
Attenuation of Fungal Virulence by Synthetic C. parasitica strain ~ ~ 1 5 5 ,the same strain as 
the hypovirulent strain EP713 but lackinghfectious Hypovirus Transcripts virus, with linearized ~ L D S TDNA failed to 
yield virus-containing transfectants (Fig. 

Baoshan Chen, Gil H. Choi, Donald L. NUSS* IB). In contrast, electroporation with a 
mixture of plasmid and viral transcripts, or 

Noninfectious, cytoplasmically transmissible viral double-stranded RNAs of the genus deoxyribonuclease (DNase)-treated tran-
Hypovirus cause reduced virulence (hypovirulence) in the chestnut blight fungus Cry- scripts, yielded mycelia that contained cyto-
phonectria parasitica, providing the basis for virus-mediated biologicalcontrol of a fungal plasmic-replicating L-dsRNA (Fig. 1B). 
disease. Synthetictranscriptscorresponding to a full-length hypovirus RNA coding strand These results demonstrate that a synthetic 
are infectious when introduced into fungal spheroplasts by electroporation. Hypovirus transcript corresponding to the coding 
infectionswere readilyestablished in Cryphonectriaparasiticaandinrelatedfungalspecies strand of a mycovirus dsRNA can initiate an 
not previously reportedto harbor viruses.These resultsdemonstratethe use of a synthetic infection when introduced into fungal 
mycovirus transcript to expand fungal host range, thereby broadening the potential ap- spheroplasts. 
plication of virus-mediated hypovirulenceto control fungal pathogenesis. To determine whether other taxonomi-

cally related fungal species could support 
hypovirus replication, we transfected three 
members of the genus Cryphonectria (family 

More than 100 fungal species have been hypovirulentC. parasitica strainswas shown Valsaceae) and one member of a separate 
reported to harbor viruses (mycoviruses) to be generated from a nuclear transcript taxonomic family (Gnomoniaceae) in the 
(I). Mycovirus infections are persistent, that contains the viral RNA coding strand genus Endothia (11-1 3). The fungi tested 
nontransmissible by an extracellular route, (10). This finding suggested that it should were C. cubemis (Bruner) Hodges, the caus-
and generally nonsymptomatic (1, 2). be possible to establish a hypovirus infec- al agent of a canker disease of Eucalyptus 
However, members of the genus Hypwirus tion by the introduction of a synthetic copy spp. in many tropical areas of the world 
cause profound phenotypic alterations, in- of the L-dsRNA coding strand into fungal (14), C. havanensis (Bruner) Barr, also a 
cluding virulence attenuation (hypoviru- spheroplasts. pathogen of Eucalyptus (13), C. radicalis 
lence), in their host, the chestnut blight Transcripts corresponding to the viral (Schw. ex Fries) Barr, a nonpathogenic 
fungus Cryphonectriaparasitica (Murr.) Barr. RNA coding strand were synthesized from a saprophytic species (13), and E. gyrosa 
(3). Hypoviruses can be transmitted inter- full-length cDNA copy of CHV1-713 (Schw. ex Fries) Fries, a canker pathogen of 
cellularly to compatible virulent strains of L-dsRNA in plasmid pLDST (Fig. 1A). Quercus spp., mainly pin oak (15). These 
the same species through fused hyphae Electroporation of spheroplasts derived from species do not harbor natural hypoviruses, 
(anastomoses) (4, 5). A previously virus-
free s k i n  can thus be converted to hypo- Fig. ,.Cell-freesynthe- * 
virulence, providing the basis for biological of full-length 1 2 3 4 5 6  

B 
1 2 3 4 5 6  

control. The potential for effective biolog- transcriptsand their 
ical control of chestnut blight is further use to transfect C. par- + -* +LdsRNA 
enhanced by the availability of an infec- asitica spheroplasts 
tious complementary DNA (cDNA) copy (22). (A) Agarose gel 

CrRNA
of hypovirus RNA (6). Strains of C. para- analysis of T7 Polymer-

sitica that are transformed with that cDNA ase-dependent cell- *- +rRNA 

(engineered hypovirulent strains) contain free transcription reac- *-
tions with Spe I-linear-both a chromosomally integrated copy of ized pLDST, Lane

viral cDNA and cytoplasmic-replicating, I-kilobase pair (kbp)
cDNA-derived viral RNA. In this config- DNA ladder (asterisk,2 
uration, the virus can be transmitted by a kbp); lane 2, linearized C 
sexual cross with exchange of nuclear DNA ~LDST;lane 3, com-
as well as by the normal mode of cytoplas- plete transcription re-
mic transmission (7). Virus transmission by action: lane 4, complete transcription reaction treated with +L-dsRNA 

nuclear inheritance evadesbarriers to ribonuclease; lane 5, complete transcription reaction treated 

plasmic virus imposed by the with DNase; and lane 6, ssRNA markers (asterisk, 9.5 kb). crRNA 
fungal vegetative incompatibility system. The arrow indicates the 12.7-kb, full-length viral transcript. I-

(B) Agarose gel analysis of dsRNA recovered from trans- CrRNA 

The prototypic hypovirus' "'late fected C. parasitica mycelia (17). Lane 1, DNA marker
CHV1-713 from hypovirulent C. parasitica (asterisk.2 kbp); lane 2, dsRNA extracted from hypovirulent
strain EP7139 is found predominantly as C. parasitica strain EP713: lane 3, dsRNA recovered from 
unencapsidated double-stranded RNA (L- regenerated mycelia transfected with linearized pLDST tem-
dsRNA) with an organization similar to a plate; lane 4, as in lane 3 but with a completedtranscription 
replicative intermediate of a positive strand reaction;and lanes 5 and 6, as in lane3 but w~tha transcription reactionthat had been treated either 
RNA virus (8). Attempts to transmit hypo- with DNase (lane 5) or with ribonuclease (lane 6) before transfection. The L-dsRNA and residual 

viruses artificially by the introduction of ribosomal RNAs are indicated at the right (6). Comparable transfection results were obtained 

viral d s ~ ~into virus-free fungal strains whether or not m7G(5')ppp(5')Gwas added to the in vitro transcript~onreaction. Transfection with 
a modified synthetic transcript (introduced Not I site at L-dsRNA map position 12038) yieldedhave been unsuccessful The transfectants with the corresponding modified L-dsRNA as determined by combined reverse

derived L-dsRNA present in engineered transcription and polymerase chain reaction (6). (C) Expansion of hypovirus host range with 
infectious synthetic viral transcripts. Lane 1, 1-kb DNA ladder (asterisk, 2 kbp): lane 2, dsRNA 

Roche Instituteof Molecular Biology, Roche Research recovered from C. parasitica strain EP713; lanes 3 to 6, dsRNAs recovered from transfected C. 
Center, Nutley, NJ 07110, USA. radicalis, C. havanensis (ATCC 561244, E. gyrosa (ATCC 48192), and C. cubensis (ATCC 64159), 
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and hypovirus dsRNA was not transmissible supported hypovirus replication following 
from C. parasitica to these species by anas- transfection with the infectious CHV1-713 
tomosis (1 6). Each of these fungal species L-dsRNA transcript (Fig. 1C). 

Table 1. Wrulence assay of uninfected and hypovirus-infected E. gyfosa, giving the mean canker 
area (in square centimeters) (23). For pin oak and red oak, the t values were 10.1 8 and 15.70, 
respectively and the probabilities were < 0.0005 for each. 

Pin oak Red oak 
Stem 

number Uninfected Hypovirus- Uninfected Hypovirus- 
E. gyrosa infected E. gyrosa E. gyrosa infected E. gymsa 

1 6.89 0.60 22.28 2.96 
2 6.01 0.94 19.82 2.81 
3 5.67 0.55 24.92 2.47 
4 7.94 0.84 20.43 2.01 
5 4.58 0.61 26.33 2.40 

Mean 6.22 -c 1.27 0.71 +: 0.17 22.76 k 2.82 2.53 -c 0.37 

Fig. 2. Morphological changes 
associated with the replication of 
hypovirus RNA in transfected fun- 
gal species. Each pair compares 
the morphology of virus-free (left) 
and hypovirus-transfected (right) 
colonies on potato dextrose agar 
media. (A) Morphological chang- 
es observed for C. radicalis were 
similar to those observed for en- 
gineered hypovirulent C. parasit- 
ica strains (6), including a slight 
reduction in growth rate, the sup 
pression of orange pigmentation, 
and reduced s~orulation. Infec- 
tion of (6) E. 6 and (c) C. 
cubensis resulted in more severe 
phenotypic changes, including a 
reduction in growth rate and in- 
creased production of a dark 
brown and a bright orange pig- 
ment, respectively. (D) Infection 
of C. havanensis resulted in mild 
morphological changes. 

Hypoviruses cause a variety of profound 
phenotypic changes in the natural host C. 
parasitica (3, 17-1 9). Hypovirus infection 
of additional fungal species was also accom- 
panied by a variety of morphological changes 
(Fig. 2), as well as the attenuation of fungal 
virulence (Table 1). The expansion of hy- 
povirus-mediated virulence attenuation to 
E. gyrom, classified as a member of a separate 
taxonomic family (II), suggests that virus- 
mediated hypovirulence will find broader 
application in addition to the biological 
control of chestnut bl&t. 

Two of the five fungal species that sup- 
ported transfection-mediated hypovirus in- 
fection, C. cubensis and E. gyrosa, failed to 
develop infections when transformed with 
the infectious hypovirus cDNA. Thus, al- 
though the cDNA provides alternative 
transmission modes, the infectious RNA 
transcript appears to allow broader expan- 
sion of host range. The cDNAderived 
hypovirus RNA in engineered hypovirulent 
C. parasitica strains undergoes posttran- 
scriptional splicing, resulting in a 73-base 
deletion at one of several potential cryptic 
splice sites (1 0). The failure to launch viral 
dsRNA after transformation of some fungi 
may, therefore, be due to deficiencies in 
the processing of the cDNAderived viral 
tra-pt- 

Hypovirus infection of C. parasiticu re- 
sults in alterations of signal transduction 
pathways involved in fungal gene expres- 
sion (20). It is likely that the variety of 
phenotypic changes observed in the diiTer- 
ent infected fungal species (Fig. 2) is also a 
manifesmtion of alterations in fungal sig- 
naling cascades. Comparative studies of 
these regulatory pathways and the interac- 
tions between pathway components in dif- 
ferent hypovirus-infected fungal species will 
provide insights into the regulation of fun- 
gal gene expression and the basis of fungal 
virulence. 
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Recovery of Visual Response of lnjured Adult Rat anticipated that the might have addi-
tional activities beneficial to nerve regenera-

Optic Nerves Treated with Transglutaminase tion. Here we examined this possibility by 
injectingthe enzyme locally intiinjured optic 

Shoshana Eitan. Arieh Solomon, Vered Lavie, Eti Yoles. nerves of adult rats. The nerves were then 

David L. ~irschber~,Michael elki in, Michal ~chwarh* '  analyzed electrophysiologically in terms of 
recoverv of the visual evoked Dotential NEP). , 

Failure of axons of the central nervous system in adult mammals to regenerate sponta- response to light, previously shown to be a 
neously after injury is attributed in part to inhibitory molecules associated with oligoden- reliable measure of the integrity of the visual 
drccytes. Regeneration of central nervous system axons in fish is correlated with the 
presence of a transglutaminase. This enzyme dimerizes interleukin-2, and the product is 
cytotoxic to oligodendrccytes in vitro. Application of this nervederivedtransglutaminase 
to rat optic nerves, in which the injury had caused the loss of visual evoked potential 
response to light, promoted the recovery of that response within 6 weeks after injury. 0.10 

Transmissionelectron microscopyanalysis revealedthe concomitantappearanceof axons 
in the distal stump of the optic nerve. 

Nerves of the adult mammalian central regenerates its injured axons. We recently 
nervous system (CNS) do not regenerate identified in regenerating fish optic nerves 0 . 1 5 ~ ' 

successfully after axonal injury. Spontane- an interleukin-2 (IL-2)-like compound, * 0.10 

ous growth of injured axons does occur, but which has an apparent molecular weight 0.05 

ceases after a few hundred micrometers, twice that of 11-2 and is cytotoxic to oligo- o 
without traversing the injury site and with-
out elongating into the distal stump (I+). 
The failure to regenerate has been attribut-
ed to the inhospitable nature of the axon's 
local environment (5-7). One of the com-
Donents of this environment. mvelin-asso-, , 
ciated molecules produced by mature oligo-
dendrocytes, inhibits axonal growth (6, 8). 
Unlike mammals, fish CNS spontaneously 
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Schwartz, Department of Neurobiology, The Weis-
mann Institute of Science, 76100 Rehovot, Israel. 
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dendrocytes in vitro (9). From the regener-
ating fish optic nerves we purified a nerve-
derived transglutaminase (TG,) ,capable of 
dimerizing IL-2 and making it cytotoxic to 
oligodendrocytes (10) through an apoptotic 
mechanism (I I). These results, taken to-
gether with observations that the nerve 
preparation (regenerating fish optic nerve) 
from which TGN is purified induces axonal 
growth in mammalian CNS in vivo (12) 
and that oligodendrocytes inhibit nerve 
regeneration in vitro (6), suggested to us 
that dirnerization of IL-2 after injury may be 
an eff'ective way to fachtate nerve regenera-
tion. In addition, because the enzyme belongs 
to the family of transglutaminases, known to 
participate in tissue healing processes, it was 

0 0.05 0.10 0.15 0.20 
lime (s) 

Fig. 1. Recordings of VEP response from a 
TG,-treated injured nerve 1 week after injury. 
Nerves were injured and treated as described 
(14) and the VEP response was recorded (15). 
(A) Negative VEP response recorded from the 
left (injured) eye, while the right (uninjured) eye 
was covered during recording. (B) PositiveVEP 
response recordedfrom the same animal while 
both eyes were open. Values are means ob-
tained from three recordings(each involving 60 
light flashes) (black line) 2 SE (blue area). The 
baseline recording (black line) 2 SE (yellow 
area) was made in the dark. 
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