, and the corresponding transcripts were detec-Materials and methods

ted in seeds. In young mistletoe leaves, viscotoxins are

produced in large amounts, but are no longer detect- Cloning

able in senescent leaves, indicating that the plant is

reutilizing the sulfur of the viscotoxins [61]. However, The coding sequence of viscotoxin A3 was amplified

a sole function as storage proteins is difficult to accept by PCR from the corresponding cDNA [59] with the

considering the large number of highly divergent vis- following primers:

cotoxin variants. This variability is higher in the thionin  vis.1: 3-CGGAATTCCATGGAAGTTGTGAGAGGC

domains of the viscotoxin precursors than in the acidic TCC-3

domain or in the signal sequence [60]. A higher muta- vis.2: 3-CGCGGATCCTTAAGCATCATCAACATCT

tion frequency in the thionin domain has also been TG-3

found for cereal thionins and has been explained as

adaptation against the constant threat by highly vari- Primervis.1 introducedldcd site atthe start codon

able pathogens [8]. Brandenburger[13] lists only three without altering the nucleotide sequence of the coding

fungal pathogens dfiscumspecies in Europe and only  region, and primer vis.2 introducedBanH]| site just

one fungal pathogen has been reported from the North behind the stop codon. The PCR product was digested

American mistletoeV. articulatum[23]. It is tempt- with Ncd andBanHI and gel-purified. The insert was

ing to attribute this low number of mistletoe pathogens cloned into the vector pSH9 [32] which was also diges-

to a very effective defence system and to assume thatted with Ncd and BanHI. The correct sequence was

thionins might play an important role in this defence. verified by sequencing [56]. The expression cassette
Viscumplants, being semiparasites of trees, are was excized witlHindlll and inserted in pBIN19 [5].

difficult to grow in the laboratory and, to our know-

ledge, have not been transformed yet. Thus, one way Growth and treatment of plants

to study the function of viscotoxins in defence against

phytopathogens is to express viscotoxins in a hetero- We used théA. thalianaecotype C24. For seed pro-

logous system and to test the resistance of transgenicduction plants were grown in soil in a greenhouse. For

plants. As a first step, we have expressed the codinggrowth on MS agar [45], seeds were sterilized, sown

sequence of the viscotoxin A3 precursor [59] with a on MS plates with vitamins (glycine 2 mg/I, nicotinic

strong constitutive promoter iArabidopsis thaliana  acid 0.5 mg/l, pyridoxine-HCI 0.5 mg/l, thiamine-HCI

and studied the effect of viscotoxins on the resistance 0.1 mg/l), 1% sucrose, and 0.8% agar, stored a4

against phytopathogens. It has been shown before thatfor two days, and grown in a growth chamber (16 h

the expression of other putative defence proteins canlight, 20°C; 8 h dark, 18 C).

lead to higher resistance against phytopathogens [1,

14, 35, 36, 41, 74]. Preliminary tests with differ- Generation of transgeni&rabidopsidines

ent phytopathogenic fungi showed that the parental

ecotype C24 was already resistant agakstxyspor- The A. tumefacienstrain LBA4404 was transformed

umf. sp. matthiolaeand differentAlternaria strains. as described by Holsters al. [31]. Integrity of the

C24 was however susceptible to the root pathogen transformed plasmid was confirmed by Southern blots.

Plasmodiophora brassicaea soil-borne, biotrophic  Root transformation oA. thaliana[70] was performed

pathogen with a complex life cycle. Primary infec- as described by Huang and Ma [33]. Fifty individual

tion by P. brassicaeoccurs in root hairs and leads to primary transformants were generated. Shoots were

the development of uninucleate plasmodia. Secondaryexcised and transferred to test tubes to raise seeds.

infection of cortical cells results in multinucleate plas- Homozygous lines were generated for lines with a

modia and the development of the characteristic galls high expression level and further propagated to obtain

[34]. Here, we report that the expression of viscotoxin enough seed material for resistance tests.

A3 in A. thalianagives enhanced resistance against

P. brassicae Northern blots

Plants were grown on MS agar plates. Seedlings were
harvested by pouring liquid nitrogen onto the plates.
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Plant material was ground in liquid nitrogen and RNA Resistance tests
was prepared as described by Meleeal.[42].

Total RNA (20 ug) was separated on denaturing A field isolate ofPlasmodiophora brassicagas used
1.0% agarose gels [3]. Ethidium bromide was included to infectA. thalianaseedlings as described by Rausch
to verify equal loading of RNA. After transfer to Gene etal.[47]with the following modificationsA. thaliana
Screen membranes (NEN, Beverly, MA) filters were plants were grown for 10 days in the greenhouse. They

hybridized with 16 cpm/ml of an oligolabelled?P- were then inoculated with 0.5 ml oRabrassicaspore

viscotoxin A3 cDNA probe [24] in HYBSOL [73]. suspension in 50 mM potassium phosphate buffer pH
Filters were washed for 20 min at 60C with 5.5 containing 10 spores/ml. After infection, plants

2x SSC, 0.1% SDS and then 15 min at 80 with were further cultivated in the greenhouse. Roots were

0.5x SSC, 0.1% SDS. Filters were exposed to X-Omat- harvested at 2, 3, 4, 5 and 6 weeks after inoculation.

AR (Kodak) films at —80 C for one hour to six days. About 60 plants of each line were used per time pointin
one experiment. Three independent experiments was

Southern blots performed. For each time point the infection rate was
calculated as the proportion of plants which showed

Genomic DNA from 6-week old plants was isolated macroscopically detectable hypertrophy.

according to the method of Dellapogtal.[19]. 3 ug

DNA was digested with the restriction enzyidandlll

(Boehringer, Mannheim, Germany) according to the Results

manufacturer’s instructions and separated on a 0.8%

agarose gel. Afterwards the DNA was transferred to Generation of transgenic lines with high constitutive

Pall Biodyne A membranes (Pall, Muttenz, Switzer- levels of viscotoxin A3

land) and blots were hybridized [51] withP-labelled

[24] probes. Filters were washed twice witlk 5SC, For the constitutive expression of viscotoxin A3 we

0.1% SDS at 65C, once with 0.5 SSC, 0.1% SDSat  used the expression vector pPSH9 which has been shown

62°C, and once with 0.2 SSC, 0.1% SDS at 6, to provide high level expression of foreign proteins in

and exposed for four days. The expression cassette wasll parts ofArabidopsis thalianglants [32]. The cod-

detected with a viscotoxin A3 cDNA probe and copy ing sequence of a viscotoxin A3 cDNA [59] was ampli-

number was analyzed withretll-specific probe. fied with specific primers (see Materials and methods)
to introduce amcd site at the start codon anddanHl|
Western blots site behind the stop codon without altering the encoded

amino acid sequence and inserted into pSH9. The final
Plants were grown on MS agar plates as described.expression cassette as shown in Figure 1 was intro-
Plant material was ground in liquid nitrogen and 1 ml duced into pBIN19 [5] for root transformation [33] of
pulverized material was homogenizedin 4 mlLaemmli A. thalianaC24. Kanamycin-resistant explants were
buffer [38] and incubated at 95C for 10 min. Cell regenerated and 16 transgenic lines were screened for
debris was pelleted and the supernatant was precipit-viscotoxin expression by northern blots (Figure 2). Sur-
ated with 4 vol acetone at —2@ for 30 min. Proteins  prisingly, and in contrast to results obtained with the
were pelleted, dried, and dissolved in Laemmli gel expression of crambin and barley leaf thionin DB4
loading buffer. The protein concentration was determ- (Holtorf and Bohlmann, unpublished results), the vast
ined according to Esen [22]. Proteins (@) were majority of all lines had a very uniform expression
separated on Tricine-SDS polyacrylamide gels accord- level. Only one line (No. 59) out of 16 had a very low
ing to Sclagger and von Jagow [57] and electroblotted transcript level. The reason for this is not known.
onto PVDF membranes (BioRad, Glattbrugg, Switzer- Four viscotoxin lines with a high transcript level
land). Viscotoxin A3 was detected with a polyclonal were selected and further analyzed. Southern blots
antibody raised against a viscotoxin preparation [58]. (Figure 3) revealed that all four lines had a complete
The antibody was diluted 1:2000, and the blot was expression cassette (Figure 3A) and that all of them
developed using the Tropix Western-Light Plus chemi- had only a single copy of the transgene (Figure 3B).
luminescent detection kit (Tropix, Bedford, MA). All four lines were also characterized by western blots

using an antibody against viscotoxin [58]. This anti-

body also recognizes barley leaf thionins [59] which
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Figure 2 Northern blot screening of the transgenic linesLines
depicted in bold were further screened by Southern blots and western
blots. wt, wild type; vis, viscotoxin A3 cDNA insert.

were used as a control (Figure 4A). All transgenic -' .

lines, but not the wild-type C24, gave strong signals

with the antibody in the region of 5 kDa, indicating

that the thionin preproprotein was correctly processed - Tt
to yield the mature 5 kDa viscotoxin. Two of the lines

(No. 61 and No. 100) were also tested for viscotox-

in expression in different parts of the plant. In both

cases, roots, flowers, siliques, stems, and leaves had

easily detectable viscotoxin levels (Figure 4B). Two of

the viscotoxin-overexpressing lines were selected for - 500 bp
further studies.

Resistance tests
Figure 3 Southern blot characterization of selected viscotoxin

. . . expressing lines.Genomic DNA was digested withindlll. A.
Ithas been shown before thatthalianais susceptible Hybridization with anptll-specific probe. B. Hybridization with a

to infection byP. brassica€28, 37, 43]. Resistance viscotoxin A3 cDNA probe. vis, viscotoxin A3 expression cassette
tests ofA. thalianawith P. brassicaeas described in  (ca. 1200 bp); wt, C24 DNA; L, DNA marker. Numbers indicate the
Materials and methods, were performed according to different transgenic lines.

a procedure established fBrassica olerace]. The

resistance of two viscotoxin-overexpressing lines after

inoculation withP. brassicaevas compared to that of

the parental line C24. Plants were grown in soil in

a greenhouse and infected with a spore suspension ofinspection, it turned out that the viscotoxin lines were
P. brassicaas described in Materials and methods. For more resistant than the wildtype. Quantification of the
the C24 parental line susceptibility was evident from infection rate in three independent experiments clearly
both root and hypocotyl galls (data not shown). The showed that both viscotoxin-overexpressinglines were
galls were filled with resting spores, indicating that the more resistant t&. brassica€Figure 5). In each exper-
whole life cycle of the fungus has been completed (data iment, the infection rate at later time points was sig-
not shown). Galls of the roots and the hypocotyl were nificantly lower for the viscotoxin A3-overexpressing
also seen with the overexpressing lines, with no pref- lines as compared to the wild type and the first visible
erence for one gall type, and the galls also contained symptoms in the transgenic lines occurred later than in
resting spores (data not shown). However, upon closer the wild type.
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Figure 4 Western blot analysis of selected viscotoxin-expressing line&. Total protein of 4 selected viscotoxin expressing lines isolated
from 4 week old plants grown on MS agar plates. B. Total protein of 2 selected lines isolated from different parts of plants grown on MS agar. M,

molecular weight standards; Barley 1:1, total protein from etiolated barley seedlings; Barley 1:10, total protein from etiolated barley seedlings
diluted 1:10; wt, total protein from C24 plants. Numbers indicate the different transgenic lines.
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Figure 5 Viscotoxin A3-overexpressingA. thalianalines are more resistant againsPlasmodiophora brassica&hown are the mean values
with standard deviations of the infection rate (derived from three independent experiments) at 2 to 6 weeks after inoculation for the parental line
C24 and 2 viscotoxin A3-overexpressing lines.

Discussion The transgenic lines contained high levels of vis-
cotoxin and it was thus possible to detect the protein
We have generated transgemficabidopsis thaliana  immunologicallyin total protein extracts. Other groups
C24 lines with high levels of viscotoxin A3. The hadto use enrichmentproceduresto detect hordothion-
C24 ecotype was used because root explants are easilyns [16, 27] or barley leaf thionins (Mollenhauer and
transformed [70]. Fifty lines were initially generated. Apel, unpublished results) that were expressed in trans-
Sixteen were further characterized by northern blots genic tobacco plants. For comparison, we included
and four lines with the highest transcript level were total protein extracts from etiolated barley seedlings
selected. Southern blot analysis of the four lines indic- which are known to contain very high levels of barley
ated that all of these had single copies of the transgeneleaf thionins [48]. The four lines tested on western blots
integrated. This is in agreement with previous studies gave all very strong signals with an antibody directed
which have shown that single-copy lines are primar- against viscotoxin [58] that were stronger than with
ily obtained with the root transformation method used the barley leaf thionin control. Although the antibody
[32]. does notrecognize barley leaf thionins as effectively as



678

viscotoxins [59], we conclude from these results that P. brassicadas been identified iA. thaliana[28]. The

all four lines have high levels of viscotoxin A3. use of such specific resistance genes to control club-
During the characterization of the viscotoxin- root disease in cruciferous crops is, however, restric-

expressing lines we noted that they showed an alteredted by the occurence of many different pathotypes.

phenotype when grown on MS agar under short-day The variability of the pathogen will easily overcome

conditions (Holtorf and Bohlmann, unpublished res- a defence that depends on a single resistance gene.

ults). This is manifested as necrosis of the leaves Other approaches are therefore needed which could

and the apical meristem. Such phenotypes have nev-effectively control clubroot disease. Our results indic-

er been observed with crambin [71] and barley leaf ate that this could be achieved by the expression of

thionin DB4 [9] expressing lines (Holtorf and Bohl- heterologous defence proteins such as thionins.

mann, unpublished results). Phytotoxicity of thion-

ins has been described before [40, 49]. However, the

transgenic lines looked quite normal when grown in Acknowledgements
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