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II.

Aspects of Research for the Period Jamuary 1988 - July 1988.

DNA Plasmid of Rhizoctonia solani

A linear plasmid DNA with a mol. wt. of 1.6x10° was identified in
virulent strains of R. solani (13 & 82), but not in a hypovirulent
strain (521). The plasmid was stable at high levels of RNAse but
disappeared by DNAse treatment. Restriction mapping of the DNA plasmid
was required prior to any attempts to transform R. solani strains which
lack the plasmid. Restriction sites of a number of enzymes were mapped
- EcoRI, AciI and San3A. Initial attempts to transform puc-13-ligated
plasmid DNA were not successful. The experimental procedures were
revised in order to remove impurities and raise the efficiency of the

transformation process.

Quring

Curing virulent strains of the dsRNA viruses will result in
conversion of virulent strains to hypovirulent. Curing, therefore,
will result in isogenic strains with similar genetic background, but
differ in their virulence characters. This is an important step for
further studies of virulence factors.

Two virulence-attenuated clones were derived from a virulent
strain of R. solani by ethidium bromide treatment. The concentration
of EtBr in the culture and the time of incubation was varied, since the
viability of cells in EtBr was greatly reduced. EtBr is known to
affect curing of plasmids and other extranuclear elements. Only one of
the two attenuated strains also lacked dsRNA. However, the cured
strain appeared unstable and as it regained the virulence characters,

the dsRNA segments also gradually reappeared.
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Cooperation

During the course of the research project Dr. Ofusu-asiedu visited
twice the laboratory at Tel Aviv University. His stay was used
primarily for providing Dr. Asiedu with the opportunity to learn the
methedologies used in the study of the dsRNA viruses. In addition,
these visits allowed direct interaction and lengthy discussions related
to studies performed at Tel Aviv. During this period various proposals

related to the studies in Ghana were developed.

During the last year of the research Dr. Koltin traveled to Ghana and
spent a week (Feb. 26 to March 7, 1988) in the Forest Products Research

Institute at Kumasi. The visit was devoted io:
a. provide a short course (9 hours of lectures) on the dsRNA viruses of
the fungi and the significance of these viruses and plasmids to

agriculture.

b. to discuss the experimental aspects that were expected from the
Ghanian laboratory.

c. to discuss basic problems for which the phenomenon of fungal

hypovirulence may be applied.

d. to meet the students in Kumasi Institute of Science and Technology.



In the course 7 staff members and students participated and all
displayed considerable enthusiasm to gain understanding of the subject

matter. Likewise the students are eager to learn.

Unfortunately, the basic means for simple research are as yet hardly

available at this time. The interaction with staff and student was

very positive,
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SUMMARY

Double-stranded RNA viruses were detected in virulent strains of Rhizoctonia solani.
The virus particles were 33 nm in diameter, contained two or three major segments of
dsRNA (mol. wt. 1-6 x 107, 1-45 x 10°and 1-25 x 10°), had a density of 1-34 g/m} and
had an estimated sedimentation coefficient of 161S. The major coat protein had a mol,
wt. of 46000. An RNA-dependent RNA polymerase activity was associated with the
viral capsids. Native hypovirulent strains of R. solani were devoid of these viruses and
attenuation of virulent strains to hypovirulence appeared to be correlated with the loss
of some or all of the segments of dsRNA. Transmission of dsRNA from a virulent to a
hypovirulent strain by heterokaryon formation was associated with the transmission of
virulence.

INTRODUCTION
Viruses containing dsRNA are not uncommon among fungi. This group of viruses is generally
characterized by a lack of symptom expression; in only a few cases have viruses been shown to
affect the phenotype of their carrier fungus (Tipper & Bostian, 1984; Day & Dodds. 1979;
Hollings, 1978 Ghabrial & Mernaugh, 1983). The lack of apparent expression of these viruses

and their detection in an increasing number of plant pathogens has led to the examination of

their involvement in the regulation of virulence. The results thus far are inconclusive. since
viruses were detected in both virulent and avirulent strains. and in strains that secrete a
phytotoxin as well as in those that do not (Rawlinson er al., 1973: Dunkle, 1974).

Indications that the dsRNA of fungi may be associated with the regulation of virulence were
reported in Endothia parasitica, the causative agent of chestnut blight (Van Alfen, 1982). The
available data suggest that the dsRNA segments act as attenuators of virulence and that the
expression of virulence is suppressed following the transmission of the dsRNA through
cytoduction between virulent and hypovirulent strains. This is the first case in which a role in the
actiology of a discase can be ascribed to dsSRNA and this is the only ease in which an adaptive
value is suggested for the benign relationship between the carrier fungus and the dsRNA,

Three cases have been reported in which a diseased state of the mycelium was related to
dsRNA “plasmids’ and dsRNA viruses (Castanho er al., 1978 Hollings, 1978: Ghabrial, 1980).
Two of the reports are from the plant pathogenic fungi Rhizoctonia solani and Helminthosporium
victoriae, and the findings suggest that diseased strains that contain dsRNA are less virulent
than those which do not. The diseased state was transmitted by cytoduction to healthy strains
along with the dsRNA. Since the suppression of virulence might result from incitement of the
disease in the fungul cells, this pheromenon is basically different from the regulation of
virulence in E. parasitica in which the hypovirulent strains remain bealthy. Re-examination of the
relationship hetween dsRNA and virulence was therefore undertaken with R. solani.

R. soluni is a soil-borne pathogen wiiich causes root decay in over 130 species (Baker, 1970),
Castanho e¢f al. {1978) and Castanho & Butler (1978¢) showed that dsRNA occurred in the
diseased hypovirulent struin and were able to select a healthy virulent strain from this diseased
strain. The virulent strain was devoid of dsRNA and was converted into a hypovirulent strain by
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1222 A. FINKLER AND OTHERS

the transmission of dsSRNA from the diseased strain to the healthy strain. In this paper we show
that the virulence is not related to the diseased state of the strains and that the native
hypovirulent strains do not conta.: dsSRNA whereas the virulent strains contain dsSRNA viruses.

METHODS

Materials. 5.6-PHIUTP was purchased from Amersham. The nucleoside triphosphates, polyethylene glycol
(mol. wt. 6000), R Nase (bovine pancreatic ribonuclease A) and DNase (beef puncreas DWNase ) were all obtained
from Sigma. Glyoxal (Fisher Scientific, Fairlawn, N.J., US.A.)was treated before use with Amberlite Monobed
mixed resin MB-3(BDH) Ultra-pure sucrose was obtained from Bethesda Research Laboratories and CsCl was
obtained from Metallgesellschaft (F.R.G.) Restriction endonucleases were obtained from BioLab (St Paul. Min..
US.A.). The low molccular weight protein standards were from Pharmacia.

Fungal cultures. The strains of R. solani used in the study were iso'ated trom soil saunples from various locations
in lsrael according to the procedure described by Boosalis & Scharen (1959). The cultures were maintained and
stored both in potato dextrose dgar 4t 24 to 28°C and indry soil containing 4°5 (w/w) wheat bran as described by
Butler (* 30). The cultures were identified as R. solani from theit hyphal morphology, by the detection of
multinucleate cells following staining with haematoxylin (Parmeter, 1980) and by determination ol the
anastornosis group (AG) of each isnlate using known standard testers (Parmeter ef al., 1969) (Table 1.

Pathogenicity tests. The viralence of each strain used in the study was tested by determining its pathogenicity
towards six hoats by the plate assay described by Castanho & Butler (19785). The hosts used in these tests were
radish { Ruphanus satwus L.}, towato ( Lycopersicon esculentum A, onion (Allium cepd L.}, carrot { Daucus carold
L. var sanea DC), cotton (Gussypitm hirsutum L.) and bean (Phaseolus vulgaris L.). The reliability of the plate
assay was tested 1nd confirmed 1n greenhouse Lests and 1n feld experiments.

Extraction of dsRNA. Mycelia grown on agar were blended for 1010 155102 Sorvall Ommmuxer in 4 smail
volurmne of distilled water under asepuic conditions and used 10 inoculate 2 litre tlasks. containing 2%, glucose, 1%
peptone and 17, yeastextract. The cultures were grown for 3to Sdaysat 2§ "Con 3 rotary sitaker t New Brunswick
Scientific, New Brunswick, N J . U.S.AD The mycelium was hary 2sted by tiltration. wished with distilled water.
squeezed <ry and frozen at =20 °C

Nucleie acids were extructed and characterized cssenially as desenbed by Castanboeral. (19750, usually from 20
g of mycelium. Euch 10 g of frozen mycelium was (ruturated in 15 mlO-2 Meglycine. D st-Na HPO,, 06 weNaCl
12,SDS (pHY-3), with-i ml 2.mercaptoethanol and 20l water-saturated phcnol:\:hluru!'uml (1 D athgh speed
for § min in an Omuiniser kept at4°C. The homogenale was further processed in Braun homogenizer for 3 min
using 25 g of 0.45um glass beads. The homogenate was then returned to the rotary shaker tor 90 min. Cell debris
wits removed by centrifugation at 3000 g in a Sorvall §S-34 rotor for 15 minats “C and the aqueous phase was re:
extriacted with phcnol:chluml‘orm {1:1). The nucleic acids were precipitated overnightat =20°C after addwonof
2 vol. ethanol and NaClto -3 M. then pelicted by centrifugation at 12000 ¢ for 15 min. This pellet was resuspended
in0-1 ¥-NaCl, | my-EDTA, 005 M- Tri-HCIpH 69 (TSE buifer) containing 15° ethanol: dsRNA was separated
from the total nucleic acids by chromatography on 2 CF11 column as described by Franklin (1966). Double-
stranded RNA was then precipitated with ethanol tin the presence of 0-3 M-NaCl and resuspervied in the butler
used for electrophuresis (0 04 M-Tris-acetate containing | mM-EDTA. pH 74

Characterization of SRNA. Species of dsRNA were separated by electrophoresis i 49, polvacrylamide slab
gels. The gels were stained with 1 pgml ethidium bromide for 10 min. viewed with o ChromatoVue
Transifluminator (model TM36, UltraViolet Products. San Gabriel. Ca.. US.A) and photographed with a4
Polaroid camera (model MP4) using 3 Kodak Wratten No. 9 Filter. Nuclease treatments were a5 described by
Castanho er al. (1978) except that DNase was used at 4°C for 10 min.

Isolatiant and puritication of virions. Cultures were grown in 2litre dasks as described above. {n 4 few experiments
a medium contaning 2°; glucose, 0-2%, asparagine and 3 mixture of salts and trace elements { Weimnhoid et al.
1969) was used. The mycelium was harvested and washed with lysis hutfer contatming 30 mM-Tris-HCL 0-15 M-
NaCl. 10 ms-Mg30,, 1 mt-dithiothreitol and 0-1 M-EDTA (pH 7-Hand frozen at —20°C overnight, Virons were
purified essentially as described by Welsh et 4l (19801, The mycelium was suspended in lysis butfer containing
0-15 M-NaCl and disintegrated as for the extraction of dsRNA. The homogenate was centrifuged for 30 min at
12000 g to remave cell debris and the virons were pe'leted from the supernatantina Beckman SW27 rotor for 90
min at 133000 ¢ The pellet was dispersed mn lysts butfer containing 0-3 \-NaCland the vinons were precipiated
by aading 4%, (wrv) polvethylene glveol to the Solution. After Lhat4°C the SUSPENSION Wb centrifuged tor 10 min
at 10000 g and the pellzt was dispersed 0 lysts butTer contaming 06 w-NaCland 237, polyethylene glycol.
Following the addition of 0-2°, sodium dextran sulphate the virus SUSPENSION Wils incubated for 1 hat 4°C. The
pellet obtained atter centrifugation at 4300 g for 10 min was resuspended in lysis butfer containing 0,15 w-NaCl
and 3 w-KCH(Z0 3, vov) Alter | n the dextran sulphate 4nd ribusomes were removed by centrifugation for 10 min
a1 3300 g and the supernatant was dialysed for 2h against 50 mm-Trs-HCLpH T3 01 mM-EDTA, 40 mat-NaCl,
10 mM-MgSO.. 4 m-2-mercaptoethansl, 10°, zlycerol (bulfer G) The virtons were pelleted from the supematant
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by centrifugation at 80000 g overnight or at 133000 g for 2 h and the pellet was resuspended in butfer G. The
virions were further purified by centrifugation in a 10 to 40°; sucrose gradient in a SW27 rotor (Beckman) for 4 h
at 110000 g. Each 1-5 ml fraction was then examined for the presence of virions. for dsRNA and for RNA
polymerase activity. The fractions of interest were dialysed for 2 h against a large volume of buffer G and
centrifuged. Pellets were resuspended i butfer G facking glycerol and turther purified and characterized by
centrifugation in a CsCl density gradient in a SWS6 rotor at 18 °C for 45 h at 200000 g. The initial density of the
CsCl was 1-31 g/ml. Gradients were fractionated (0-3 ml) 1n an ISCO density gradient fractionator.

Determinution of sedimentation coefficient. Virions were resuzpended in 0-01 M-Trs-HCL | mM-EDTA, pH 75
(TE bufler) and centrifuged in a Beckmar Model E ultracentrifuge. The sedimentation coefficient was corrected
10 535, according to Svedbers & Pedersen (1940).

RNA polymeruse activity. The conditions for RNA polymerase activity were similar to those defined by Ben-Zvi
et al. (1984) for Usulago muydis virus. The activities of fractions from the sucrose gradients were tested in the
presence of actinomycin D (125 pg:mi) ut 30°C for 2 h,

Charucterization of the viral transcripts. Large teanscripts were synthesized in reactions incubated for 24 h at
30 °C. Reactior, mixtnres contained 1 mdt of each nucleoside triphosphate and 0-8 mg'ml bentonite to reduce
nuclease activity. After incubation, reaction mixtures were extracted with phenol and the nucleic acids were
ethanol-precipitated. The products were denatured in glyoxal and characterized by electrophoresis in 1-57;
agarose slab gels as described by Cannichae! & McMaster (1980).

Characterization of the cupsid proteins. Proteins were denatured by heating in 19, SDS, 17 2-mercaptoethanol,
625 mM-Tris-HCL, 2 mM-EDTA, 107, glycerol and (:05°7 hromophenol blue (pH 6:8) a* 100 'C for 3 min. The
proteins were charactenized by electrophoresis in 12:3°; polyacrylamide slab gels containing 0-05°; SDS with a
stacking gel of 67, polyacrylainide, at 150 V in Tos-glycine buffer ' Laemmii, 1970) containing 0-19; (w;v) SDS.
The gels were stamned with 0-1°, Coomissie Balliant Blue R in acetic acid:methanol:water (1:3:4, by vol.).

Electron microscopy. Guuds were coated with v 15°%; Formvar and carbon. Virons were stained with 2°; uranyl
acetate and exanuned ma JEOL 1098 electron microscope.

RESULTS
Detection of double-stranded R4 in R. solani
Straing of R, soluni were isolted from a range of diverse ecological niches, in various parts of
Israel. Of the eight strains selected tor study, four were identified as virulent and four as
hypuvirulent. The degree of virulence was determined by pathogenicity tests (Table 1), Virulent
and hypovirulent strains could not be distinguished morphologically oc by differences in their
growth rates. The strains selected tor the study were healthy in appearance and all grew at the
same rate. Examination o' the dsRNA content of the fungal mycelia revealed a clear distinction

Table 1. Host range and discase severity index of straing of R, solini

Disease severity index®
N

-~ )

Strain no.  AG R T C B Co (6]
Virulent

82 45000008 L0 =000 500 =000 500 =000 200000 380 =009

13 4 500 000 5-00) = 9-00) 5400 = 0-0C 300 = 0-00 500 =000 5:00 = 0-00

56 4 500 =000 St = 000 400 = 3-00 200 + 0-00 5-00 = 000 5-00 = 000

53 4 5400 =000 500 = 000 500 + 0:00 500 = 0-00 5400 = 000 0-00

I8OHTH 1 500 =000 5400 = 009 401 =009 2:00 = 000 1-00 = 0-00 0-00
Hypovirulent

160 2100 = 000 0-00 0-00 000 0-00 000

52l 4 070 = N3 -0 000 0-00 0-00 000

558 3140 = 0 000 2490 = 0-00 1-00 = 0-00 0-00 1-00 = 0-00

751 200 =000 109 = 003 100 «0-00 1-00 = 0-00 0-00 0-00

189a+t 1 038 =00 0-00 000 0-00 0-00 0-00

* Virulence ratings wvere based on the infected area of hypocotyl of seedlings. The results with six hosts are
presented (R, radish, T. tomato: C, carrot: Co, cotton; B, bean: O, onion). Tests conducted with five additionat
hosts gave similar results without any exception. The scale of 1 to 3 refers to the arca of infection:: 0, no detectable
infection: L 110 107, 2, 11 10 30°,, 3, 31 10 50°;; 51 10 80°; 5, aver 80Y;,

U fsSlrains kindly sent by Dr E. E. Futler, Department of Plant Pathology, University of California, Davis. Ca.,

SLAL

$ Standard error; n = 45.
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Fig. 1. Polyacrylumide gel electrophoresis of dsRNA isolated from strains of R. solani: (a) 53
hypovirulent obtained by hyphal tip isolation from 53, {6} 53, (c} 56. (d) 82 hypovirulent obtained by
hyphal up tsolation from 82 and () 82. () Ustilago maydis P4 strain dsRNA (Field er al., 1983). The
mol. wi. ( 10" of segments marked | to 6 are 1.7, 1-6, 1-45, 1-32, 1-25 and 1-225.

between the two groups: dsRNA could not be recovered from those strains which were classified
as hypovirulent (no. 160, 321, 358, 751), but was detected by the same procedure in strains that
were classified as virulent (no. 13. 53, 56, 82) (Fig. 1).

Since a segmented genome is typical of dsRNA viruses of fungi, it was essential to ascertain
precisely the pattern of segmentation obtained in each case and to exclude misleading artefacts.
In the course of purification of the dsRNA from the various isolates of R. soluni, some high
molecular weight bands were noticed in polyacrylamide gels even after the recovery of the
nucleic acids from CF11 columns. which were specifically designed to separate the replicative
and non-replicative forms of ssRNA in viruses. The nucleic acids, recovered from the CF11
column and expected to contain dsRNA, were subjected to various tests to ascertain the nature
of these molecules. The samples were exposed to RNase at high and low jonic strength, or
treated with DNase or with a series of restriction endonucleases (BamHI, Hindlll and Sall).

The results indicated that the components noticed often in the upper portion of the
polyacrylamide gels, with an estimated molecular weight of 3 x 10°to 7 x 10°, were not RNA
and consisted of a heterogeneous population of molecules. The heterogeneity of this component
was readily noticed in 19, agarose gels, in which it did not form a discrete band. and aiso in the
electron microscope this component was seen as a heterogeneous group of molecules.
Furthermore, this component was unaffected by RNase at high ionic strength, was slightly
sensitive to treatment at low jonic strength and was highly sensitive to digestion with DNase.

\O
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Fig. 2. Electron micrograph of negatively stuned R. solam strain 13 virus parsticles purified in a CsCl
density gradient. Bar marker represents 100 nm

Digestion with the restriction enzymes resulted in a non-specific digestion of these molecules;
this further confirmed the heterogeneity of this component.

Among the segments that clearly behaved as dsRNA, two distinet and consistent patterns
were wdentified. Pattern A, found in strains 53 and 82, was of three distinct dsRNA segments
with molecular weights of 16 x 10", 1-45 x 10" and 1-25 x 10®. Pattern B, found in strains 13
and 56, was of two distinct segments of dsRNA with molecular weights of 1-45 x 10° and
I-25 x 10° These patterns were seen both in polyacrvlamide and agarose gels. However, when
tested in polyaceylamide gels, pattern A dsRNA also contained minor bands with molecular
weights of 1.7 x 100, 1-325 x 10" and 1-225 x 10e,

Charuacterization of virus purticles

Sedimentation in sucrose gradients

Using the procedure for the isolation of virions. sucrose gradient fractions of virulent strains,
but not hypovirulentstrains, were found to contain virus-like isometric particles with a diameter
of 30 to 35 nm (Fig. 2). Most of the dsRNA extractable from fractions from the sucrose gradients
was in the fractions that contained virions (Fig. 5h). The dsRNA was resolved by
polyacrylamide gel electrophoresis into segments having the same molecular weights. *hose of
dsRNA extracted directly from the mycelium. However, in most preparations only two
sezments of dsRNA (mol. wt. 1145 x 10" and 1-25 x 10") were extracted from virions purified
from isolates giving dsRNA of pattern A.

The sedimentation coetlicient was determined using a virus preparation which bad been
centrifuged in two successive sucrose gradients. A value of 161S + 4S was obtained.

Cemtrifugation in CsCl density gradients
Further purification of the virions was obtained by centrifugation in CsCl density gradients,

Two components were obtained which had densities of 1-34 g/mland 1-29 g/ml (Fig. 3a). Virus
purticles were detected by electron microscopy in both peats but RNA extraction yielded
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Fig. 3. (@) CsC! density profile (T, top; B. bottom} of R. soluni vicus from strain (3. Centrifugation was
for 45 h at 18 C and 200000 g. (h) dsRNA distribution along CsCldensity gradient: 0-05 ml samples of
each traction were extracted with phenol:chloroform (1:1), precipitated with ethanol at =20 °C and
electrophoresed i a 47, polyacrylamide gel. 82 15 RNA as in Fig. 1(e).

dsRNA only from the more dense component (Fig. 3h). It is quite likely that the less dense peak
consists of empty virions, and that as reported for many fungal viruses (Bozarth, 1979), these
comprise a large proportion of the purified virions.

,
Particle protein

The protein content of virions purified by centrifugation in a CsCl density gradient was
examined by SDS-PAGE (Fig. 4). A single protein with mol. wt. 36000 was detected in both
density components. These results suggest that the lower density component consisted of empty.
capsids. [t contained, in addition to the major protein. two other minor proteins. The results of
translation experiments in vitro (A, Finkler, B. Ben-Zvi & Y. Koltin, unpublished results)
suggest that these additional proteins are contaminants.
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(a) (121 (c) (d)

Fig. 4.SDS-PAGE of viral protens purtfied from R. sofuni strain $6. (¢} Low mol. wt. marker proteins
0f 94000, 67000, 43000, 30000, 20000 and 14000. (b) Protetn from virus purified by sedimentation in a
sucrose gradient. (¢} Protein from virus fornung the light component (Fig. 3) after centrifugation in 4
C>Cl density gradient. () As (¢}, but material from the heavy component.

RN A polvmerase activity

Virus-associated RNA-dependent RNA polymerase activity has been found in most of the
fungal viruses in which this enzymie activity has been sought (Ben-Zvi er al., 1984; Buck, 1975,
1979 Buck eral., 1981 Ratti & Buck. 1979). Theretore, this polymerase activity was used to test
for the presence of virions among the fractions of a 10 to 40° sucrose gradient. Maximum
activity of the RNA polymerase coincided with the position of those fractions containing
dsRNA (Fig. 5a. 5 wluch, as shown carlier. were those containing virus particles. Some dsRNA
was extracted from the bottom fraction of the gradient, presumably because some virions had
aggregated and pelleted, but that fraction lacked polymerase activity. Similar results were
obtained with virions purified in a second sucrose gradient. No polymerase activity was found in
similar tests with extracts from hypovirulent strains. This result, as well as the absence of
dsRNA and virus particles, suggests that these strains lack virions. A linear relationship was
observed between RNA polymerase activity and virus concentration up to 2 mg/ml (Fig. 6).
Thus, the virion-associated RNA-dependent RNA polymerase activity that is characteristic of
many fungal viruses is also found in the virus particles isolated trom R. sofani and can be used to
monitor the isolation of these viruses.

During the examination of the fractionated sucrose gradients it became clear that the high
molecular weight components, shown earlier to be heterogeneous DN As, were not associated in
any way with the polymerase activity. This component did not band clearly in the sucrose
gradients and appeared in many fractions along the gradient in which there was no polymerase
activity. Furti:ermore, in the CsCl density gradient this fraction did not band with the dsRNA.

When RNA polymerase reactions were incubated for 24 h in the presence of bentonite. the
reaction did nut reach a plateau. The products of the long reaction were characterized initially
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Fig. 5. (u) Distribution of RNA polymerase activity of R. solani strain $6 vizus in fractions of a 10 to
40° sucrose gradient after centrifugation for 4 h at 110000 g 2t 4°C. @. Polymerase activity: O.
sucrose concentration. (&) Flectrophoresis of virion dsRNA extracted from fractions of the sucrose
gradient. Samples (0-3 mi) were extracted with phenol and analysed on 3¢, polvacrylamide gels. 56 is
RNA as in Fig. 1(c).

by CF11 column chromatography, used for separation of ssRNA from dsRNA (Franklin, 1966).
Itappeared that 87%; of the labelled UTP was incorporated into ssSRNA that was cluted from the

column with 15°; cthanol. The dsRNA that was eluted with TSE buffer without ethancl
contained approximately 13°; of the labelled UTP incorporated during the polymerase reaction.

NS
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Fig. 6. Dependence of the RNA polymerase reaction on Jhe concentration of virions. At the indicated
times, S pi samples were tested for TCA-precipitable PHIUTP (sp. act. 190 c.p.m..pmel. A virus
prepiration was purified frum R. solani strain 17 by sedimentation in a sucrose gradiznt and used at the
following concentrations: C, 225ug'ml; @, 450ug;ml: A, 1120 pug mi: A, 2230 pg:ml; T, 2860 pg; vl

Fig. 7. Polyacrylamide gel contini1g dsRNA isolated from the virulent donor strain (82) and the
teciprent strain (521) “transformed’ to virulerce. . 5) dsRNA from the two strains “transtormed’ to
virulence. (¢} JsRNA from the viruleat donor strain. () dsRNA mol. wt. markers (U mavdis P4 virus).

These results suggest that the major product of the polymerase activity is ssRNA and that the
RNA-dependent RNA polymerase activity associated with the virions represents transcription
activity. The radioactivity associated with the dsRNA may result from incomplete transcripts
synthesized on a dsRNA template.

The molecular weight of the newly synthesized transcripts was estimated by gel
electrophorisis in agarose af er trzatment of the RNA with glyoxal. One band of mol. wt. 0:75 x
10° was obtained, although 1: is possible that more than one transcript was present but di‘ficult
to resolve.

Conversion of virulent strains to hypovirulence

Attenuation of virulence was obtained by hyphal tip isolation from virulent strains (no. 82 and
53). A hypovirulent strain was recovered from each of the virulent strains. The frequency of
recovery of the hypovirulent cultures from both strains was about 1%, No virulent strains were
isolated from hypovirulent strains. To determine whether there is any correlation between
virulence and an alteration of the dsR N A content of these strains, the dsSRNA was extracted and
analysed in polyacrylamide gels (Fig. 14, a). The analysis clearly indicated a change in the
hypovirulent clones derived from the virulent strains. The clone derived trom strain 82 had lost
two dsRNA scgments (mol. wt. 1-25 x [0° and 1:225 x 10°) which the virulent strain 82
initially possessed, whereas the clone derived from struin 53 had lost all the major segments of
dsRNA. The faint bands seen in Fig. 1{) were not observed in agarose gels.
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Co-transmission of virulence and dsRNA

To determine whether the cytoplasmic transmission of dsRNA coincides with the
transmission of virulence, a classical heterokaryon transfer experiment was performed (Jinks,
1964). A virulent strain (no. 82) ar.d u hypovirulent strain (no. 521), of the same incompatibility
group (anastomosis group, AG 4), wer¢ selected based on their differential sensitivity to
different fung:izides. The virulent strain was resistunt to Benomyl at a concentration of 2:5
pg/ml, but sensitive to BTN (BAY NTN 19701, Mobay Chemicals, U.S.A.). The hypovirulent
strain (521) was resistant to BTN ata concentration of 75 pg/mi but sensitive to Benomyl. The
differential sensitivity permits identification of the two strains and selection of the parental
sirains. Both agents affect the microtubules, and nuclear resistance to Benomyl has been
reported in a number of fungi (Sheir-Ness ef al., 1978; NefT et al., 1983). In addition to the
resistance to the fungicides, the strains differed in the synthesis of melanin and production of
sclerotia. The virulent strain contained dsRNA viruses whereas the hypovirulent strain did not.

Two methods were used for sampling hyphae after interaction between the two strains. In the
first method the strains were confronted in a non-selective medium and allowed to interact for 48
h. Samples were withdrawn from the line of confrontation and plated on selective medium in
which only the hypovirulent strain could grow. In the second method the hypovirulent strain was
inoculated in non-selective medium in the centre of the plate and allowed to grow in optimum
conditions until two-thirds of the plate area was covered by this strain. The virulent strain was
then inoculated into the centre of the plate, thus establishing immediate contact with the
mycelium of the kypuvirulent strain. Hypha! tips were sampled from the periphery of the
hype irulent mycelium after 48 h. grown in nou-selective medium and then tested for resistance
to the fungicides and for virulence. The advantage of this method is that the area from which the
hyphal tips are isolated is at a distance from the growing cells of the virulent strain, as can be
determined by measuring the radial growth i control plates. Thus, the probability of recovering
only the hypovirulent strain is very high uwing this method.

Of 25 colonies. obtained in buth methads. two virulent colonies were identified with all the
markers typical of the hypovirulent strain (no. 321). These cultures derived from hyphal tips
were resistant to BTN, sensitive to Benomyi, did not secrete melanin and produced tiny hyaline
sclerotin typical of the hyoovirulent strain. Yet. in tests of virulence both were virulent in the
piate assay. Waen the new “transformed’ virulent strains were tested for the presence of dsRNA
(the parental hypovirulent strain was devoid of dsRNA), they were found to contain it. The
pattern of segmentation recovered was typical of the dsRNA segments contained in viruses
recovered from the virulent strain (no. 82) (Fig. 7).

DISCUSSION

The results indicate the presence of viruses in virulent strains of R. soluni. These particles were
30 to 35 nm in diameter and, like many other fungal viruses, contain a dsRNA genome.
Segments of mol. wt. 1-45 x 10> and 125 X 10" were extracted from virion preparations. It is
impossible as yet to determine whether these are separately encapeidated. A RNA-dependent
RNA polymerase is also associated with the virus particles. Hypovirulent strains, however, are
devoid of dsRNA and virus particles. !

In the course of this study a dsRNA segment with a molecular weight of 1-6 x 10° has been
extracted from the mycelia of a nuinber of virulent strains. This segment has not been detected
in the virions. It is unclear whether the 16 x 10° mol. wt. segment is cither not encapsidated or
is much less abundant in particles than are the 143 x 10°and 125 x 19 mol. wt. species. The
involvement of naked dsR NA in suppressing virulence in Endothia parasitica has been described
by Van Aifen & Hunsen (1983) Ttis also possible that the 16 x 10° mol. wt. segment belongs to
1 ditferent virus lust during the solation procedure. Mixed infections by two or more viruses are
common in fungi.

The results of the attenuation experiments, altering yirulent strains to hypovirulence, in
which a turs of specific dsSRNA segments (mol. wt. 1:25 x 10°and 1:225 x 1C)from strain no.
82 and the loss of the major segments of dsRNA in strain no. 53 were detected. suggest that the
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dsRNMA viruses code for the information which produces or regulates the virulence. This idea is
further supported by the simultaneous cytoplasmic transmission of virulence and dsRNA from a
virulent to a hypovirulent strain. Thus, corrective evidence that a genetic element determining
virulence is transmissible with dsRNA is provided. A recent report (Hashiba er af., 1984)
correlates the presence of a small DNA plasmid with hypovirulence in R. solani. However, the
characterization of the nucleic acid as DNA is incomplete and the strains studied were
debilitated and very different from the hypovirulent strains used in the present study. Another
report (Martini ef uf., 1978) claims that determinants of virulence in R. solanilie on alazge DNA
plasmid. We have also found a DNA component (mol. wt. 3 x 10°t0 7 x 10°) but it was present
in botk virulent and hypovirulent strains and was not associated with viral particles. Whereas
more than one factor may be involvzd in regulation of virulence, final proof of the role of each
will only be obtained by infection experiments with purified virus and by transformation
experiments in the case of a DNA plasmid.

The results presented are contradictory to those published earlier by Castanho er of. (1978).
The differences may stem from the fact that in the present study the virulent and hypovirulent
strains used were healthy whereas in the earlier study the hvpovirulent strain wus diseased.
Castanho er of. (1978) have claimed the transmission of the diseased state which they referred to
as hypovirulence. Itis clear from the present study that the diseased state cannot be equated with
hypovirulence and that the degree of virulence of the so-called hypovirulent strain may have
been masked by the diseased state. This is strengthened by experiments in our laboratory in
which virulent cultures were derived from Castanho's hypovirulent strain, yet we were unable to
detect virulent cultures among hundreds of hyphal tip isolates from a number of hypovirulent
strains used in our study.

Castanho er af. (1978) identified three segments of dsRNA in the diseased strain and only
occasionally were traces found in the healthy virulent strain derived from the diseased striin.
Re-examination of these strains in our laboratory confirmed the findings with respect to the
diseased strain. However, dsRNA was also detected in the virulent strain. Tae molecular
weights of the segments were identical to those found in tae virulent strains in the presentstudy.
The occurrence of dsRNA in the myeelia of virulent strains is also supported by recent findings
of Zanzinger er uf. (1984). However, these authors reported the isolation of dsRNA from 2 hypo-
virulent strain but their criteria are similar to those of Castanho er af. (1978), namely slow
growth.

A more relevant comparison is betwzen our findings in R. sofami and those reported in E.
purasitica (Van Alfen, 1982). The dsRNA found in hypovirulent strains of this pathogeaic
fungus is thought to suppress virulence. However, viewing the dsRNA viruses as adaptive
factors, it is concetvable that in some forms the information may be suppressive whereas in
others it may induce virulence. Available information from other dsRNA viruses of tungi
(Tipper & Bostian, 1984; Wigderson & Kolt.n, 1982) suggests tazteven within one species some
molecules may act in the expression of functions encoded by the dsRNA and other molecules
may actas eliminators of dsRNA segments encoding these functions. The nature of the dsRNA-
er.woldcd information in pathogenic fungi should provide an insight on the regulation of
virulence,
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Introduction

Two decades have passed since viruses were first isolated from
a fungus (Kleinschmidty & Ellis, 1967). Viruses are now known to
occur in many fungi including some 40 different species that are plant
pathogens (Day & Dodds, 1979). The genetics, molecular biology and
physical properties of these viruses have been described in detail by Lemke
(1979) and more recently by Buck (1986). The information to da'e
suggests that only in g very few cases do the curriers of these viruses
display a unigue phenotype that can be related to the viruses (Bevan,
Herring & Mitchell, 1973: Wood & Bozarth, 1973: Castanho, Butler &
Shepherd., 1978: Hollings, 1978: Ghabrial & Mernaugh. 1983). Rarely do
phenotypes conferred by the viruses contribute a selective advantage
to the carrier. The complexity of their organisation and maintenance
(Bruenn & Brennan, 1980): Buck er al., 198ia. 1981 Welsh & Leibowitz,
1982: Field er af., 1983) suggests that some selective forces must operate
to maintain them,

A segmented genome of double-stranded RNA typifies the fungal
viruses (Bozarth, 1979: Bozarth ef al., 1981). The segments are separately
encapsidated, cach with s unisue information but witl; an antigenically
identical coat, and an RNA-dependent RNA polymerase is associated
with the viral coats. The general features of the system are thus similar
to those of a nujor virus with 1 number of satellite viruses. No proviral
state has yet been detected (Bruenn, 1980; Ben-Zvi of of., 1984). Trans-
mission of the viruses i through cytoplasmic exchiange between compat-
ible mating types of one species. Artificial infection methods have been
devised very recently {Stanway & Buck, 1984),

Genetic instability of various characters in fungi, at a rage exceeding

.
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that attributable to gene mutations, has been reported for nany years.
Some of the unstable characters are related to sporulation. morphology.
synthesis of seccondary metabolites and virulence (Jinks. 1939; Grindle.
1964). As the factors relited to genetic instability in prokaryotes and
eukaryotes are resolved, and the role of plasmids and transposable
elements is recognised (Shapiro, 1983), one overriding fact thut emerges
in consideration of fungal instability is that DNA plasmids are not
abundant. In fungi he extent of instability related to transpositions s
as yet unclear (Esser et ol 1983 Roeder & Fink, 1983) but the abundance
of dsRNA viruses suggests these factors are a much more significant
source of instability. Genetic drift in RNA viruses has been documented
both in moleculur terms and in epidemiological outbreaks (Ortino ef al.,
1980; Sugiyama. Bishop & Roy, 1981; Holland er al.. 1982). It seems
that in the absence of an RNA repair mechanism, and lacking a DNA
proviral state, such viruses show a high frequency of genetic alterations
and a strong genetic drift which may manifest itsell as instability in the
host.

Phenotype expiession in the fungal host resulting from viral infection
includes the secretion of a toxin (Puballa, 1968 Day & Dodds. 1979).
degeneration of fungal cells (Castanho, Butler & Shepherd, 1978
Hollings, 1978: Ghabrial & Mernaugh, 1983) and. in one instance, the
attenuation of virulence (Van Alfen, 1982). The latter findings are the
first in which a positive selection is indicated and an adapiive advantage
to the fungal host is conferred by the dsEINA virus. They suggest an
explanation for the rapid establishment of cquilibrium between the host
and pathogen that was recorded for the epidemic of the chestnut blight
caused by the pathogen Endothia parasitica (Grenle & Saurel. 1969: Van
Allen er al., 1975).

Although dsRNA viruses have been detected in many plant pathogens,
in only a few has there been any examination of the relutionship between
virulence and the virus. Results have been often confusing. In some. the
complexity of the system resulting from the oceurrence of multiple viral
infections. such n1s in the causative agent of the take-all discase, precluded
a clear analysis (Rawlinson ¢f af.. 1973). In others, incomplete charac-
terisation of the viruses and their genome organisation made the analysis
premature. For example, both discased and normal strains ol Helmin-
thosporium victoriae, the causal agent ol Victoria blight of outs. contain
virus-like particles (Ghabrial. Sanderlin & Calvert. 1979), as do toxin
and nontoxin producing strains of Periconia circinata (Dunkle, 1974). In
addition. the multicomponent problem. i.c. the involvement of the fungal
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pathogen, viruses of the fungal pathogen and the host plant, all possibly
interacting genetically, has led 1o premature conclusions in various
studies. Also, since the definition of virulence may be subjective unless
-well defined criteria are used., interpretation of the data can be very
confusing.

Generalisations cannot be made about the relationship of fungal
dsRNA viruses and virulence and the range of eflects expressed. The
adaptation by attenuation of virulence in £, parasitica, described above
which led to the restoration of host-pathogen equilibrium and permitted
new planting of the chestnut in Italy, is only one form of expression, In
addition, the viruses may act also as inducers of virulence. in a way
similar to that of bacterial piasmids (Elwell & Shipley, 1980). Other forms
of expression not recognised as reievant to the regulation of virulence
may be applied to combat various plant pathogens. To illustrate these
possibilities, stadies of the regulation of virulence by a dsRNA virus,
and the control of plant pathegens by a virus-encoded product, this chapter
describes relationships between two pathogenic fungi Rhizoctonia solani
and Ustilugo maydis, and their viruses.

Rhizoctonia solani

Early studics and the occurronce of lpovirulent sirains

Rhizoctonia solani causes damping ofTin some 130 different plant
species (Baker. 1970: Castanho & Butler, 1978) and is found in most
agricultural soils. Using debilitated strains assumed to be hypovirulent,
Castanho, Butler & Shepherd (1978) reported the oceurrence of atten-
uation, similar to that in £, parasitica. A survey of a natural population
in Israel to determine the degree of virulence, defined by the effect on
I'1 host species, revealed that the population consisted of a mixture of
virulent strains causing damage of varying degree of severity ‘o one or
more hosts and of avirulent strains that caused no discernible damage
to any host (Ichiclevich-Auster e al.. 1985h). Of 107 isolates, 32 were
avirulent and confirmed s R. solani by compatibility tests with anasto-
Mosis group tester strains. These strains are referred to as hypovirulent
strains.

Double-stranded RNA was detected in mycelia of the hypovirulent
strains but was not found in any of virulent strains. Virus particles were
not found in either the virulent or the hypovirulent strains. Debilitated
growth was transmitted to a virulent strain via cyloplasmic exchange
along with the dsRNA found in the hypovirulent strain. These early
studies led to the conclusion that the propertics of the hypovirulent straings
of R. solani were similar to those of hypovirulent strains ol £, parasitica.
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However. the debilitated strains persisted in the soil for less than one
month and the precise relation between debilitated growth and dsRNA,
or any other cytoplasmic factor, was unclear. The reason was that. as
shownm in later studies. growth rate and hypovirulence are independent
factors. Furthermore, il hypovirulence represents a state of adaptation
with a positive selection value it should be anticipated that hypovirulent
strains would not be debilitated. Also, one of the strains originally claimed
to be virulent and devoid of dsRNA (Castanho, Butler & Shepherd, 1978)
was re-examined recently and found to contain dsRNA (A, Finkler and
Y. Koltin, unpublished).

A later study (Zanzinger. Bandy & Tavantzis, 1984) reported the occur-
rence of dsRNA in both virnlent and hypovirulent strains but virulence
was defined by the use of one host, thus nonstringent criteria were adopted
that precluded precise characterisation of the level of virulence of each
of the stritins used. A DNA plasmid was also reported recently in R.
solani with the implication that this plasmid is related to virulence
(Hashiba er al.. 1984). However, the latter study also failed to define
stringent criteria to distinguish between virulent and hypovirulent strains.
In both studies the evtoplasmic transmission of viruience or attenuation
of virulence was not tested and the elfect of curing strains of the
eytoplasmic fictors on the degree of virulenee of the fungal host was not

examined.

Virulence and the dsRN A viruses
To approach the question of whether phenotypic expression of
the dsRNA viruses allects virulence n R. solani, highly virulent and
avirulent strains were examined for the presence of viruses. The strains
examined were isolated from various locations representing a range of
ecological niches and seven anastomosis groups. The relation of growth
rate to the degree of virulence was also examined, since it is possible
that slow-growing strains may be less virulent if their virulence is only
effective over a short range. for example. if it depends on enzymatic
degradation rather than toxic effect. The range in growth rate
of all the strains was found to be similar. None ol the strains was
debilitated and those identified as avirulent caused no discernible danage
such as damping ofl or growth inhibition to the 11 different species used
as indicators of virulence. The virulent strains caused severe damage to
all 11 hosts.
Nine strains were used to examine the relation of the dsRNA to
virulence (Finkler ef al.. 1985). Only the virulent strains contained viruses;
neither viruses nor dsRNA were recovered from the avirulent strains,
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Fig. 17.1. Electron micrograph of negatively stuined virus particles: (a)
30-35nm in diameter, purificd on sucrose densily gradients. from a
virulent strain of Rhizoctonia solani, {(b) dinm in diameter recovered
from a killer strain of Ustitugo maydis.
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The viruses were 30-35nm in diameter (Fig. 17.1a) and contained two
segments of dsRNA with molecular weights of 1.45 and 1.32 x 10° (Fig.
17.2). The virus particles from different strains seemed to be interrelated.
Their coat protein was of & similar size, 55K, and viruses from different
strains were immunoprecipitated by antibodies derived against one ol the
isolates. Furthermore, as in all other dsSRNA viruses. an RNA polymerase
acting as a transcriptase was coat-associated. [n vitro transcription

reactions have been defined for the R. soluni virus and for a number of

other fungal viruses (Buck, 1979: Bruenn er al.. 1980; Buck er ol 198 15,
Ben-Zvi er al., 1984).

Viral transcripts were obtained in vitro using virus particles supple-
mented with the four ribonucleotide triphosphates. The RNA-directed

V AV V VvV AV V
W 53 53 56 82 82 77

Fig. 17.2. Polvacrylamide gel clectrophoresis of unique segments of
dsRNA isolated trom an Ustiluge mavdis killer strain (right fane) and
from virulent strains of R. soluni (other lanes). The dsRNA was stained
with. ethidium bromide and viewed with UV. All extracted strains
contained virus particles.
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RNA polymerase activity, which is currently a routine assay to
monitor the viruses in purification procedures, was tested in hypovirulent
strains but no traces were detected. The transcripts obtained were used
in various studics with the fungal viruses for the resolution of viral-
encoded proteins and also as a probe to resolve the relatedness of the
viruses, since such probes avoid artefacts introduced by impurities of
ribosomal RNA adhered to the dsRNA. Using such probes under strin-
gent conditions (65°C, 0.6M NaCl, 60mM trisodium citrate) cross hybri-
disation between these probes and the viral dsRNA of various isolates
revealed that all the viruses isolated from the virulent strains are inter-
related. In addition, no variation of coat proteins from the viruses or in
the products of in vitro translated viral transcript products could be
resolved by fingerprinting using Staphvlococcus aureus V8 protease (A.
Finkler, B-S. Ben-Zvi & Y. Koltin, unpublished).

Virus curing and virulence

Since only virulent strains contained viruses, the question that
emerged was how will curing the strains of dsRNA viruses affect the
expression of virulence? However, since there are no practical, direct
experimental approaches to distinguish between carriers and virus-free
descendunts, the emphasis was placed on the recovery of avirulent subcul-
tures and the examination of these for the vecurrence of a specific pattern
of dsRNA,

Among subcultures of hyphal tips from virulent strains. about 1% of
the new cultures were avirulent. Virulence was never recovered in subeul-
tures from avirulent strains. Therefore, a clear unidirectional refationship
was established and the high incidence of phenotypic alteration suggested
that a loss of a cytoplasmic factor in the virulent strains led to a reduced
level of viculence. In one avirulent subcultuie a loss of the dsRNA was
noticed, while in another the loss of a specific segment of the viral
information was noticed. To confirm further that dsRNA may be associ-
ated with virulence, additional evidence was sought.

Conversion of hypovirulent strains

The conversion of a hypovirulent strain to a virulent strain by
the introduction of dsRNA viruses was attempted. The major difliculty
was that infective methods are available for only one fungal virus and
methods have not yet been devised for R. solani. Therefore, the natural
mode of transmission of the fungal viruses was adopted. that is via
cytoplasmic exchange in heterokaryons. The drawback of such a method

e

']’_‘r



Rhizoctonia solani 341

is the lack of control over the cytoplasmic transmission of various
cytoplasmic elements.  Techniques might  be refined i restriction
polymorphism could be found in the mitochondrial DNA of the inter-
acting strains. However, with the need to use genetically identifiable
strains it is diflicult to meet all the required conditions and so our exper-
iments were based on cytoplasmic exchange using strains that could be
identified and selected in defined-conditions.

To test for the cytoplasmic nature of the agents associated with
virulence, the classical heterokaryon transter experiment was performed
(Jinks. 19GY). A virulent strain and an avirulent strain of the sume compat-
ibility group (Parmeter. Sherwood & Platt. 1969) were selected on the
basis of their differential sensitivity to the fungicides Benomyl and Bay
NTN. 19701 (N-[(4-chIorophcn_vI)mcthyl]-N-c_vclopcnlyl—N’-phcnylurcu,
Mobay Chemicals, USA). Dilferential sensitivity permits the identification
of cach of the parental strains and the dissociation of the heterokaryon.
In addition to the differential resistance to two fungicides, the strains
differed in a number of other morphological characteristics, such as a
distinguishable difference in growth rate and the synthesis of melanin in
culture. The virulent strain contained dsRNA viruses (Finkier e af., 1983)
whereas the avirulent strain contained neither the viruses nor dsRNA.

Two methods were used for sampling cells aflter conjugation between
the two strains. In the first, strains were confronted while growing on
nonseleetive medium and were allowed o interact 24 or 48 h. Mycelium
was taken from the line of confrontation and plated on medium that
selected for the avirulent strain. In the second. the hypovirulent strain
was inoculated on nonsclective medium and allowed to grow in optimal
conditions until two-thirds of the plate arca was colonised. The virulent
strain was then inoculated in the centre of the plate. thus establishing
immediate contact with the mycelium of the avirulent strain. Hyphal tips
were sampled from the periphery of the avirulent myeelium after 24 and
48h, grown in nonselective medium and then tested for resistance to the
fungicides, vor morphological characteristics and for virulence. The
advantage of this method is that the area from which the hyphal tips
were isolated was at a distance from the growing points of the virulent
strains and thus the probability of recovering only the avirulent strain
was very high.

Of 25 colonies isolated in both methods, two virulent colonies were
identified which possessed all the markers typical of the hypovirulent
strain. These cultures were resistant to Bay NTN. sensitive to Benomyl,
did not secrete melanin and displayed a growth rate typical of the aviru-
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lent strain. Both were among those isolated after 48h of interaction. Both
strains contained dsRNA. which was absent from the parental avirulent
strain, and the pattern of segmentation was typical of the dsRNA pattern
- characterised in viruses recovered from the virulent strain that served as
the donor.

These results, together with the earlier indications from curing exper-
iments and the occurrence of the viruses in virulent strains and their
absence in avirulent strains, provide good reason to suggest thatin Rhizoc-
tonia solani the dsRNA viruses are associated with the regulation of
virulence. However, contrary to the situation in Endotlia purasitica, the
dsRNA viruses induce virulence and do not suppress virulence.

Viral information and virulence

To determine whether the content of viral information extends
beyond the capacity to regulate the synthesis of structural proteins, efforts
have been made to reveal its full coding potential. Characterisation of
the proteins encoded by the viral dsRNA indicates a coding capacity
extending two to three times beyond that of the dsRNA segments. il one
assumes no overlapping genes. The viral coat protein s the maujor trans-
lation product, but clearly other proteins are produced. Their reaction
to polyclonal antiviral antibodies suggests they are nonstructural. The
nature of these proteins is unknown and neither enzvmatic activities
thought to be related to virulence, nor their indirect involvement tn the
induction of viralence, have yet been examined.

One of the magor difticultics in the elucidation of the role of the viral
enceded proteins is the absence of sullicient biological characterisation
of virulent and hypovirulent strains. The pectulytic enzymes of a number
of virulent and hypovirulent strains used in our studies were examined
as markers for virulence. The role of pectolytic enzymes in the patho-
genesis of R solani has been well established {Weinhold & Motta, 1973).
Four enzymes. known as endopolygalucturonase T (endo PG-1) and [l
pectinesterase (PE) and endopectinolyase (endo PL). were purified to
homogeneity from a number of virulent strains (Marcus et al.. 1986).
Endo PL was found in all virulent strains examined but was not detected
in the five hypovirulent strains used in this study. It is not yet known
whether the “converted” hypovirulent strains derived from the hetero-
karyon transfer experiment aiso display endo PL activity but this enzyme
is clearly a good marker to follow since the potential for its production
may be introduced directly to the fungus by the viruses or induced in

the fungus by the viruses.
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Hypovirulence and biological control

It became clear from a series of experiments including field trials
that hypovirulent strains can be used for biological control of root rot
caused by R. soluni (Ichiclevich er af.. 1985«¢). Seedlings infected by the
hvpovirulent strain were protected against superinlection by virulent
strains of R. soluni (Fig. 17.3). In a series of experiments with one of the
hypovirulent strains the damage was reduced by 75-94%% in various
experiments with different crop plants including cotton, radish, wheat,
lettuce and carrots. The protection was effective against a challenge by
virulent strains and only ocecurred in the presence of the hypovirulent
strain. However. the pro-ection by one hypovirulent strain was eflective
in a number of very different ccological niches ditfering in climatic condi-
tions and soil type. The only limitation was the specificity displayed since
the protection was effective against Riuzoctonia but not against other
soil-borne pathogens. Effective protection was dispiayed using a hypovi-
rulent strain of one anastomosis group and individually against 4 number
of virulent strains ol different anastomosis groups. It is unclear whether
the hypovirulent strain induces a resistance mechanism in the host plant
or creates a barrier against superintection merely by efficient superticial
invasion of the plant tissue. ie. exploitation ol a limited resource.
Nonetheless. the protective mechanism operates irrespective ol the incom-
patibility system and there is no need for the selection of hyvpovirulent
strains from the dilferent anastomosis groups. The hypovirulent straing

Fig. 17.3. Protection of cotton seedlings by hypoviruleat isolate of
Rhizoctonia soluni (521). From left to right, uninfected control, infected
with virulent strain 82, infected with hypovirulent strain 521, infected with
strain 521 and challenged after 3 d with the virulent strain 82,
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in addition to, or as a part of, their protective effect appeur to promote
host growth; thus. in all expeziments the protected plants clearly displayed
vigorous growth that was expressed in higher yields than in controis,

It is uncleur why hypovirulent strains are common in nature in spite
of the fact that the mere acquisition of the viral information can convert
a hypovirulent strain to a virulent strain. The hypovirulent strains studied
were not limited to a unique or rare anastomosis group and, unless
vegetative incompatibility occurs within anastomosis groups, they are
widely accessible to cytoplasmic exchange and viral transmission. Infor-
mation available from a better-characterised system, the viruses of
Saccharomyces cerevisiue, suggests that many nuclear genes are involved
in the maintenance of such viruses (see review by Tipper & Bostian,
1984). In that system as many as 30 genes play some part in the mainte-
nance and replication of the fungal viruses. In the viruses of the corn
smut pathogen, Ustilugo maydis, another well characterised system,
exchange of viral information is dependent on a nuclear gene that confers
resistance to a viral-encoded system (Finkler, Peery & Koltin, 1984).
Furthermore, other cytoplasmic factors may impose constraints on the
exchange of viral information. Mechanisms of this nature may play a
role in the persistence of hypovirulent strains of’ R. sofani.

Ustilago maydis (Corn Smut)

Virus-related intersirain inhibition

Ustilago muydis represents a class of fungal pathogens in which
the expression of a virus harboured by the pathogen inhibits growth of
sensitive strains of the fungus. This phenotypic expression has stimulated
consideration of the use of this phenomenon for plant protection.

In the course of studies on the sexual interaction arnong haploid lines
of L. maydis growing on solid medium the occurrence of interstrain
inhibition was reported (Puhalla, 1968) and referred to as the killer
phenomenon. We now know that the factors associated with this phenom-
enon are polypeptides secreted by some strains of U, maydis. Such strains
constitute ¢. 1% or less of the natural isolates examined. The polypeptides
arce highly specific and affect gther members of the Ustilaginales including
the plant pathogens of graminaceous plants U. writici, L. hordei and (.
nuda. The phenotype associated with the secretion of these polypeptides is
related to a group of dsRNA viruses found in U7 maydis (Fig. 17.1b)
(Wood & Bozarth. 1973; Kiltin & Day. 1976). Almost all strains of C'.
maydis contain dsRNA viruses but very few secrete the toxic polypeptides.
The gentic organisation of these viruses is complex: a major viral compo-
nent provides the genetic information coding the coat protein and also the
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replicative machinery that provides for the maintenance ol a number of
satellite viruses (Koltin, Levine & Perry. 1980). Some of the satellite
viruses contain the information that encodes the inhibitory polypeptides.
A detailed account of the Ustilugo killer system was recently given by
Koltin (see Buck, 1980).

Use of viral information for plant protection

The broad spectrum of the inhibitory phenomenon among the
Ustilaginales merits some consideration for future plant protection.
Resistance to the U. maydis virus-encoded toxin was not detected in six
other members of the Ustilaginales that were tested. The specices barriers,
and the lack of common hosts m this order, suggest that many species
have not been evo'ving under the selective pressure of similar killer
systerns. {A killer system has not been reported in other Ustilaginales.)
Thercfore, the toxin may be effective against these species. The use of
the toxic polypeptides as fungicides is impractical but the introduction
of the viral sequences that encode these polypeptides as ¢DNA. cloned
in a plant expression vector. appeurs as i feasible approach. The dsRNA
encoding the toxin is comprised of ¢. 1000 base paits (Ficld et af., 1983).
I plant cells of wheat. barley. oats and other hosts of the various Ustila-
ginales can process the information and express the virus-encoded toxin,
the plant tissues should be protected against infection by their respective
smul fungus. It is proposed that the information derived from studies of
viruses of L. mavdis could be applied to programmnes for the control of
infections ol other members oy the Ustilaginales in other Graminaceous
hosts.

The feasibility of this nonconventional approach in plant protection
is difficult to assess at this stage in the development of plant molecular
genetics and genetic engineering. Notwithstanding the lack of the proper
vectors it is clear. however. that certain prereguisites must be met for
the expression of the viral information by the plant. Specific processing
by the plant tissue will be required and, as yet. it is unclear whether the
processing signals recognised by the fungus will be alse recognised by
the plant.

Conclusions

Although they are abundant in many different species and within
each species. dsRNA viruses of fungi have been largely unexplored
beyond the morphological description of many and physicul character-
isation of a few. Elements with such an adaptive potential should have
drawn much attention. as did the bacterial plasmids with their drug



346 Viruses of pathogenic fungi

resistance factors and virulence factors but, possibly because oi their
indirect impact via their fungal host cell, viruses have attracted much less
attenxion than the human pathogens. At present, information refating to
the ecological implications of fungal viruses is scarce and even those cases
that have been reported here require further elucidation. However, agents
affecting at least four forms of phenotypic expression, debilitation of
growth, supression of virulence, induction of virulence and secretion of
species-specific inhibitory polypeptides, have heen reported. Of these
phenotypes, clearly the aspects reluted to virulence are the most
complicated to study. Yat with keterokaryosis and parasexuality so
prominent among plant pathogens, it is imperative that we understand
better the role of cytoplasmic factors as adaptive agents which can play
arole in each of the above-mentioned phenotypes. Molecular and genetic
studies of viruses found in plant pathogens eould resolve their specific
role in virulence and explain the persistence of various forins in vivo.
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Abstract

A segmented double-stranded dsRNA virus has been isolated from virulent
strains of Rhizocronia solani. The dsRNA genome has mol. wts, of 1.45 and 1,32 X
10°. Two full-size transcripts with mal. wis. of 0.74 and 0.66 X 10°{2.2 kb and 2 kb,
respectively) were synthesized by the virus-associated RNA-dependent RNA
polymerase and resolved by denuaturing polyacrylamide gel clectrophoresis. The
transcripts cross-hybridized to the viral dsRNA isolated from a number of strains.
The transeripts did not hybridize with the genomic DNA. An unencapsidated
species of dsRNA with mol. wt. of 1.6 X 10" did not hybridize with the viral
transcripts. No cross-hybridization between the two viral dsSRNA segments was
obtained. The viral-encoded proteins were studied by invitro translation using the
rabbit reticutoeyte lysate system. The tronscripts served as mRNA for the synthesis
of the major capsid protein of 35 kD. and a number of other products. The viral
coat protein was immunoprecipitated with amibodies against purified virus par-
ticles. Partial proteolysis of the major in vitro product and the authentic capsid pro-
tein using Staphylococeus aureus V8 protease produced similar peptide patterns.
Denatured viral dsRNA also directed the synthesis of proteins identical to those
translated from the transcripts in vitro.

Introduction

The fungal plant pathogen Rhizocronia solani causes severe damage to a large
number of hosts (17 and is a severe pathogen throughout the world. By screening
many isolates of R. solani for virulence, a number of studies indicated the oc-
curence of both virulent and avirulent strains in the natural population (2-).
A double-stranded dsRNA virus has been recently isolated from strains of R.
solani (5. 6). The viral genome is composed of two segments of dsSRNA with mol.
wts. of 145 and 1.32 X 10° (2.2 kbp and 2 kbp. respectively). An additional dsRNA
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molecule of 1.6 X 10° (2.4 kbp) is found in many strains by extraction of mycelia
but has not been recovered from virions. The major capsid protein is 55 kD. An
RNA-dependent RNA polymerase is associated with the viral capsids and is
clearly a transcriptase (5).

Although initial studies reported that strains of the pathogen containing dsRNA
are debilitated and hypovirulent (7). later studies indicated that a correlation
between the presence of dsRNA and virulence cannot be established (2). Only
recently, by stringent tests to clea rly distinguish between virulent and hypovirulent
strains of the pathogen, a clear correlation was established benween the presence
of viral information and virulence (4). Hypovirulent strains were found to be
devoid of viruses and all the virulent strains examined contained dsRNA viruses,
The relationship between the dsRNA viruses and virulence was further examined
in attenuated strains and a correlation was established between the loss of
virulence and cither the total loss of dsRNA segments or the loss of specific
segments (5). Furthermore, transmission ol dsRNA from a virulent to an avirulent
compatible strain by cyvtoplasmic exchange resulted in the transmission of
virulence. These results suggested that dSRNA viruses may be associated with the
regulation or production of virulence factors. The analysis of the virus-encoded
proteins may therefore be significant for the clucidation of noastructural proteins
associated with the regulation of virulence,

In vitro translation of virus-specitic mRNA has heen extensively used in other
dsRNA viral systems to determine the coding potential ot the viral genome (8-12).
In virro translation of denatured dsRNA has also been reported in a number of
dsRNA viruses (9, 13-16).

In this report we describe the proteins encoded by the B solani viral genome,
We have used both the viral-specitfic mRNA, synthesized i vitro by the virus-
associated RNA-dependent RNA polymerase, and unfractionated dsRNA to
direct the svithesis of proteins in rabbit reticulocyte lysate systems. In addition,
the relationship between encapsidated and unencapsidated dsRNAs and the
relatedeness of the viruses isolated from ditterent strains is described.

Methods

Strains

R. solani cultures (No. 13, 82, 53, 56, and W) were iso'ated from various locations
in [srael (4), and maintained on potato-dextrose agar at 27°C. The virulence of
cach strain was determined in a plate assay as described by Castanho & Bulter
(17,

Purification of virus particles and dsRNA extraction

The techniques to purity virus particles and to extract dsRNA described by Fink-
ler et al. (5) were followed.,
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Purification of dsRNA segments

Individual dsRNA segments were puritied by at least 2 cycles of electrophoresis in
1.5% agarose and were finally electroeluted from the agarose using BND-cellulose
columns as described by Silhavy et al. (18).

3" End-labelling

Segments of dsRNA were end-labelled with 5'-*P-cytidine-5'-3'-diphosphate
using T4 RNA ligase (Pharmacia) as described by Bruenn and Brennan (19). The
specific activity of the [P]pCp was 3000 Ci/mmole. The labelled dsRNA was
purilicd by phenol extraction, ethanol pru.lpn'mon, and desalting was performed
on Sephadex G100

DN isolation

Mycelia grown overnight at 27°C were incubated with 10 mg/ml Novozyme (Novo
Industries, Sweden) in 0.6 M mannitol (pH 3.8) on a shaker for 1-2 hrat 30°C. The
mycelia were centrifuged and treated with 50 pg/mi proteinase K and 1% Nabod-
SO, tor | hrat 27°C in 10 mM Tris-HCl bufter (pH 7.5). The nucleic acids were ex-
tracted with phenolichlorotorm (1:1).

Synthesis of viral transcripis

Full-size transcripts were synthesized basically as described by Ben-Zvi et al. (20)
with few modifications. The reaction mixtures, containing 1 mM of cach of the 4
nucleoside triphosphates and 1.6 mg/m! bentonite to inhibit RNase activity, were
incubated with 3 mM Mg'™ at a pH optimum of 7 for 24 hr at 30°C. Labelled
transcripts were synthesized in the presence of 107 cpm/ml of [*P] UTP. After in-
cubation, the reaction mixture was extracted with phenol-chlorophorm (1:1) and
the nucleic acids were ethanol precipitated. The sRNA transcripts were puritied
on a CFI1 column (21}, ethanol precipitated, and washed with 70% cold ethanol
several times to remove salts.

Analysis of viral transcripts

Size determination of viral transcripts by electrophoresis was performed in 3%
polyacrylamide gel in the presence of 7M urea as described by Marzluff and
Huang (22) with few modifications: *P-labelled transcripts with specific activity of
5 X 10 cpm/pg RNA were denatured by heating at 65°C for 6 min in sample buffer
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containing 50 mM Tris, 50 mM boricacid. 50 uM EDTA (TBE bulfer) to which 5M
urea, 10% glycerol, 0.05% bromophenol biue and 0.05% xylene cyanol were added.
The samples were quickly cooled and then electrophoresed for 24 hrin a vertical
12 x 23 cm gel at 110 volts using TBE buffer. The transcripts were detected by
autoradiography of the dried gel.

RNA blot hybridization analysis

Double-stranded RNA sumples were electrophoresed in Lorizontal 1% agarose gel
in MOPS buffer containing ImM EDTA, 5 mM sodium acetate and 20 mM Na-
MOPS(pH 7.5) tor 3 hrat 110 volts. Treatment of the gel priorto the transfer to nit-
rocellulose followed the procedure provided by J. Bruenn (personnal communica-
tion). The gel was incubated in 50% formamide and 6% formaldehyde in MOPS
running buffer at $5°C. The RNA was denatured by treatment with 50 mM NaOH
and 100 mM NaCl, and transferred from the gel to nitrocellulose filters in 20 X
SSC(18SC = 0.15 mM NaCl, 0.015 mM sodium citrate as described by Southern
{23). The filter was air dried and then baked at 80°C for 2 hr under vacuum,

The filters were prehybridized tor 2-4 hrat 65°C ina hybridization mix contain-
ing 10 X Denhardt, 4 X SSC, 0.1% NaDodSo,, 0.2% Ficoll. 0.2% polyvinyl
pyrrolidone and 100 pg/ml denatured salmon sperm DNAL

Hybridization was performed at 63°C for 12-24 hr in hybridization mix with |
X Denhardt. Transcripts with a specific activity of 5 x [(F cpm/ug were added.
When P-end-labelted dSRNA was used as a probe. it was denatured for 90 see at
100°C. After hybridization. the blot was washed as described by Thomas (24).

Southern blot analvsis

Hybridization of “P-labelied franscripts to DNA followed the procedure des-
cribed by Southern {(23).

In vitro ranstanon

Double-stranded RNA (1 ug) was precipitated overnight with ethanol at ~20°C
and washed twice with 70% ethanol, To denature the dsRNA, the dried sample was
resuspended in 2 pl distilled H,0 containing | mM EDTA. incubated 90 sec at
100°C and immediately cooled in jce water and subjected to in vino translation,
Dried samples of dsRNA (1 ug) were also denatured with 2 plof 10 mM methyl
mercury hydroxide for 10 min at room temperature prior to in vitrg translation.

Purified transcripts or denatured dsRNA were translated in rabbit reticulocyte
in vitro translation systems (Amersham, UK. and Orgenics Ltd, Israel). Transla-
tion was carried out in proportions of § and 6 volumes of lysate, respectively, 1-2
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volumes of RNA and 0.8-1.5 volume of [*S|methionine (0.8-1.5 pCi/10 pl), and
incubated at 30°C for 60-80 min.

Incorporation of the fabel ini total proteins synthesized was determind by
spotting 2 pl aliquots on GF filters and assaying for trichloroacetic acid precipit-
able radioactivity. The in vitro-synthesized proteins were electrophoresed in 10%
NaDodSO,-polvacrylamide gels using the buffer system of Laemmli (25). The pro-
teins were detected by fluorography using an intensifying solution, Amplity
(Amersham, U.K.), for 30 min. The gel was dricd and autoradiographed.

Preparations of immune serum

Virus particles were puritied on three successive 10-40% sucrose gradients, accord-
ing to Finkler et al. (5) and fractions containing the viruses were identified by the
polymerase activity. These fractions were pooled and dialyzed against buffer con-
taining 50 mM Tris-HClH(pH 7.5), 0.1 mM EDTA, 40 mM NaCl, 10 mM MgSO,, 4
mM 2-mercapthoethanol and 10% glyeerol, and pelleted at 133000g for 4 hr. New
Zealand white rabbits were immunized intradermally with 120 pg of purified virus
preparation emulsificd with an equal volume of Freund's complete adjuvant. [n-
jections were repeated 21 days and 42 days after the initial immunization, with 60-
100 ug of virus preparation. The rabbits were bled from the ear vein 10 days after
cach boost. Garamaglobulins were puritied from the serum by ammonium sulfate
precipitation and by dialysis against bulfer containing 2 mM Nat.PO, 10 mM
Ma, HPO, and 130 mM NaCl (PBS). as described by Palmiter et al. (26). Finally,
the rammaglobulin preparation was tested by double-diffusion Ouchterlony
assays (27) against puritied virus particles containing 1% NaDodSO,.

Immunoprecipitation assay

The in vitro translation products of R. soluni transcripts and denatured dsRNA
were analyzed by immunoprecipitation as described by Scgev et al. (28). using the
rabbit antiserum and immunogammaglobulins prepared against purified viral
particles.

Peptide mapping

Peptide mapping of proteins isolated from NaDodSO,-palyacrylamide gels
followed the procedure described by Cleveland (29). Both hydrated and dried gel
slices were digested with Staphviococcus aureus V8 protease (1pg) and fracticned on
15% NaDodSO,-polyacrylamide gels.

P
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Reusults
Relatedness of dsRNA segments

The genome of the R. solani virus was shown to consist of two segments of dsRNA
with mol. wts. of 145 and 1.32 x 10 (5). No additional dsRNA segments were ob-
tained from viruses. as confirmed by 3" end-labelling of the encapsidated dsRNA
molecules. An additional nonencapsidated dsRNA segment with mol. wt. of 1.6 X
10® was purified from the mycelia of a number of virulent strains of R. solani. The
relationship between the dsRNA segnients was studied by hybridization of the
total dsRNA isolated from the fungal mycelium to cach purified *P-end-labelled
dsRNA segment. The results in Fig. Lindicate that the two encapsidated segments
are unique since they do not cross-hybridize. The minor band in Fig. lcisa result
of cross-contamination between the dsRNA segment with mol. wt. of 1.45 x 10",
used as a probe. with the 1.32 X 10" datton scgment. Purification of the heavier seg-
ment was hindered due to the proximity of the two bands. However, the dsRNA
segment with mol. wt. of L6 X 10" did not hybridize to any viral dsRNA molecule.
This further supports the carlier results suggesting the nonencapsidation of the lat-
ter dsRNA segment.

cnalvsis of viral ranscripts

RNA-dependent RNA polymerase activity has been found in virus particles
isolated from R solani. The major product of the polymerase reaction is ssSRNA
and represents transcription activity (3).

In earlier studies of the virus-associated RNA polymerase activity, the viral
transcripts were examined in 1.5% agarose gels alter treatment with glyoxal. Only
one transcript of 0.75 X 10" daltons was identified (5). In the current study. two
viral transcripts were resolved using denaturing (7 M urea) polyacrylamide gel
(Fig. 2). The second transeript is 0.66 x 10 daltons. Each of these transcripts cor-
responds to one half the molecular weight of one of the viral dsSRNA segments. A
transcript corresponding to the 1.6 X 10" dalton dsRNA segment, recovered from
the mycelium, was not detected among the viral transcripts.

Relatedness of viral isolates

To determine the relatedness of the viruses obtained from different virulent
strains of R. solani, the viral transcripts were used as probes in hybridization ex-
periments with dsRNA extracted from 1he mycelia of a number of fungal isolates.
All Rhizoctonia isolates contained two dsRNA segments with mol. wts, of 1.45 and
132X 10" that are contained in virus particles. The mycelia of a number of strains
(33 and 82) contained an additional dsRNA segment with mol. wt. of 1.6 X 10%, The

1'5
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Fig. 1. Cross hybridization analysis of dsRNA segments. dsRNA isolated from U, maydis 77 and R.

colani 13 were subjected to electrophoreis on a 1.5% agarose gel, stained with ethidium bromide (a),
trasnferred to aitroceHulose as described in Methods and hybridized with pCp-labelled 1.32 X ne
dsRNA sepment (b), pCp-labelled 1.45 X 10" daRNA segment {c). Hybridizing bands were detected by
autoradiography (b, ).

latter dsRNA band was never recovered from virions and appears to be an unen-
capsidated species. The viral transcripts, used as probes, served also to resolve the
relationship of the heavy segment of dsRNA to that found encapsidated in
viral particles.

As shown in Fig. a, the transcripts synthesized from strain 82 hybridized to the
dsRNA segments with mol. wis. of 145 and 1.32 x 10 isolated from the Rhizoc-
tonia strains W, 36,82, 13, and 53, An identical hybridization pattern was obtained
with the transcripts synthesized from strain 13 (Fig. 3b). No hybridization was ob-
tained between cither Rhizoctonia viral transeripts or the U maydis dsRNA
molecules. These results indicate thatin every case the transcripts hybridized only
to the segments that are known to be encapsidated in virions. Therefore, the
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-+ 28S
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Fig. 2. Auwtoradiography of 2P-labelled viral transcripts. 32P-labelled transeripts were denatured as

described in Metheds and run on 3% polyvacrylamile gel containing 7 M urea. Rabbit reticulocyte
FRNA (285 and 18S) molecules, used as molecular weight markers, were treated as above and
visualized by ethidium bromide staining,

viruses found in the differnt strains of Rhizoctonia, originating from different
locations. are interrelated. The nonencapsidated dsRNA segment with a mol. wr,
of 1.6 X 10" appears to be unrelated to the viral genome since there is no homology
between this scgment and the viral transcripts.

The viral transcripts were used also 1o test lor the presence of a proviral state in
the genome of the Rhizoctonia host, No homology was detected between genomic
DNA of the host (strain 13) and the viral transcripts as determined by Southern
blot hybridization of the restricted genomic DNA with the viral transcripts used as
probes. Therefore, similarily to all other dsRNA viruses of fungi. the R. solani virus
..o -

" .
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Fig. 3. Northern blot hybridization of dsRMAs. dsRNAs were separated on 1% agarose gels. stained
with ethidium bromide 1, ¢) and trnsteried onto nitrocelludose. *P-labelled transeript fiom strain 82
was used as probe in hybridization with dSRNAs isolated from R soluni strains W, 56,82, 13, and S3and
U. maydis 75 (b, P-Tabelled transcript rom strain 13 was used as probe in hybridization with dsRNAs
isolated from R soluni strains W. S0, 82, and 13 and € maydis 75 (d).
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In virro translation of viral transcripts

To study the coding potential of the viral genome, in vitro translation ex-
periments were performed with purified ssSRNA transcripts. Maximum incorpora-
tion of |*S|methionine into proteins was obtained with 100 pg/ml of purified
transcripts obtained from viruses isolated from two strains, 82 and 13, The pro-
ducts of the in vitro translation assays were analyzed on NaDodSOJ-polyacryla-
mide gels (Fig.4). Identical patterns of jn vitro translation products were obtained
from the tra nscripts of the two virus preparations. A major protein of about 55 kD
was synthesized in vitro. Occasionally, a closely migrating submajor product of
53 kD was observed inaddition to a number of“minor"proteins ol 47,45, 43, 40, 38,
and 35kD. Inan effort to determine whether some of these minor components are
. incomplete products, the time of the reaction was extended to 4 hrbut the pattern

1 2 3 4 56789]01112

92 m
57 o

Fig. 4. In vitro translation of R. solani vira| transcripts synthesized from strain 82. Each reaction mix-
ture (10 ul) was diluted with 2 X Laemmli sumple buffer, incubated 3 min at 100°C and analyzed on
)% NnDndSOJ-pnl_\'ncr_vlnmide gel Lane |1, {1: ['”’C]mczhyl-lahcllcd protein molecufar weight stan-
dards; lane 2, reticulocyte lysage reaction without added RNA: lanes 3-10, translation products of
transeript RNA (50, 75, 100, 150. 200, 250, 300, 400 pg/mi r-spectively); lane 12, products of globin

A
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of these minor proteins remained uncha nged. Whether these are pause products
found often in in vitro translation or authentic nonstructural proteins is unclear
and requires further characterization of virion coat proteins. A number of ad-
ditional proteins of 10-30 kD. found arnong the products of the in vitro transla-
tion, were not virus encoded. Some of these proteins were found in control assays
lacking RNA and others may represent short peptides wtill bound to tRNA,
Double-diffusion Outchterlony assays were used to test the identity of the major
viral coat protein using rabbit antiserum and partially purified gammaglobulins
prepared against purified virions. A single precipitin band was obtained between
antiviral antibodies and the virus particles. These antibodies were used to im-
munoprecipitate the [”Slmcthionilw-luhclch in vitro translation products de-
rived from the viral transcripts (Fig. 5). [tappears that the proteins of the viral cap-
sids isolated from two different strains (13 and 82) are similar since both have the

1 2 3 4 5 6

14&

Fig. 5. Immunoprecipitation of in vitro translation products with antihodies against virions isolated
from sirain 13. Lane 1, {*C] methyl-labeiled protein standards: lane 2. reticulocyte lysate reaction with
out added "INA; lane 3. in vitro translation preducts of viral transeript: lanes 4--6. translation prodircts
immunop.ecipitated with 20. 15 and 10 pg/mi gammaglobulins. respectively. All reactions were pre-
viously treated with 5 yl normal tibbit serum and a 10% fixed suspension of Staphylococcus aureus (o
remove nonspecific binding antigens.

NtY
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same mol. wis. and both are immunoprecipitated by antibodies prepared against
the virus isolated from strain 13. A major protein of 55 kD was precipitated in all
the experiments, Occasionally a closely migrating submajor product of 53 kD was
synthesized. This protein was also precipitated by anticoat antibodies. Two other
minor products of 47 and 45 kD were immunoprecipitated and are seen as faint
bands on longer exposure; these may be due to nonspecific immuno-
precipitation.

The identity of the major in vitro translation protein band was further studied
by comparing the peptide map pattern of the authentic viral capsid and the 55 kD
in vitro translation protein. The major in vitro translated protcin band of strain 13,
located by autoradiography of the NaDodSO,-polyvacrylamide gels, was excised
and hydrolyzed with Stuphylococcus aureus V8 protease. The authentic viral capsid
was similarly treated. The resulting peptides were resolved on 15% NaDodSO,-
polyacrylamide gels and gave similar patterns (Fig. 0). Identical peptide map
patterns were also obtained with the inajor in vitro translation protein of strain §2.
The major protein of 35 kD is therefore the capsid protein. These results suggest
that two proteins of 55 and 53 k.D are associated with the viral capsids, and the 53

Fig. 6. Comparison of peptide map patterns of the major in vitro translation product and capsid pro-
tein. Gel slices were treated with 1 pg Staphylococcus aureus V8 protease and electrophoresed on 15%
NaDodSOy-polyacrylamide gel. Lane 1. autoradiograph representing peptide mapping of the majorin
vitro translation product of strain 13: lane 2, peptide mapping of authentic capsid protein (strain 13)
visualized by Coomassie blue staining.
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kD protein appears to be an incomplete product. The identity of the other pro-
ducts as nonstructural proteins will be discussed later.

An vitro translation of dsRNA

Total dsRNA extracted from the mycelium and purified on CF11 co'umns was
used for in vitro translation. These samples contained the viral dsRNA segments
(L.45and 1.32 X 10° daltons) and in addition the unencapsidated dsRNA (1.6 x 10¢
daltons). The products of in vitro translation of the total dsRNA shown in Fig. 7
appear similar to those synthesized by the viral transcripts, but included an

Fig. 7. Comparison between in vitro translation products of total denatured dsRNA and viral
transcripts. Reaction mixtures (10pl) were tun on 10% NaDod50O,-polyacrylamide gels and analyzed
by fluorography. Lane 1. in vitro translation of viral transcripts (strain 13); lane 2, translation of total
dsRNA extracted from strain 13: Jane 3. immunoprecipitations of protein. synthesized by total dsRNA.
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additional protein of 60 kD. This protein was not immunoprecipitated by the an-
tiviral antibodies. It is probably the product of the 1.6 X 10° dalton dsRNA seg-
ment that is not encapsidated.

Discussion

Based on purilication of viral dsRNA, and end-labelling of the segments it ap-
pears that the R. solani virus consists of two dsRNA segments. The two segments do
not cross hybridize and they appear to be unique. Two unique transcripts are syn-
thesized in vitro by the virus-associated RNA-dependent RNA polymerase. The
full-size transcripts have a coding capacity of ca. 1300 amino acids assuming there
are no overlapping open reading frames and unresolved overlapping segments.

The viral transcripts bear no homnlogy to the host genomic DNA. Thus, as in all
other dsRNA fungal viruses, the R. solani virus does not integrate into the host
chromosames and has no proviral state.

The viral isolates are interrelated, as indicated by hybridization of dsRNA ex-
tracted from a number of isolates with a probe of a viral transcript synthesized by
one of the viral isolates. The relatedness of the viruses recovered from different
sources is reflected also at the level of the proteins. In vitro translation of viral
transcripts synthesized by two virulent strains resulted in the formation of a major
protein of identical size, identical antigenicity and peptide maps. The major in
viwro translation produt, a 55 kD protein, corresponds clearly to the viral capsid
protein by the following criteria: a) the viral capsid protein comigrated with the
majorin vitro translation product: b) this product was immunoprecipitated by an-
tibodies peepared against virus particles; and c) identical peptide mapping pat-
terns were obtained following limited proteolysis.

The polypeptides identified so far in the in vitro translation exceed the coding
capacity of the viral information, Therefore, verification of the minor in vitro
translation products must be further resolved. The 53 kD product that is oc-
casionally synthesized closely with the major coat protein and immuno-
precipitated by the antiviral antibodies may be an incomplete coat product. Other
in vitro translation products are not immunoprecipitated with anticoat antibodies
and therefore may be among the nonstructural proteins of the viral information.
The identity of these proteins will have to be resolved by immunological tests
and fingerprinting.

The coding assigniments for the purified genome segments of the Rhizoctonia
virus is under investigation and should distinguish the nonstructural
components,
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dsRNA Virus of Rhizoctonia solani

Aliza Finkler, Bat-Sheva Ben-Zvi, and Yigal Koltin
Tel Aviv University, Ramat Aviv, Israel

INTRODUCTION

Rhizoctonia soiani, a soil-borne fungual plant pathogen, causes damping-
off in some 130 plant species, and is found in most agricultural areas
throughout the world (Baker, 1370). The characteristic features of
R. solani Kuhn [Thanatephorus cucumeris (Frank) Donk]| include multi-
nucleate hyphal cells that do not generally sporulate, and the forma-
tion of sclerotin by vegetative cells. Vegetative incompatibility is de-
termined by six anastomosis groups, and different strains can form
hyphal fusions and exchange cytoplasm only if both mates are of the
same anastomosis group. Sexuality is very rare and had been reviewed
by Sherwood (1970). Strains investigated displayed either homothallism
or bipolar incompatibility (Whitney and Parmeter, 1963).

While dsRNA viruses of fungi are abundant and have been under
investigation for some time (reviewed by Lemke, 1979; Buck, 1986),
the role of these viruses in fungal ecology has not yet been elucidated.
Transmissible hypovirulence in Endothia parasitica is the only case in
which an eifect on the etiology of a disease can be ascribed to dsRNA
molecules. Attempts to correlate the presence of viruses with unique
phenotypes or biological properties of fungal carriers is feasible in
few cases and is quite confusing in most others.

387
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The majority of fungal infections with viruses are symptomless
(Hollings, 1978), and in only few cases do the carriers exhibit a unique
phenotype that can be ascribed to viral infection: toxin production

“in Saccharvmyces cerevisiae ané Ustilago maydis is related to viral
infection (Bevan et al., 1973; Wood and Bozarth, 1973); ronditional
lysis of certain strains of the genus Penicillium (Borre et al., 1971);
the disease of the cultivated mushroom Agaricus bisporus (Marino et
al., 1976), and diseased mycelium in Helminthosporium victoriae
(Ghabrial and Mernauch, 1983; see Chapter 16) are among the few such
cases. Other effects, such as reduced growth rate and poor sporula-
tion, have been reported, but these correlations with viral infections
are compiex. A disease of H. victoriae, the causative agent of Vie-
toria blight, apperred to be transmitted to normal strains by cytoplas-
mic exchange (Ghabrial and Mernaugh, 1983). Diseased strains were
churacterized by reduced growth, poor sporulation, and lysis. Beth
normal and diseased strains contuin 1908 virus particles, but only the
diseased strain contains an additional group of 1455 virus particles.

It is suggested that the 1455 virus is the causal agent of the disease
of H. victoriue.

The correlation between virus-infected isolates of the wheat take-
all fungus Gecumannomyees graminis. chuaracterized by poor sporula-
tion and instabilizy in culiure, is quite confusing due to the conplex-
ity of viruses reported to infect individual isolates of this species
(Buck et al.. 1980, It is possible that take-all decline depends upon
an unstable balanes of U3SRNA compoenents in the fungal population
in soil adjacent to host roots (Day and Dodds, 1979).

The relation between viralence and dsiRNA virus particles in R.
soiens was indtially examined by Castanho et al. (1973) following a
study of Endothiv purasitica. the causative agent of the chestnut
plizht (Van Alfen et al., 1973). in which the attenuation of virulence
by cytoplusmic factors was sugoested. 1t appeared that dsRNA niole-
cules act as attenuators of virulence in E. parasitica and that transmis-
sior of dsRNA by cytoduction from hypovirulent to virulent strains
suppresses virulence (see Chapters 13 and 17, this volume). The
earty studies with R. soluni revealed the occurrenes of a similar
phenomenon. The attenuation of virulence was transmissible but the
hypovirulent strains were debilitated and it was this debilitated state
tnat was transmitted. In these studies, dsRNA, but not virus particles,
was detected in the myeelia of hypoviruleut strains. Virulent strains
were reported devoid of dsRNA. The transmission of the debilitated
growth to a virulent strain of R. solani through cytoplasmic exchange
along with dsRNA suggested that the phenomena of hypovirulence in
E. parasitica and R. soiani were similar. However, since hypovirulence
and debilitation of growth are two separable phenotypes it is clear
that rigorous criteria must be set in defining hypovirulence to avoid
confusion between growth rctardation and hypovirulence. Therefore.




dsRNA Virus of Rhizoctonia solani 339

in studies by Finkler et al. (1985) to reexamine the relation of dsRNA vi-
ruses to virulence in R. solani, hypovirulent strains were defined as
those strains that infect a wide variety of hosts but incur almost no
discernible damage to the host. Such strains should have no growth
disadvantage, and their growth rate should be similar to that of the
virulent strains. Virulent strains were those that affect all the tested
hosts and incur damage of high severity. Furthermore, since R. scluni
has a very wide host range, a distinction between virulent and hypo-
virulent strains must represent this potential. An examination of the
response of a variety of hosts to each strain is a minimal requirement
in the derinition of such a complex parameter as virulence. Therefore,
results reported by Zanzinger et al. (1984), in which dsRNA occurred
in both virulent and hypovirvlent strains, may be misleading by the
use of nonstringent criteria for the distinetion between virulent and
hypovirulent strains. It appears thuat the data reported thus far in a
number of : ems is subject to various interpretations due to the in-
accurate detinition af hypovirulence. We have. therefore. undertaken
the study of the relationship of dsRN.\ viruses to the virulence of R.
solani. by examination of a loeal popilation and determining those ele~
ments that appesr as most eritical in the phenomenon of hypovirulence.
Furthermorn, in an erffort t resolve whether the dsRNA viruses play

a role in the reguiation of virulenee, we addressed the major question
of whether virulence or hypovirulence is eytoplasmically transmitted.

VIRULENCE AND OCCURRENCE OF JdsRNA
VIRUSES IN Rhizoctonia soleni

Isolation

Strains oi' R. solani were isolated from soil samples in Israel. The
isolates were from diversce ecological niches (Ichielevich-Auster et al.,
1985a) and varied in host range and disease severity when tested on
as many as 1l different hoct plants (Table 1), Appreoximately 309 of
the isolates were nonpathogenie to all the host plants tested, and these
are considered to be hypovitulent. Strains sclected for the study dis-
played normal growth rate and with no significant difference in growth
rate between the virulent and hyvovivulent strains. Similarly. no
other morphological differences were distinguished. except that hypo-
virulent strains produced fewer sclerotia and their mycelia appeared

to contain less melnnin. Formation of sclerotia and melanin may be
useful markers for wdentification of virulent strains. but the number
of strains examined was insufficient to establish a correlation. In a
sample of 109 strains tested. most anastomosis groups were represented
and both viraient and hypovirulent strains were tfound within each
group. In addition. no special grouraphie distribution was noticed
among the virulent and the hypovirulent struins or for the anastomosis
groups.



Table 1 Ilost Range and Disease Severity Index of Strains of Rhizoctonia solani

Disense severity index®

Strain No. acb R T C ] Co 0
Virulent
82 4 5.00 + 0.00¢ 1.00 £ 0.00 5.00 x 1.00 5.00 * 0.00 2.00 £ 0.00 4.80 + 0.00
13 4 5.00 £ 0.00 5.00 *0.00 5.00 + 0.00 3.0C £ 0.00 5.00 + 0.00 5.00% 0.00
56 4 5.60 & (.00 5.00 0,00 4.00 £ 0.00 3.00 £ (.60 5.00 = 0.00 5.00 +0.00
53 4 5,00 *0.00 5.00 £ 0.00 5.00 £ 0,00 5.00 £ 0.00 5.00 * 0.00 0.00
189H1¢ 1 5.00 % 0.00 5.00 £ 0,00 4.0t + 0.09 2.00 £ 0.00 1.00 £ 0.00 0.00
HHypovirulent
160 2 1.00 £ 0.00 0.00 0.00 (.00 V.00 0.00
521 q 0.70 £ 05.03 0.00 0,00 0.00 0.00 0.00
558 4 1.00 1 0.00 0.00 2.00 1 .00 1.00 £ 0.00 0.00 1.00 * 0.00
751 1 2.00 = 0.00 1.09 £ 0.03 1.00 + 0.00 1.06 £ 0.00 .00 0.00
189a¢ 1 0.38 £ 0.01 U.00 .00 [V HY 0.00 0.00

a.,. .
Virulence ratings were b
are presented (R,

ased on the infected area of hypocotyl of seedlings.

radish; L', tomaty; C, carrot;

five additional hosts gave similar results without ‘ms exception.

infection:

Y Anastomosis group.

Cgsrains kindly sent by Dr. E. E.

California.
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Finkler et al.

(1985).
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0, no detectable infection; 1, 1to 10%

+ 2, 11 to 30%; 3, 31 to 50%; 4,
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The scaie of 1 to 5 refers to the area of
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University of California, Davis,
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Detection of dsRNA Viruses

Of the nine strains selected for the study, five were virulent and four
hypovirulent as determined by pathogenicity tests. A unique nucleic
acid was extructable only from the virulent strains. The unique nuecleic
acids extracted from the mycclia of each of the virulent strains were
shown to be dsRNA by resistance to RNase at high ionic strength and
to DNase treatments, and sensitivity to RNase at low ionic strength.
Also, binding properties to a cellulose column (CF11) routinely used
to separate between single-stranded and double-stranded RNA (Frank-
lin, 1966) was indicative of the dsRNA nature of this material. The
high-molecular-weight material seen in gels of extracts consisted of a
heterogenous population of DNA molecules, as determined by digestion
with DNase and with restriction enzymes as well as by electron micro-
scopy .

The results indicated that only virulent strains contained dsP.NA
(Figure 1); hypovirulent strains were devoid of dsRNA (Finkler et
al., 1985). By electrophoresis of the dsRNA, a number of segments
were identified in polyacrylumide gel and their pattern of segmentation
varied slightly. Three distinet patterns were identified: class 1 in-
cluded strains 13 and 34, which consisted of two segments with M. W,
of 1.45 and 1.32 « ‘Ll)“; cluss 11 included strains 82 and 33 which con-
tained an additional segment with a M.W. of 1.6 109, and class 111,
represented by strain W, contained two dsRNA segments with MLW.s
of 1.6 and 1.32% « 1()“’, but lacked the 1,135 < 106 species.  Additional
seomednts with M.W.s of 1.7, 1.25, and 1,225 108 were identified
only in strain 52. Repenated extractions of dsRNA from the mycelia
of R. solunt maintained on potato-dextrose agar plates and in soil for
over a year revealed some differences in the pattern of dsRNA seg-
ments. For example, strain W displayed an additional segment wirh
M.W. of 1.45 < 10Y in later extractions: strain 13 was tound lately to
contain two additional segments with M.W.s of 1.6 and 1.25 109, The
variztion did not yield totaily unknown segments, and looking at the
population of isolates. it appears that four segments are predominant:
1.6, 1.45. 1.32, and 1.25 « 108, These fluctuations in dsRNA seg-
ments are not uncommon amony dsRNA fungal viruses and a change
in titer was also shown in G. graminis by Buck et al. (1981) and no-
ticed in U. mayvdis (Foltin, 1986).

Virus particins were sought in virulent and hyjovirulent strains
but were deteected only in virulent strains (Figure 2). Repeated ex-
tractions of dsRNA from the viruses indicated only two segments, M.W.
1.45 and 1.32 < 105, are recovered from the partieles. Thus, it ap-
pears thuat the additional segments deteeted in the mycelia of a number
of isolates are probably not encapsidated.
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Figure 1 Polyacrylamide ge! electrophoresis of dsRNA isolated from
virulent strains of R. solani (V) and from virulent strains transformed
into hypovirulence (AV). Ustilago mavdis P4 viral (77) dsENA was
used as the molecular weight marker. Sowrce: Finkler et al., 1985,

Characterization of R. soleni Viruses

The viruses isoluted from virulent strains of R. solani, as described
by Finkler et al. (1983), are isometric, with a diameter of 33 nm (Fig-
ure 2). The virus particles were purified on a 10 to 40% sucrose gra-
dient and identified in specific fractions by electron microscopy.
Virus-associated RNA-dependent RNA polymerase has been detected

in most fungal viruses (Buck, 1979; Ratti and Buck, 1979; Ben-Zvi

et al., 1984). Virus-associated RNA-dependent RNA polymerase
activity was tested in each fraction from the gradient and maximum
acrivity of this enzyme coincided with those fractions containing dsRNA
(Figure 3).
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Figure 2 Electron micrograph of negatively stained virus particles
purified trom a viculent strain of R. solani.

Examination of the virai structural proteins on SD3-polvacrylamide
gels ravenled a single major capsid protein, 54 kDa (Figure 1), The
results of in vitro translation of viral transcripts sugyges ged that the
additional minor proteins observed in the gel were not encoded by the
viral nucleie acids.

Analysis of Viral Transcripts

Full-size transeripts were synthesized by the viral-associnted RNA
polymerase in reaction mixiures containing [J“P]U TP as described by
Ben-Zvi et al. (1984). The reaction products were anaiyzed on a1 de-
naturing polyvacrylamide gel (Figure 3). The transcripts were 9.74

RASH
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Figure 3 Distribution of RNA polymerase activity of R. solani virus
and dsPNA content in fractions of a 10 to 40% sucrose gradient. The
graph indicates RNA polymerase activity (@) and sucrose density (C)
of the fractions. The photograph is ar ethidium bromide-stained poly
acrylamide gel of dsRNA extracted from each gradient fraction. o
and T indicated bottom and top of gradient. The dsRNA extracicd
from virus particles isolated from strain 56 are shown in the right
lane. Source: Finkler et al., 1985.
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Figure 4 SDS-PAGE of viral proteins.

and 0.66 « 108 M.w. , corresponding to the encapsidated dsRNA tem-
plates with M.W.s of 1.45 and 1.32 106, respectively. While dsRNA
extracted from virus particles contained two segments of 1.45 and 1.32
% 100 di.W. , the dsRNA segment, L.6 x 106 M.w., detected in the my-
celia of a number of virulent str: nnb, W-lb never t_\tracted from the
viruses. The relatedness of the 1.6 < 108 segment to those encapsi-
dated was examined by hybridization experiments. Labeled transcripts
obtained from the viruses were used as probes in hybridization experi-
ments. The results presented in Figure 6 indicate that the tr.mscvlpts
synthesized from strain 82 did not hybridize with the 1.6 « 108 seg-
ment, thus providing further support to the contention that this seg-
meat is not encapsidated.

To determine the relatedness between the different viral isolates,
the viruses of one isolate were used for hybridization with other dsRNA
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Figure 5 Autoradiography of 32p-1gbeied virus transcripts subjected
to electrophoresis in a denaturing polyacrylamide gel. Transcripts
were denatured at 63°C with 5 M urea and electrophoresed in 3% poly-
acrylamide gel containing 7 M urea at 110 V for 24 hr. Source: Finkler
et al., 1988.

segments obtained [rom different isolates. The results indicate that
the viruses found among different virulent isolates of R. solani that
are collected in different geographical locations are all interrelated
since they cross-hybridize. In addition, these transcripts were used
for hybridization studies with fungal host DNA. The results obtained
indicated ihat no homology exists between host DNA and the viral
genome. Therefore, similarly to other fungal dsRNA viruses, no "pro-
virus" state occurs in R. solani (Bruenn, 1980; MecFadden et al., 1983;
Ben-Zvi et al., 1984).
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Figure 6 Hjbridization experiments: Top., left panel: ethidium bro-
mide staining of dsRNA extracted from strains 82 (lane 2) and 53 (lanes
3, 4) and U. maydis P6 (lanes 1, 5). Right panel: autoradiography of
32p-labeled transcript isolated from strain 82 and used as a probe in
hybridization with the dsRNA shown in the left panel. Bottom, left
panel: ethidium bromide staining of dsRNA isolated from R. soluni

13 (lane 1), 82 (lane 2), 56 (lanes 3, 4), W (lane 5) and U. maydis

P6 (lane 6). Right panel: autoradiography of 32p-1gbeled transcript
synthesized from strain 82 used as a probe in hybridization with the
dsRNAs shown in the left panel.

i
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Translation Studies of the Viral Genome

To study the coding potential of the viral genome, purified viral tran-
scripts were used for in vitro translation experiments using the rabbit
reticulocyte lysate system. The incorporation of [39S]methionine into
proteins was analyzed on SDS-polyacrylamide gels. Identical patterns
of in vitro translation products were obtained from the transcripts of
two virus preparations from strains 13 and 82. Maximum incorporation
of label was obtained with 100 pg/ml of purified ssRNA. A major pro-
tein, about 55 kDA and a close submajor product of 53 kDa were syn-
thesized in vitro in addition to a number of other "minor" proteins:
47, 45, 43, 40, 38, and 35 kDa (Figure 7). It is not known whether
these smaller proteins are the result of premature termination. Ex-
tension of the incubation period of translation fourfold did not alter
the pattern of these minor proteins. Some of the additional bands de-

1 2 3 4 5 6 78 9 1010 12

92 e

Figure 7 Translation of R. solani viral transcript in vitro. Lanes:
(1 and 11) {14CImethy! protein molecular weight standards; (2 and 9)
in vitro translation products with no added RNA; (3-8) reticulocyte
lysate reaction products of transcript RNA (50, 100, 150, 200, 250, 3
ug/ml, respectively); synthesized from strain 13; (10) translation
products of transcript synthesized from strain 82 (100 pg/ml); (12)
translation of globin mRNA. Source: Finkler et al., 1988.
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tected among the sroducts of in vitro translation were also found in
control assays lacking RNA and many represent a low level of endoge-
nous translation, nonspecific binding of (35S]methionine to lysate pro-
teins, or short peptides bound to tRNA.

Viral structural proteins were identified by immunoprecipitating
the in vitro translation products with rabbit antiserum and with par-
tially purified y-globulins prepared against purified virus particles.
The major protein, 55 kDa, was precipitated in all experiments along
with a submajor product, 53 kDa (Figure 8}. These results suggest
that at least two proteins (55 kDa and 33 kDa) are associated with viral
capsids.

The identity of the major product synthesized by in vitro transla-
tion of viral RNA was further elucidated by peptide mapping. The
patterns of the peptide map of the authentic viral capsid and the major
in vitro protein product, snalyzed by digestion with Staphylococcus
aureus V8 protease and examined by elcctrophoresis on 15% SDS-poly-
acrylamide gel, were identicul (Figure 9). This result indicates that
the 55 kDa major protein obtained by in vitro translation is indeed
the major capsid protein.

REGULATION OF VIRULENCE
dsRNA Viruses and Virulence

If pathogenicity of R. svlani is controlled by dsRNA viruses, it should
e possible to convert virulent strains to hypovirulence. This con-
version should occur simultaneously with the loss of dsRNA. Indeed,
hypovirulent strains were recovered by hyrhal tip isolation from viru-
lent strains. While the frequency of recovery of hypovirulent strains
was about 1%, virulence was never recovered from hypovirulent strains.
Loss of total or specific dsRNA scgments was associated with the re-
covery of hypovirulent strains from virulent strains (Figure 1). No
direct correlation was made between a specific segment of dsRNA and
virulence. Since elimination of the dsRNA segments with M.W.s of
1.25 and 1.225 x 106 in strain 82 was also associated with diminishing
levels of the 1.45 x 106 segment, it may be speculated that a balanced
interaction between the various segments is required to regulate viru-
lence.

Further evidence supporting the relation between dsikNA viruses
and virulence was provided by cytoplacmic transmission of virulence
(Finker et al., 1985). A heterokaryon was formed between compatible
strains, one of which (82) was virulent and the other (521) hypoviru-
lent. The two strains differed in their dsRNA content and in their
resistance to the fungicides Benomyl and Bay NTN. The virulent strain
was Benomyl-resistant but sensitive to Bay NTN, while the hypoviru-
lent strain was resistant to Bay NTN but sensitive to Benomyl. While

- bt
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Figure 8 lmmunoprecipitation of in vitro translation products with
anti-virus antibodies. Lanes: 1: [14C]methyl protein standards; 2:
reticuloeyte lysate reaction without added RNA; 3: in vitro translation
produets; 4-6: translation products immunoprecipitated with varying
amounts of v-globulins prepared against virus particles. Source:
Finkler et al., 1988.

strain 82 contained a number of dsRNA segments, the hypovirulent
521 strain totally lacked dsRNA molecules. Using the differential sen-
sitivities as genctic markers. sclection of hypovirulent strains trans-
formed to virulence was performed (Figure 10). The new virulent
cultures, Benomyl-sensitive, Bay NTN-resistant, had the morphologi-
cal characters of the hypovirulent strain 521 (less melanin and produc-
ing fewer sclerotia). To determine whether the transformation of the
hypovirulent strain to virulenee occurred siinultaneously with the trans-
mission of the dsRNA viruses, the dsRNA of the transformed strains
was extracted. Two segments of M.W.s of 1.45 and 1.32 x 106 were
recovered from the transformed strains (Figure 11). This pattern

of segmentation was identical to the viral dsRNA content of the donor

4
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Figure 9 Comparison of peptide map patterns of the major 55 kDa in
vitro translation product (1) and authentic capsid protein (2).
Source: Finkler et al., 1988.

virulent surain. The additional segments. present in the mycslium
of the donor virulent strain but not encapsidated, were nct detected
in the reeipient strain. Thererfore, unlike the transmissible hypo-
virulence of E. purasitice, in which dsRNA molecules suppress viru-
lence, the dsRN\ viruses in R. solani apoear to be associated with
induction of virulence.

Pectolytic Enzymes of R. soluni and Virulence

Enzymatic activities associuted with virulence of R. soiani are unknown.
It is therefore difricult to relate viral proteins to a specific enzymatic
activity or to the induction of specific encymes in the host. However,
due to lack of sutficient biological characterization of virulent and hypo-
viralent strains, a study of pectolytic enzymes in a number of isolates
of R. soleni. as possible markers for virulence, was pursued. The
role of pectolytic enzymes in the pathogenesis of R. solani has been
well estabiished (Weinhold and Motta, 1973). Four enzymes, known

as endopolyzalactuererase [ (endo PG-1) and II, pectinesterase (PE)
and endopectinolynse (endo-PL) . were purified to homogeneity from

a number of R. solani isclates (Marcus et al., 1986). The endo-PL

was found in all the virulent strains used in this study. but was not
detected in any of the five hypovirulent strains examined. Although
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Figure 10 Transmission of virulence by heterokaryon from a virulent
to a hypovirulent strain.

the role of endo-PL in thé virulence of R. solani is supported by other
reports in which detection of the enzyme was associated with tissue
degradation (Sherwood, 1966), the late production of endo-PL in
culture suggested that this activity is essential only in the later
stages of infection. The assoeiation between endo-PL and transmission
of virulence will be studied by cytoplasmic exchange between virulent
and hypovirulent isolates. The occurrence of endo-PL activity after
trans{ormation of the hypovirulent strains into virulence may indicate
a viral-encoded or -indueed activity.
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Figure 11 Polyaerylumide gel containing dsRNA isolated from the viru-
lent donor strain (32) and the recipient strain (521) transformed to
virulence. Lanes land 2: dsRNA from the two strains "transformed"
to virulenee. Lane 3: dsRNA from the virulent donor strains. Lane
4: dsRNA molecular weight marker (U. maydis P4 virus). Source:
Finkler et al.. 1985.

Biological Control of R. soieni

Bernard (1909) reported the protection of orchid bulbs against a viru-
lent strain of Rhizoctonia repens following inoculation of orchid roots
with a weak isolate of the sume organism. Similar studies were con-
ducted by Ichielevich-Auster et al. (1985b) to verify whether a similar
phenomenon existed in Rhizoctonia solani isolates. Indeed, a high
degree of protection against damping-off caused by virulent strains

of R. solani was obtained using hypovirulent isolates. The protection
of seedlings of diverse plant species such as cotton, wheat, radish,
carrot, and lettuce was effective when the seedlings were infected
with a hypovirulent strain prior to a challenge with a virulent strain
(Figure 1I). Apparently, in an experiment with one hypovirulent
strain (521), the damage was reduced by 75-94%. The protection phe-
nomenon was also cbserved in plants grown in soil infested by the hy-
povirulent strain and then transferred into soil infested with the viru-
lent isolates. This suggested that the hypovirulent strain was acting
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D

Figura 12 Protection of cotton seedlings by a hypovirulent strain of
R. solani. A, control. uninoculated; B, inoculated with the hypoviru-
lent strain: C. as B but challenged 3 days later with the viruient iso-
late. and D, inoculated with the virulent isolate.

in or on the plant. bloreover, cytoplasmic compatibility was probably
not essential for protection since a similar effect could be obtzined
between strains of R. snlani and Rhizoctonia zcue, Therefore, bio-
logical control of R. sciani does not depend only on cytoplasmic ex-
change, since it can pe induced by an isolate from one anastomosis
group against virulent sirains of different anastomosis groups. Bio-
logical control of E. parasitice and R. solani by hypovirulent strains
are probably achieved via different mechanisms. hile the cytoplasmic
transmissible dsRNA molecules contain some virulence-suppressive
information in E. perasitica, the dsRNA viruses in R. solani may be
associated with induction of virulence. The protection of plants by
hypovirulent strains of Rhizoctonia appears to be in part by indue-
tion of a specific defense mechanism. Thus, hypovirulenece is not di-
rectiy related to the dsRNA viruses,

t should be pointed out that the hypovirulent strain used in this
study was not diseased and exhibited a normal growth rate which diil
not differ significantly from virulent isolates, unlike the diseased hy-
povirulent isolates used by Cuastanho and Butler (1978). Biological
control of R. solani by hypovirulent strains was attributed by these
authors to transmission of dsRNA molecules, presumed to contain some
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suppressive factors. However, our results are different, and the
mechanism by which protection is obtuined is as yet unresolved. Pro-
tection, however, is not induced by competition for nutrients, since
repeated addition of nutrients to the host's hypocotyl did not reduce
the protective effect. It is unclear whether the hypovirulent strain
elicits a natural resistance response, or it creates a barrier ag: wnst
superinfection merely by efficient superficiul invasion of the plant tis-
sue. Since hypovirulent strains are known to lick dsRNA viruses,
protection coutd be eonferred in addition by prevention of viral trans-
mission. Various mechanisis are known from other systems that pre-
vent this type of transmission. As many as 30 nuclear genes in Sac-
charomyees cerevisice are involved in the m intenance and expression
of dsRNA viruses in yeast (reviewed by Tipper and Bostian, 1984). A
single gene mutation in one of the nuciear genes affecting maintenance
could be sutficient to prevent viral transmission (Wickner, 1986). Other
mechanisms mav involve vegetative incomp: winility (Burnett, 1875),
viral exclusion mechanisms by evtonlasmic factors (Wigderson and
Koltin, 1982), defcerive virases and specific dsRNA plasmids (Sommer
and Wiekner, 1982; Field et al., 19823,

Another phenomenon rek 1[011 o the hypoviru'ent strain was its
cupability to promote plant growtil. which was alsy expressed in in-
creased yields (Sneh et al., 19867. There is nu evidence for stimulation

of growth via hormonal mmul ition by the hypovirulent strain, and
enhancement mav result from inereased aren for absorption of nutrients

and minerals.

CONCLUDING REMARKS

The oceurrence of dsRN.A viruses in viralent strains of R. soluni and
their absence from hypovirulent sirain are described in this chapter.
The results presented are contradictory to those published by Castanho
et al. (1978). These authors reported the oceurrence of dsRNA mole-
cules in the myealia of hypovirulent strains only. However, the hypo-
virulent strain used by Castanho et al. (1978) was debilitated. and
therefore the degree of virulence of this strain may have been musked
by its diseased state. Indeed, while virulent str ains werc derived

from Castanho's hypovirulent strains in their studies., virulence was
never detected amony hyvphal tip cuitures from a number of hypoviru-
lent stramns used in our study. Moreover, reexamination of Castanho's
strains in our luboratory indiented the occurrence of dsRNA moiccules

in both hypovirulent and virulent cultures. The differences between
these resuits and those resorted in our :[udy may therefore stem from
differences in definition of hypoviralence. Hypovirulence as defined

in our studies refers to a low level of virulence resulting {from the regu-
lation of virulence and not from secondery erfects as reduced growth
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rate of the debilitated state of such strains. Evidence is also pre-
sented correlating induction or regulation of virulence with dsRNA
viruses in R. solani. With the present state of the art one cannot ex-
clude transmission of other cytoplasmic organelles or plasmids. More
direct support should be provided by infection of protoplasts derived
from hypovirulent strains with purified virus particles and the conver-
sion of hypovirulent strains to virulent. Infection experiments will
exclude other cytoplasmic factors that may confuse the issue since
clearly R. solani contains a number of cytoplasmic elements in addition
to the dsRNA viruses: unencapsidated dsRNA and a DNA plasmid
(Hashiba et al., 1984), and perhaps others. The identity of the viral-
induced virulence-promoting activity has not vet been elucidated. In-
deed, activity of pectinolyase is abse:nt from hypovirulent strains,

but it is most probably not the primary and only virulence factor. Fur-
ther studies will be directed toward resolution of the mechanism that
regulates or induces virulence by dsRNA viruses in R. solani, Identi-
fication of virulence-specific mRNA from the host may permit us to
determine the alteration of trunscription and translation in hypoviru-
lent strains transformed to virulence.

t appears that fungal pathogens display an array of interactions
with the host. ranging from a high degree of virulence to hypoviru-
lence. The former may be a virus-mediated effeet and the latter as a
form of supopression of viral replication, as in R. solani, or an inde-
pendent fungal efiect atienuated by a virus as in E. parasitice. Eaui-
librium in the fungal-plant interaction is maintained by the fungal
genome in R. solani and by the viral genome in E. parasitica.
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I. Introduction

The fungal plant patrogen Bbizoctonia solani éauses severe

tdamage to a large number of Fosts and is & severe pathogen
throughouf the world. By screening many isolates of K. solani
for virulence a number ot studies indicated the occurence of both
virulent and avirulent strains in the natural population. A
doubl e-stranded RNA virus has been recently isolated frem strains
of R. solani. The viral gerome is composed of two segments of
(ISRNA with mol. wts. of 1.4% and 1.3x u 106(2.2 kb and 2 kb,
respectively). An additional dsRNA molecule of 1.6 106(2.4 kb)
is found in many cstrains by extraction of mycelium but is not
recovered from virions, The major capsid protein ie 2T, 000
cial tons. A RNA-dependent RNA Polymerase is associated with the

viral capsids and is clearly a transcriptase.

Two full-size transcripts with mol . wte. of 0.74 80,66 106
(2.2 kb and 2 ki, respectively) were synthesizred by thre
virus-associated RNA-dependent RNA polymerase and resolved by
denaturing polyacrylamide ael electrophoresic. The transcripts
Cross—hybridized to tle viral dsRNA isolated from a number of
straine, The transcripte deo not hybridize with the genomic DNA.
An uncapsidated species of dsRNA with molecular weight of 1.6 %
10 did not hybridize with the viral transcripts. No
cross-hyhridization between the two viral dsRkNA segments was
obtained. The viral encoded proteins were studies by in vitro

trranslation using the rabbit reticulocyte lysate system. The



transcripts served as mRNA for the synthesis of the major capsid
protein with a mol. wt. of 55,000 daltons, and a number of other
products. The viral—coaé protein was immunoprecipitated with
antibodies against purified virus particles. Fartial proteolysis
on the major in vitro product and the authentic capsid protein

using SBtaphylococcus aureus VB protease produced similar peptide

patterns, Denatired viral deRNA aloo directed in vitro the
synthesis of identical proteins to those translated from the
transcripte. By stringent tests to clea-ly distinguish between
virulent and hypovirulent ctrains of the pathogen, a clear

correlation was ectabiicshed between the presence of viral

information and virulence (Finkler et

3V

1. 1985). Hypovirulent

)

straing were found to be devoid of viruses and all the virulent
strains eramined contained dsRNA viruses. The relation between
the dsRNA  viruses and virulence was fu-ther examined in
attenuated strains and a correlation was established between the
loss of virulence and either the total lose of dsRNA segments or
the lose of cpecific segments. Furthermore, transmission of
dsRNA  from & viruvlent to an avirulent compatible strain by
cytoplasmic exchange resulted in the transmission of virulence.
These results suagssted that deRNA viruses may be associated with
the regulation or production of virulence factors. The analysis
of the virus—encoded proteins is therefore siagnificant for the
elucidation of nonstructual proteins associated withh the

regulation of virulence.



II. léglétigﬂ_gf_é_gléémig_QNe_iD_ZiEHLEQE_§EC§1_D§_.Qi_5';_§Q_1.§D.i_-
Rhizoctonia solani is a soil-~borne plant pathogenic fungus
with a broad spectrum of virulence. A number of reports

attempted to correlate the relation between phytopathogenicity

and presence of dsRNA viruses (Castanto et al., 1984, Finkler at
al., 1985 and Zanzinger gt al., 1985) and DMA plasmid (Hashiba et
al., 1934), We have reported the preszsnce of dsRNA  viruses in
virulent strains of R. s0lani, but complete absence of these
viruses in Hypovirulent strains., EBoth attenuation and
transmission cf  virulence were correlated with loss and

Eransmission of dsRNA viruses, respectively (Finkler et al.,
1933, However, follewing the report of Hashiba 2t al. (1984)
in whichk a linear DNA plasmid with & mol. wk. of 1.48 « lcfwas
detectaed in weakly pathogenic strains of F. solani, we have

started, too, & search for a DNA plasmid in virulent strains of

K. 30lani. The role of such a plasmid may extend beyond the
regulation of virulence. The DNA plasmid mey also serve as a
vector in transformation of R. solani. Characterization of the

plasmid DMS hy restriction analysis is required to  asses the
options with respect to the insertion of ssolected sequences that

may serve as markers for transformaltion.

Al



DNA plasmid was extracted from mycelia of strain I with
Novozyme (10 mg/ml in 0.9 M sorbitol. 0.1 M EDTA, 0.1 M sodium
Citrate pH S-4), The mycelia was shalen 1=2 hrs at 20 C. The
extract was treated with S0 mg/ml proteinase ¥ and 1% SDS for 1
rr at 27 C and was kept on ice for 1 hr after the addition of
potasitin-ac=state to 1 M. Following cantrifugation the

supernatant was ethanol—meci—precipitated.

EQCLflEéELQD_"Qf_WEl§§ELQ~DHELQlE_1EiQ§= By phenol:chloroform
extraction and ethanaol precipitation. The plasmid nucleic acids
was subjected to (% Agaroze g2l electraophoresis. The gel was

stained with ethidium bromide and visualized under uv light., The
Plasmid bands were cut and elutted from gel by phenol tr :atment

at =70 C and ethanol precipitation.

@) Treabtment with RMasa_and DHase. The plasmid disappeared

when treated with DMase (10 mg/ml, 15 min at O C) but was

resistant to the RNase treatment (1O mg/ml, 15 min at 7 O,

_ng_gggg_qf_glqsng DNA. In electron microscopy
the DMA plasmid isolated from Bhizoctonia strain 13  and prurified

from agarose gel, were found to consist of homogeneous

populations of linear DMA. No circular molecules were detected.



The size of the linear molecules of plasmids was determined by
measuring their lenqth relative to tre length  of open circular
FER-Z22, which was used as an internal standard in thre same

spreading. The length of the DNA was ca., 2,700 bp.

c) The molecul ar weight of the plasmid DNA was also estimated
on  the basis of mobility by electrophoresis in comparison with
linear DNA fragments obtained from Hind III digesticn of DNA.

. b
The molezul ar weight of the plasmid was 1.58 « 10

d) Digestion of the DNA wilH restriction enzymes Hind II1 and

m

co RI  resulted in 2 bands on agarose el electrophoresis,
sugdezbing  onlv one restriction site existed on the linear DNA
for =2ach of the 2anzymes, Mo digestion was obtained with BAM HT

and FSrl enzyvmes. A restriction analysis is currently performed.

e) No plasmid DNA wasg detected in the hypovirulent strain



lg vitrea translation of virl ss—-RNA transcripts was reported
by Finkler et al (1983). The proteins synthesized in vitro by
total d:RNA extracted from the mycelia of a virulent strain (R.
gglagl. 123 has been alzo reported by Finkler et al (1988). We
Meve bown lately engaged wvitlh Lthe separation  and purltication of
dsRMNA segments (1,32 & 1,45 . lcfdalton), in order to direct the

synthesis of proteine 1N vi

-
i

ro.

A number of methods have been wuvzed to extract dsRNA from
aQaroze nelg:  the BND—ce]]u]ose—t@chnique (Sedat et a1., 1967),
electro-elution in dislyejs tubes and rhencol  entraction,
electro-elution with DEAE-cellul ocse paper (Dretzer et al., 1981)
@nd rapid phenol extraction at =70 C (Fenson and Zagursky, Fer,
Comm. ). The latter techinique produced the highest vields of
recovery, Moreover , this method avoided the high-=zalt elution
step  which greatly hindered tramslasion unlesc areat care was

tallen in washing and removal of seles (on G-100 columns),

Denaturation of dsRNA strands is the most critical step in

fad

translation in Vi

re. since undenatured dsRNA significantly

inhibits protein synthesis. We have tried both heating at 100 C
for 90 sec with 1 @M EDTA and incubation with 10 @M Methyl
Mercury Hydroxide for 20 min at room temperature as the
denaturation procedures; the latter produced best results. We

hlave used tre rabbit reticulocyte lysate in vitre translation



system (provided by MNew England Nuclear and Fromega) using

l"’S—meti'ninnine as  the amino-acid 1label, In

products were run 10% EAGE—SDS aels and the proteins were
identified by autoradiography. The results indicated that the
viral capzid protein (55kd) is encaded by the deRNA segment with
mol. ~wt. of 1.32 10‘. Tt is yet unclear what is the coding

role of the 1.4% 106 dsRNA eegment.,



We will concentrate <for the next few months on further
characterization of thke DNA plasmid, restriction mapping and
screening of additional virulent and hypovirulent strains of R.

golani- for presence of Plasmid DNA. The relation between

virulence and plasmid DNA, if any, will be analyred.

Furified deRNA segmente will also be uveed to direct synthesis
of proteins in wvitro using the wheat germ system and other
labelled amino acids. It is poscible that labelled methionine is
not incorporated extensively in the viral encoded proteins. The
wheat germ, system may also  overcome problems caused by kiigh
level of =ndogenous protein synthesig obtained in the

reticulocyte lysate,

We are, at present, engaged in experiments of curing the
virulent strains of the dsRNA viruses. If curing will result in
conversion of virulent strains to hypovirulent, as we anticipate,
we will be able to obtain isogenic strains with similar genetic
background, but differ in their virulence characters. This is an
important step for future studies of the virulence factors, which

will enable us to pick up virulence-associated mRNA sequences.

6\
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Construction of a genomic DNA library of Rg. selani is alspo

planned. The libraries of R. s0lani will serve for studies on
the biology and virulence of this pathogen, as it will allow the
selection of genes of interest as those relate the expression of

virulence by the use of virulent and hypovirulent strains.
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Frof. Ofuso-Asiedu V{Sited once again  our laboratory in
October 1987 to further discuse and communicate our views
regarding the work which has been initiated in Ghana. In the
Forest: Resecarch Institute in Fumasi, Ghana, a system for
diztinguishing virulent aro Feopoviral ent strains of the
waod-rotting fungus, Eggg@ngggglg; bondorii, ie being developed.
The strzins are being classified with respect to  their level of
virulence. These strains will be uszed to test for biclogical
cantrol nf the disease cauzed hy Egggggpbggglgg affecting the
forest trees in Bhizna, At a later ctage fLhese isolatec will be
eramined for the prezsence  of deRNA  and viriens in  an effort to
test the relations between virulence and  these viruses, Frof.

Foltin from Tel -Aviv University has visited Ghana to asiet Frof.

Asiedu group with the molecular biology aspect of the study.
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I. Summary

v .
Rhizoctonia solani is & plant pathogenic fungus which causes

damping off to a large number of hosts. Virulent strains, but
not hypovirulent, contain double-stranded RNA viruses. We have
already reported some evidence suggesting a correlation between
virulence and the dsRNA viruses in R. solani. Elucidatien of
the viral—encoded. proteins which may have a role in the
regulation or induction of virulence was undertaken.

Translation in vitro of full-size transcripts is described.
The viral capsid protein was identified by immunoprecipitation
with anti-viral antibodies and peptide mapping using
Staphylococcus aureus V8 protease. In addition to the four viral
structural proteins, 24 non—-structural proteins were
synthesired, but their role has mnot yet been resoived. The
relatedness of viruses from in different strains of R. solani
was studied by hybridization be%—labelled transcripts to dsRNA
extracted from the mycelia of different isolates. The viruses
appeared interrelated.

The relation between virulence and dsRNA viruses should be
further substantiated by cytoplasmic exchanage between gene.ically
marked virulent and hypovirulent strains, and transformation of
hypovirulent cells inte virulence by direct infection with a

viral suspension. The preparation of protoplasts, reported here,

is required for both induction of auxotrophic mutants and viral

"



infection. Protoplasts were prepared by digestion of young
mycelia with Novozyme at 27 C for 3-4 hrs. The concentration of
both enzyme and osmotic stabilizer were optimized.

The cooperation with ODr. A. Ofuso~Asiedu from the Forest
Research Institute, Rumasi, Ghana, is described. Application of
technigues Dr. Ofuso-Asiedu has aquired durring his visit to our
laboratory, to Lthe study of virulence of tropical fungal
pathogens may provide a solution for eradication of tree diseases

of utmost economical importance in Ghana.
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v .
A segmented double-stranded RNA virus, with mol. wts. of 1.45

& 1.25 x 10 , has been isolated from virulent strains of

Rhizoctonia solani. Full-size transcripts with mmol. wts. of
¢

0.74 & Q.46 x 10 were synthesized by the virus—associated

RNA-dependent RNA polymerase. The +two transcription products,

resolved by denaturing polyacrylamide gel electrophoresis, appear
to be complete transcripts of one strand of  the respective
templates. The transcripts cross—hybridized té the viral dsRiNA
isolated from a number of strains. The viral-encoded proteins
were studied by in vitro translation using the rabbit
reticulocyte lysate systems. The transcripts served as mRNA for
the synthesis of the major capsid proteins with a le', wt. of
55000 daltons, and a number of other products, also synthesized
on denatured dsRNA . The viral-coat proteins were
immunoprecipitated with antibodies against purified virus
particles. Partial proteolysis of the major in vitro product and

the authentic capsid protein uwsing Staphylococcus aureus V8

protease produced similar peptide patterns.

Y
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Rhizoctonia solani is a plant pathogenic fungus which causes
severe damage ta a lagge number of hosts (Baker, 1970).
Screening of a large number of isolates of R. solani for
virulence indicated the occurence of both virulent and avirulent
strains in the natural population (Ichielevich et al., 1985). A
double-stranded RNA virus has been recently isolated from
virulent strains of R. solani (Finkler et al., 1985). Avirulent
strains tested were devoid of viral particles. The viral genome
is composed of two segments of dsRNA with mol. wts. of 1.45 and
1.25 x 10 , and the major capsid protein is 55000 daltons. A
RNA-dependent FiA nolymerase is associated with the wviral
capsids.

The relation between the dsRNe viruses and virulence was
examined in attenuated strains and a correlation was established
between the loss of virulence and the total loss of dsRNA
segments or the loss of specific segments. Furthermore,

transmission of dsRNA from a virulent to an avirulent compatible

strain by heterokaryon, resulted in the transmission of
virulence. These results suggested that dsRNA viruses may be
associated with the regulation or production of virulence
factors. The analysis of tie virus—encoded proteins may

therefore be important for the elucidation of nonstructual

proteins associated with the regulation of virulence.



In vitro translation of virus-specific mRNA has been

extensively used in other dsRNA viral systems to elucidate the

coding potential of the viral genome (Inglis et al., 1977; McCrae
v .

& Jokliks, 1978; Paucha et al., 1978; Bruenn et al., 1980 and

McCrae & Mertens, 1983). In vitro translation of denatured dsRNA
has also been reported in a number of dsRNA viruses (Hopper et
al., 1977; McCrae & Jokliks, 1978; Postian et al., 1980; Mertens
& Sangar, 1984; Dalton et al., 1985). It has been shown that the
positive strand of the dsRNA genome can be translated in vitro
provided that the twm strands are separated.

In this report we have applied these technidues to the virus
of R. golani to obtain some information on the proteins enceded
by the viral genomse. Wwe have used the viral-specific mRNA,
synthesired in vitro by the virus-—associated RNA-dependent RNA

polymerase, and unfractionated dsRNA, to direct the synthesis of

proteins in rabbit reticulocyte lysate systems.

METHODS

Strains: R. solani cultures were maintained on potato-dextrose
agar at 27 C. The virulence of each strain was determined by the
Plate assay dese: ibed by Castanho & Putler (197&8b).

Purification _of _virus__particles__and_ __dsRNA__extraction: The

techniaues described by Finkler et al. (1985) were followed to

purify virus particles and to extract dsRMNA.

A



Elution of dsRNA: Purified dsRNA was eluted from 1% sgarose gels
with BEND-cellulose fgllowing the procedure described by Silhavy
et al. (19843, N

DNA_isplation: Mycelia gbéwn overnight at 27 C was treated with
10 mg/ml Novozyme in 0.6M mammitol (pH 5.8) by shaking 1-2 hrs at
30 C. Undigested mycelia were removed by centrifugation and the
extract was treated with 100 Pg/ml proteinase K and 1% SDS for
1-2 hrs at 37 ¢ followed by phenol~extraction and ethanol
precipitation.

5![’3‘:'39515__9!.__YiE‘il__.t.EéD‘éQ.l_‘iQ.t_é= Full size ~tfalﬂscripts were
synthesized in 500 Pl reaction mixtures containing 1 mM of each
of the 4 nucleoside triphosphate and 1.6 mg/ml  bentonite to
inhibit RNase activity, The reaction mixture was incubated for
24 hrs at 30 c, essentially as described by Ben-Zvi et al.
(19841, Labelled transcripts were synthesized in the presence of

3

S 6 1
= x 10-10 cpm/ml  of [ T RI-UTP. The conditions for the

RNA-dependent RNA polymerase activity were optimized for the

. -

Rhizoctonia virus. A PH optimum of 7 and a Mg concentration of 3
mM were found to improve transcription. After incubation, the
reaction mixtures were extracted with phenol-chlorophorm €1:1)
and the nucleic acids were ethanol-~precipitated. Purification of
the ssRNA transcripts on CF11 columns (Franklin, 1946) was
followed by ethanol precipitation and several washes with 70%

ccld ethanol.

Analysis_ _of viral transcripts: Size determination of viral

v

transcripts by electrophoresis was performed in 3% polyacrylamide

gel in the presence of 7M Urea as described by Marzluff & Huang



L
(1984) with {few modifications: P-labelled transcripts with a

specific activity of § 1Dgcpm/Pg RNA were denatured by heating
at 65 € for 6 min in TBE buffer containing S50 mM-Tris, 50
mM-~boric acid, SBFM—EDTA‘tD which 5M Urea, 10% glycercl, 0.05%
bromaphenol blue and 0.05% xylene cyanol were added. The samples
were immediately electrophoresed for 24 hrs in a vertical 12Zx 23
cm gel at 110 volts using TRE buffer and analyced by
autoradiography of the dried gel.

RNA__ _blot _ _hybridization_ _analysis: Ds-RNA  samples  were
electrophoresed on horizontal 1% agarose gel in MOPS buffer
containing 1mM-EDTA, S5 mM-sodium acetate andJED mM-Na-MOPS (pH

7.5) for 3 hrs at 110 volts. Treatment of the ael prior to the

transfer to nitrocellulose follawed the procedure provided by J,

Bruemn  (personnal communication). The blot was prepared as
described by Southern ¢1975). 3lP~1abelled transcripts were used

as probes for hybridization analysis following the procedure
provided by J. Bruenn (personnal communications). Blots were
washed with as described by Thomas ¢1980).
Southern_blot__analysis: Hybridization of P-labelled transcripts
to DNA followed the procedure described by Southern (1975).
Denaturing_ ¢ sRNA: DsRNA (1 Hg) was precipitated overnight with

ethanol at -20 C and washed twice with 70% ethanol. The dried

sample was resuspendend in ¥ Pl distilled Hl o} containing 1

mM~EDTA, incubated 90 sec at 100 ¢ and immediately cooled in ice



~9_

In_vitro_translation: Purified transcripts or denatured dsRNA

were translated in a rabbit reticulocyte in vitro translation
system {Amersham,* U.K. . and Orgenics Ltd, Israel). Translation
was carried out in proportions of 8 and & volumes of lysate
respectively, 1-2 wvolumes of RNA and 0.8-1.5 volume of €

x%]—methionine t0.8-1.5 pci/iDHI), and incubated at 30 C for &0-80
min.

Incorporation of the label into total proteins synthesized was
determined by spotting = Hl aliquots on GF filter discs and
assaying for trichloroacetic acid precipitabie radioactivity.
The in vitro synthesized proteins were electrophoresed in 10%
S0S-polyacrylamide gels using the buffer system of Laemmli
(19703 . The proteins were detected by fluorography using Amplify
CAmersham Ltd. U.K.).

E;ggggggiggg__gi__immggg__ggggm: Virus particles isolated from
strain 13 were purified on 10-40% sucrose gradients, dialyzed
against buffer G containing S0 mM-Tris-HC1 pH 7.5, 0.1 mM-EDTA,
40 mM-NaCl, 10 mM~MgSOu y 4 mM-Z-mercapthoethanol and 10%
glycerol, and pelleted at 1253000g for 4 hrs. The resuspendend
Pellet was loaded on a second sucrose gradient and the procedure
was repeated two more times. New-Zealand white rabbits were
immunized intradermally with 120 fa of purified virus preparation
emulsified with an equal volume. of Freund’s complete‘adjuvant.
Injections were repeated =1 days and 4% days later, with 6D~100Hg
virus preparation. The rahbits were bled from the ear vein 10

days after each boost. The gammaglobulins .@re purified from the

serum by ammonuim sulfate precipitation and by dialysis against
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PES buffer containing 2 mt- Wzl ) FO 10 mM_NaLHPOqand 150 mM-NacCl,

as described by Palmiter et al. C1971>. Finally, the
v .

gammaglobulin preparation was tested by double-diffusion

Ochterlony assays (Ochterlony, 1962) against purified virus

particles containing 1% SDG.

Immunoprecipitation_assay: The in yitro translation products of

R. solani transcriptg and denatured dsRNA were analyzed by
immunoprecipitation as described by Segev et al. (19851, using
the rabbit antiseum and immunogammaglobulins prepared against
purified viral particles.

Peptide__mapping: Peptide mapping of proteins icolated from
SDhS-polyacrylamyde gels followed the procedure described by
Cleveland (198&3). Poth hydrated and dried gel s=lices were

digested with GStaphylococus aureus V8 protease (1Pg) and

fractionated on 15% SDS~polyacrylamide gels.

RESULTS

One viral transcript was resolved in earlier studies(Finkler

.y, 1985). The size of that transcript was estimated as 0.75

o

2t a

{

L

% 10 daltons. Determination of the number and size of the viral
transcripts was essential in order to asses the wviral
informational content and in vitre translation experiments.
Full-sirzre transcripts were eynthesized in the presence of [

“P]—UTP and the products were analyzed on denaturing

polyacrylamide gel (Fig. 1), An  additiomal transcript was
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detrcted. The mol. wts. of the transcripts were 0.74 and 0.66
X 106 dalton corresﬁondinngrecisely to the viral dsRNA templates
of 1.45 and 1.25 L X 106,.respectively. Each transcript appears,
based on its sizre, to be é complete transcript of one strand of

the corresponding template.

The transcripts were used as probes in hybridization
experiments with dsRNA extracted “rom the mycelia of a number of
virulent strains from various localities. All isolates contained
two dsRNA csegments with mol. wt. of 1.45 and 1.35 x 10? Some
contained an additional csegment with mol. wt. of 1.6 x 16’
(strains 53 and 8%). However, the dsRNA purified from virus
particlez contained only the segments with mol. whs. 1.45 & 1.25
X 102 and from such preparations the heavy dsRNA band (1.6 x 1D£)
was never recovered. The viral transcripts were used as probes
to resolve the relation of the heavy segment of dsRNA to thoge
found encapsidated in viral particles and to determine the
relatedness of the various viral isolates.

As shown in Fig. 2y the transcripts hybridirzed to the dsRNA
segments withk mol. wt. of 1.45 & 1.2325 x 1OLextracted from
mycelia of four isolates. Transcripts of one viral isolate
hybridizre to cegments of all isolates. These results confirm
that the viruses found in the different strains of Rhizoctonia

are interrelated.
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The non-encapsidated deRNA segment with mol. wt. of 1.6 x 10
appears to be not rélated to the viral genome since there is no
homology between this Smgment to the transcripts. Moreover, no
homology was detected befween the genomic DNA of the host and
viral transcripts, as seen by a Southern blot hybridization.
Therefore, similarly to other dsRNA viruses of fungi the R.

s0lani virus has no ’provirus’ state.

To study the coding potential of the viral genome, purified

Maximum incorporation of €~ Sl-methionine into proteins was

obtained with 100 Hg/ml  purified ssRNA obtained from viruses
isolated from two strains, 8% and 13. The products of the in

(Fig. 3). Identical patterns of in vitro translation. products
were obtained from the transcripts of the two virus preparations.
A major protein with mol. wt. of aboul. 55K was synthesized ig
yitrg in addi’ -on to a number of ‘minor’ proteins with mol. wts.
of 47K, 45K, 43K, 40K, 38K and 35K daitons. Extension of
incubation period of translation to 4-fold did mot alter the
pattern of these minor proteins. A number of additional proteins
found among the products of the in vitrog trarslation were not
virus—-encoded. These proteins were either found in control

assays lacking RNA or may represent short peptides still hound to

tRNA.

C\%
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Rabbit antigeriun aind parvially purified gammaglobulins
prepared againrst ‘puriiied virus particles were tested in

double-diffusion Cochterlony assays. A single precipitin band was

v

obtaired between antiviral antibodies and the viius particles.
These antibodies were used to immunoproecipitate the [
transcripts (Fig. 4). The major protein with a mol. wt. of
55000 dalton was precipitated in ail experiments alocag with a
close sub-majoer product with a mol. wt. of 53000. Two othcer
proteins with mol. wts. of 47K & 45K were also faintly
immunoprecipitated. Thece results suggest  that  two proteins,
with mol. wts. of ESK and 53K daltons, are associated with the
viral capsids. The identity n»f the other products as
non-structural proteins will be discussed later. Tt appears also
that the cepeids of the viruses isolateo from cwo different
straivs are similar since both have the same mol. wts. and are
immunoprecipitated by antibodies prepared against one of the
vituses.

The major labelled protein band obttained by in vitro
transleation on S05-polyacrylamide gels and located by
auvtoradiogrephy, was excised and hydrolyzed with Staphyleococcus
avreus V& protease. The authentic virus capsid was similarly
treated. The fractionated peptides, obtained by e=lectrcophoresis
on 15% SDhS-polyarrylamide gels were similar (Fig. 5. The major

protein with a mcl. wv. of 55K daltons is therefore the capsid

protein,



Toltal dsRNA, purified on CF11  ecolumns, aad duRNA eluted from
6
agarose gels, containing either o segments (1.45 & 1.25 x 10 ) or

4
3 c=egments (1.6, 1.45% & 1.55 % 10 ) werz used for in vitro

v .
translation (Fig. &) . Identical preoducts were obtained by the

wiranslation of the differenmt dsRNA preparations. This may result
from contamination of the deRNA preparation containing # segmerts
with the 1.6 X 'lDc segment during elution. It could also be
argued that the total dspPna preraration contains <cme proportion
of uwiterminated strands which would lead to generation af non
terminated products. These would interfere with the
identification of viral-encoded nonmstructufal proteins. The
eluted deRNA preparation is most probable composed of terminated
strands and thus allow a better analysis of the results. The fact
that no differences were found between total and eluted dsRNA
sugygests that the proteins are synthesired from {ull-sized
strands. The ‘minor’ probeins with mol. wts. of 43K, ADK & 38K
daltons appear therefore to be non-structural proteins.  An
additional protein with mol. wt . 0f 60K daltons was not found
in  the translation of transcript but was synthesized by total
d=RidA. Moreover, it was not immunoprecipitated by the anti-virus
antibodies, It could be the product of the 1.6 x 10‘dsRNA

segment, which is not virally encapsidated.
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R. golani viral transcript was found to act as an efficient
messenger  for in  vitro translation. Similar studies could be

made with unfractionated. dsRNA provided that the strands were
first separated by denatu;ation in H,0 containing 1 mM-EDTA at
100 € and followed by rapid cooling. Analysis of the ssRNA
products of the RNA~dependent RNA polymerase reaction on
denaturing bolyacrylamide gels indicated the existence of two
full-sire transcripts, as anticipated from the size of the dsRNA
segments.

The major in vitro translation product of the viral messenger
or denatured dsRNA, with a mol. wt. of 55000 daltons, has been
shown to correspond to +the viral capsid protein by a number of
criteria: (a) the capsid protein co-migrated with the major in
vitro translation product, (bl this product was
immnoprecipitated by antibodies prepared against virus particles
and () identical peptide mapping patterns were Dbtaingd
following limited proteolysis. The identity and activity
associated with the other proteins is yet unresolved.

The total coding potential of the dsRNA genome 1is estimated at
150,000 daltons (80K for the 1.45 x 106 segment and 70K for the
1.25 x 106 segment.? . However, the total mol. wte. of the

proteins obtained by in vitro trenslation exceeded the coding

capacity of the gs=nome. If this is true, the discrepancy could
be explained as follows: (a) some products may represent
non-terminated proteins, (b) genes may overlap (c) additional

non-resolved dsRMA segments may exist. The latter possibility is

strengthened by latest unpublished results in  which prolonged

\p\



polyacrylamide slcectrophoretic runs enabled the resolution of an
additional dsRNA ségment with mol. wt. of 1.3 x 106. It isg
possible that 1opger runs  are required , too, to resolve
additional transcripts.

The coding assignments for the purified genome segments of the
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Figure_1 Autoradicgraphy of P-labelled transcripts. Full-size
pF’~1abelled transcripts were denatured as described in
the Methods and cun on 3% polyacrylamide gel containing
™ Urea. Rahbit recticulocyte rRNACZES & 188
molecules, wused as molecular weight markers, were

treated as above and vizualized by ethidium bromide »

staining.
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Figure_Z Nozthern blot hybridization of deRNAs. The Noertherns

were pevrformed by transfers onto nilrecellulcse of
dsRNAs shparated.on 1% agarose gels and stained with
ethidium bromide (a’. a."\P—labelled transcript isolated
from strain 13 was used as probe in hybridization with
dsRNAs isolated from R. s0lani strains 13, 82, 56 and
W and U. maydis 75 (b). A transcript isolated from

strain 82 was used as probe for hybridization with R.

solani strains 53 and 82 and U. maydis 75 (c).

-

Figure_3 Translation of R. solani viral transcripts in vitro.

Each reaction mixture (10 P> was diluted with
l.aemmli sample buffer, incubated 3 min at 100 C and
analyred on 10% ShS~-polyacrylamide gel and
fluorcgraphy. Lares: 1, ENC]—methyl labelled protein
molecular weight standards; = reticulocyte lyase
reaction without added RMWA., 3-10, translation products
of transcript RNA (50, 100, 150, Z0O0, =50, 300, 400,

Pg/ml respectively), 1%, products of globin mRNA.

Figure 4 Immuncoprecipitation of in vyitro translation products

with anti-virus antibodies.

lLanes: 1, EHC]—methyl—labelled protein standards, 2,
reticulocyte lysate reaction without added RNA, 3, in
vitro translation products o viral granscript
ClDHl reaction?, 464, trar=lation products
immunoprecipitated with 10 Pg gammaglobulip§

prepared against virus particles. All reactions were

previously treated with 5 ul normal rabbit serum and a
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10% fixed suspension of Staphylococcus aureus Lo remove
non-specific binding antigens.

Comparisbn of -peptide map patterns of the major in
vitre translation product and capsid protein. Gel

slices were treated with 1 K9 Staphylococeous aureus V8
protease and electrophoresed on 15% S0E5-polyacrylamide
gel. 1, autoradiograph describing peptide mapping of
the major in vitro translation product; 2z, peptide
mapping of authentic capsid protein virzualized by
Coomassie Blue staining.

tad) In vitro translation products of unfractionated

denatured dsRNA. Reaction mixtures (10 Hl) were run on

10% polyacrylamide gel and analyzed by fluorography.
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The neeqd to izolate protoplasts emerged from the rneed to
develon techniques required to overcome the difficulties
enccuntered with geretic manipulations  in R. salani. These
difficulties have arisen because of certain properties of R.
salani, such as a tough cell wall, lack of a sporulation phase on
artificial media and multinucleate hyphal cells. Recently an
increasing number of research workers have become interested in
using protoplasts obtained from fungal cells for physiological,

biochemical and genetic studies of fungi (Anne & Peberdy, 19763

Kevi & Peberdy, 1977).

The introduction of an effective method for obtaining
protoplasts irom R. s@lani may be of a great advantage f{or
further studies. protoplasts can be used for distinguishing

between multinucieate hyphal cells and cells containing a single
nucleus. These protoplasts can be subsequently exposed to
mutagenes for induction of aurotrophic mutants (Hashiba & Yamada,
19841, Genetically marked strains can be used {for cytoplasmic
exchange experiments between virulent and hypovirulent isolates
of K. EQléLl- The genetic markers will facilitate the
identification of "transformed" hypovirulent strain  into
virulerice with the simoultanous aquisition of deRNA viruses. The
correlation  between virulence and viruses will be forther

strengthered by infection of fungal protoplasts with purified

virus preparations.
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The method wsed for prenaration  of protoplasts {ollowed
basically the procedure described by Hashiba & Yamada (1982).
The method inc]ud%d digestion of young meclia (1g) with Novozyme
(Nova Industries, Sweden) which ie a Trichoderma lytic enzyme, at
27 C by shaking slowly in 0.5M marmnitol, uzed on an osmotic
stabilicer. Comparison botween the vyields of protoplast release
from R. solani mycelium at 34 ¢, 30 €, 25 and 27 C was made.
Different concentrations of Movozyme (7.5, 5, 3 and 1.5 mg/ml)
and osmotic stabilizer (0.6, 0.8, 1M) were tested too (Fig. 17,
It appeared that maximum production and release of protoplasts
occured at, 27 C with 1.5 mg/ml Novezyme in 0.6M mannital. The
techniques rzquired for regeneration have to he refined, in order

to ensure removal of all mycelial fragments from the protoplast

suspension.
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IV. Description_of_Cnop:

Fungal-induced Pree diseases cause severe trouble to Ghana’s
economy, since wood is thha's major export product. Infection of
trees by Pseudophylla leads to eradication of large areas of
woods. The disease is spread rapidly and the spores are
maintained in soil long after the trees are eradicated.

The attenuation of the chestnut blight disease induced by
hypovirulent strains of Endothia parasitica containing dsRNA,
suggested that dsRNA molecules are involved in the regulation of
virulence (Van Alfen & Hansen, 1982),. Moreover, the study in
Rhizoctonis solani suggested a correlation between dsRNA viruses
and inguction of virulence (Finhler et al., 1985). PRiological
control of both chestnut blight and damping—off{ were implemented
successfully (Van alfen et al., 1975; Ichielevich et_al., 1985,

We have attempted to assist Dr. Ofuso-Asiedu to develop
biological techniques to control the fuwngal-induced diseasés
affecting trees in Ghana. His recent visit to our laboratory in
May-June 1984 has enabled him to aquire techniques and ideas in
the methodology of dzRNA extraction and virus purification from
fungal mycelia. A number of {ungal strains from various
lorzalities in Ghana will be tested for virulence and dsRNA
content. Assistsance will be provided at any step which, requires
more  sophisticated instruments not yet obtainable in the

laboratories of ODr. Ofuso-Asiedu, in the Forest Research

Institute of Ghana.
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The results accumulated thus far suggest that in Rhizoctonia

solani the double-stranded RNA viruses contain genetic
information which either requlate or produce virulence {factors
(Finkler et al., 1985). #s part of an effort in this direction

the pectolytic enzymes of a number of virulent and hypovirulent

strains of R. colapni were examined. The rdle of pectolytic (

enzymes in the pathogenicity of R. solani has been clearly
demonstrated by Weinhold & Motta (19730. Four encymes designated
as endopolygalacturonase 1 tendo PG-I0 aend 11, pectin esterase
(PE) and endopectinolyese (endo PLJ were purified to homogeneity
by a single chromategraphic step on & cross-1inked polypectate
column. These enzymes were detected in a number of virulent

strains of R. solani. However, the endo PG-1, endo PG-I1 and PE

f?CCfl.n.,k, . StP'b ‘988
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but net endo-PL were identified in a number of hypovirulent
strains. Varicus biophysicel characteristics of these enzymes
were determineé. The molecular weight tak), pH optimum,
iepelectric point (PI) and optimal temperature (T) for each
enzyme were as follows: endo PG-1 (MW 34K, pH 4.8, Pl 6.8, T 50
¢), endo PG-11 (MW 37K, pH 5.4, PL 7.4, T 42 C), PE (MW 26K, pH
4.4, PIL 6.2, T 48° C) and endo PL (MW 45K, pH 8.4, P1 8.1, 743
cy. The study of endo PL &s a virulence marker can provide a
handle tc resolve if this factor is introduced by the viruses or
is induced by the viruses. The preparation bf(anti—PL antibeodies
for immunoprecipitation of viral in vitreo translation predgucts is

underway.

P. Preparation_of anti-viral_antibodies.

To evaluate Lhe coding potential of the viral dsRNA and to
characterize the viral-encoded proteins by in vitro translation,
the effort hass been directed towards preparation of anti-viral

antibodies. These will be used to identify the synthesis of

viral-transcribed proteins.

C. Northern blot hybridizations.

The relatediness of the vearious viruses icsolated from strains
of R. colani from different locations was Etudieé by nucleic
acid hybridization using the viral treanscript as a probe in
Northern blots. The synthesis of the viral transcripts is

directed by the virus—assonciated RNA-dependent RNA polymerase, an

enzyme found in m3zt fungal viruses. The transcripts were used

v



as a probe to recolve the relatcdress of the virucses since such
probes avoid artifécts introduced by impurities of rRNA adhered
to dsRNA, UEin such probes under stringent conditions at 65° ¢
and 4 x S5C, cross hybridizations between these probes and the
viral dsRNA of various isolates revealed that all the viruses

isolated from virulent strains are interrelated.
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