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ABSTRACT

Chen, B., Chen, C.-H., Bowman, B. H., and Nuss, D. L. 1996. Pheno-
typic changes associated with wild-type and mutant hypovirus RNA
transfection of plant pathogenic fungi phylogenetically related to Cry-
phonectria parasitica. Phytopathology 86:301-310.

Double-stranded RNA viruses within the genus Hypovirus attenuate
virulence of the chestnut blight fungus Cryphonectria parasitica. The
recent development of an infectious synthetic hypovirus transcript has
allowed the expansion of hypovirus infection and virus-mediated viru-
lence attenuation to several fungal species not previously shown to har-
bor hypoviruses. This report compared the phenotypic changes resulting
from transfection-mediated hypovirus infection of Cryphonectria para-
sitica, C. radicalis, C. havanensis, C. cubensis, and Endothia gyrosa. By
comparing virus-mediated phenotypic changes in different fungal hosts
transfected with wild-type and mutated viral transcripts, it was possible
to examine the relative contribution of viral and host genetic back-

grounds for some traits. For example, hypovirus infection reduced
sporulation in all fungal hosts, while it suppressed pigmentation in some
species and induced pigment production in others. The hypovirus-
encoded protein p29 was found to have a significant impact on both
sporulation and pigmentation in different fungal hosts. All fungal spe-
cies tested were able to transmit virus by anastomosis within the same
species. However, considerable differences were observed in the effi-
ciency with which different fungal species transmitted hypoviruses
through conidia. A molecular phylogenetic analysis based on nuclear
ribosomal DNA nucleotide sequences revealed the five fungal species to
be closely related. Possible relationships between taxonomic position
and hypovirus host range were discussed. The ability to introduce hypo-
viruses into different fungal species holds promise for the expanded
utility of virus-mediated hypovirulence for understanding and control-
ling fungal pathogenicity.

Increased emphasis on integrated pest management of crop and
forest diseases has stimulated efforts to develop more effective
biological control strategies. The use of mycoviruses to attenuate
fungal virulence, while of considerable theoretical interest, has
seen only minimal application (2,3,6,34,36). The slow pace of
development of mycovirus-based fungal control strategies can be
attributed to a combination of factors including the limited num-
ber of natural examples of consistent virus-mediated virulence
attenuation (37), the paucity of physical and genetic data for vi-
ruses of pathogenic fungi, general restrictions on mycovirus
transmission because of the absence of an extracellular route of
infection (11,47), and specific barriers to cytoplasmic transmis-
sion imposed by fungal vegetative compatibility systems (1,2).
However, recent progress in the molecular analysis and manipu-
lation of viruses of the genus Hypovirus, responsible for trans-
missible hypovirulence of the chestnut blight fungus, Cryphonec-
tria parasitica, has stimulated a reevaluation of the potential of
mycoviruses as biological control agents (13,14,15,17,18,19,22,
26,36). Of particular significance has been the development of an
infectious hypovirus cDNA clone (17) and the more recent devel-
opment of infectious hypovirus synthetic transcripts (14).

Hypovirus double-stranded RNA (dsRNA) can be transmitted
from infected strains of C. parasitica to vegetatively compatible
strains during anastomosis. The transmission results in the con-
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version of the recipient strain to hypovirulence, thus, providing
the basis for biological control by natural hypovirus-containing
C. parasitica strains (2). C. parasitica strains transformed with a
recently developed infectious hypovirus ¢cDNA contain both a
chromosomally integrated copy of the viral cDNA and a cDNA-
derived cytoplasmically replicating RNA form (17). As a result,
these engineered hypovirulent strains have the capacity to
transmit hypoviruses via nuclear inheritance to ascospore prog-
eny, a novel mode of transmission not observed for hypovirus
RNA in natural hypovirulent C. parasitica strains (13). This
property should result in enhanced virus dissemination and per-
sistence in the field. By modifying the hypovirus genome in the
context of the infectious viral cDNA clone, it has also been pos-
sible to construct hypovirulent C. parasitica strains that exhibit
specific phenotypic traits. For example, deletion of the coding
region for the hypovirus p29 protease resulted in increased levels
of asexual sporulation, while retaining the ability to confer hy-
povirulence (19). The more recent development of an infectious
hypovirus synthetic transcript, the first for any fungal virus, has
facilitated the expansion of hypovirus host range and virus-
mediated virulence attenuation to fungal species other than the
natural host, C. parasitica (14). This development provides new
opportunities for the broader application of hypovirus-mediated
hypovirulence for purposes of understanding and controlling fun-
gal pathogenesis. It also provides a firm foundation for continu-
ing efforts to develop synthetic infectious transcripts for other
interesting and potentially efficacious mycoviruses. This report
presents a detailed description of the hypovirus transfection sys-
tem and surveys the phenotypic changes resulting from the hy-

Vol. 86, No. 3, 1996 301



povirus infection of five different fungal species. A molecular
phylogenetic analysis based on nuclear ribosomal DNA gene
nucleotide sequences was also initiated to provide a more precise
basis for judging the evolutionary relatedness of these five fungal
species as it may relate to hypovirus host range.

MATERIALS AND METHODS

Fungal strains and growth conditions. C. parasitica (Murrill)
Barr, strain EP155, a virulent, hypovirus-free strain (27), was
provided by S. Anagnostakis (Connecticut Agricultural Experi-

-—

Fig. 1. Hypovirus movement through regenerating transfected mycelia illus-
trated with the aid of regenerating transfected Endothia gyrosa. Regenerating
colonies marked A and B were transfected with water, while colonies marked
C and D were transfected with the CHV1-713 synthetic coding strand tran-
scripts. Hypovirus infection of E. gyrosa resulted in the production of a
diffusible dark brown pigment that provides a convenient marker for
visualization of virus spread. The photograph records virus-mediated pig-
ment production, indicative of virus spread through the regenerating colony,
5 days (colonies A and C) and 8 days (colonies B and D) posttransfection,

Cryphonectria Cryphonectria Cryphonectria Endothia
radicalis havanensis cubensis gyrosa

Virus-
Free

Ap29

Fig. 2. Phenotypic changes associated with hypovirus infection of different fungal species mediated by transfection with synthetic CHV1-713 infectious tran-
scripts. The fungal species designations are indicated at the top of the figure. As indicated at the left, virus-free colonies are displayed in the top row, while
colonies transfected with the Ap29 mutant CHV1-713 transcript or with the wild-type hypovirus transcript are displayed in the middle and bottom rows, respec-
tively. We were unable to successfully transfect Cryphonectria cubensis with the Ap29 mutant transcript for unknown reasons. Detailed descriptions of the spe-
cies-specific virus-mediated phenotypic changes are presented in the text.

302 PHYTOPATHOLOGY



ment Station) who obtained the originai isolate in 1977 from a
canker on Castanea dentata (Marshall) Borkh. in a field plot in
Connecticut. C. radicalis (Schwein.:Fr.) Barr, strain 3K/87, was
also provided by S. Anagnostakis. This strain was originally iso-
lated by S. Xenopoulos from Castanea sativa Miller in Keravaso,
Greece, in 1987, and the species designation was independently
confirmed by S. Anagnostakis. As predicted for the species C.
radicalis, this isolate failed to form cankers of any significant size
on chestnut stems (data not shown). C. cubensis (Bruner) C. S.
Hodges was obtained from the American Type Culture Collection
(ATCC) as accession 64159 deposited by E. L. Barnard and iso-
lated from a basal canker on Eucalyptus grandis A. W. Hill ex
Maiden in south Florida (7). C. havanensis (Bruner) Barr
(formally Endothia havanensis Bruner) was obtained from ATCC
as accession 56124, deposited by E. M. Davison and was isolated
from a canker on Eucalyptus marginata Sm. in western Australia
(20). Endothia gvrosa (Schwein.:Fr.) Fr. was also obtained from
ATCC as accession 48192. It was deposited by R. J. Stipes and
was isolated from pin oak (Quercus palustris Muenchh.) in Vir-
ginia (45). Stock cultures were maintained on potato-dextrose
agar (PDA; Difco Laboratories, Detroit) on the laboratory bench:

light = 7.6 to 13 pmol m™? 57!, temperature = 22 to 24°C. Experi-
mental cultures were initiated by placing 3- x 3- x 3-mm agar
cubes, excised from the margins of 7- to 10-day-old stock cul-
tures, at the center of 85-mm-diameter petri dishes containing 28
ml of PDA. All fungal strains were inspected for the presence of
hypovirus dsRNA by standard means (27) and found to be nega-
Live.

Phenotypic measurements. Radial growth and sporulation
levels were measured as described by Hillman et al. (27). Effi-
ciency of virus transmission through asexual spores was deter-
mined by scoring individual conidial isolates for distinctive col-
ony morphology associated with virus infection. The physical
presence of hypovirus dsSRNA was confirmed for a portion of each
set of conidial isolates as described (27). Relative virulence was
assessed with the Granny Smith apple assay as previously described
by Fulbright (24) with the modifications of Chung et al. (18).

Transfection. Full-length coding strand transcripts of wild-
type hypovirus CHV1-713 L-dsRNA (42) were produced from
plasmid pLDST using T7 RNA polymerase-dependent cell-free
synthesis reagents from Promega Corporation (Madison, WI) as
described by Chen et al. (14). Mutant CHV [-713 transcripts that

T-C.c./C.c. T-C.r/C.r.

T-E.g./E.g.

T-C.p./C.c. T-C.p./C.r. T-C.p./E.g.

Fig. 3. Cytoplasmic transmission of hypovirus RNA via anastomosis by different transfected fungal species. Anastomosis-mediated conversion of a hypovirus-
free fungal strain by a compatible virus-containing strain can be monitored visually in vitro after paired inoculation on agar plates. For each plate in this figure,
the virus-containing donor strain is indicated to the left of the slash line with a T prefix indicating that hypovirus infection was initiated by transfection and the
two letter abbreviation of the species designation (Cryphonectria cubensis, C.c.; C. radicalis, C.r.; C. parasitica, C.p.; and Endothia gyrosa, E.g.). The hypovi-
rus-free recipient strains are indicated at the right of the slash lines. Conversion as a result of anastomosis appears as a wedge of mycelia with charactenstic
virus-associated phenotypic alterations that initiates at the interface between the two colonies and extends along the periphery of the recipient colony. Note that
each of the transfected species was readily able to convert isolates of the same species, but that virus was not observed to be transmitted from infected C. para-
sitica to any of the other species even after prolonged incubation in multiple trials. Plates were photographed 12 days after paired inoculation. Anastomosis-
mediated virus transmission by transfected C. havanensis to a hypovirus-free strain was also observed (data not shown),
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contained a 657-nucleotide (nt) deletion of the p29 coding region
(Ap29) were produced similarly from plasmid pXHALI, previously
described by Craven et al. (19). Following agarose gel analysis of
transcript integrity, 10 to 15 pg of transcript RNA was amended
with 200 U of RNasin (Promega Corp.), gently mixed with 100 pl
of sorbitol-washed fungal spheroplasts (approximately 3 x 10°)
and exposed to electroporation at settings of 1.5 kV, 200 ohm,
and 25 pF with constant time in a Gene Pulser (Bio-Rad Labora-
tories, Richmond, CA). Spheroplasts surviving the electropora-
tion procedure were regenerated as described by Chen et al. (14)
and characterized for virus-mediated phenotypic changes and/or
presence of viral dsRNA (27).

Ribosomal DNA sequenee determination and phylogenetic
analysis. DNA was isolated from fungal mycelia as described by
Lee and Taylor (32). Polymerase chain reaction (PCR) amplifica-
tion of the nuclear 18S ribosomal RNA gene was performed using
primers and conditions described by White et al. (46). The first
internal transcribed spacer region (ITS-1) was amplified inde-
pendently using primers ITS1 and ITS4 (46). In most cases, PCR
products were subjected to preparative agarose gel electrophor-
esis and the recovered purified double-stranded fragments were
sequenced directly using the Applied Biosystems, Inc. (Foster
City, CA), Tag DyeDeoxy terminator cycle sequencing kit and an
Applied Biosystems, Inc., Model 373A automated sequencer. Se-
quences reported were based on both strands from multiple inde-
pendent amplifications.

The 188 ribosomal DNA sequences were aligned by hand us-
ing the Eyeball Sequence Editor (ESE version 2.00) (12). The
rDNA alignment included GenBank database sequences from
Leucostoma  persoonii  (LEARRI8S), Ophiostoma  ulmi
(OPHRR18S), Pseudallescheria boydii (PUCRRNA), and Neu-
rospora crassa (NEURRNAS), plus the plectomycetes Histo-
plasma capsulatum (=Ajellomyces capsulatus; HC18SR) and
Coccidioides immitis (CI18SR), that served as outgroups. In all
species, 1,679 positions were unambiguously aligned and used in
analysis. Bootstrapped genetic distance trees were constructed us-
ing programs from the PHYLIP suite version 3.41 (23). SEQ-
BOOT was used to create 500 replicate data sets; DNADIST
created a pairwise distance matrix for each data set with appli-
cation of a Kimura multiple-hit correction; NEIGHBOR was used
to draw a phylogenetic tree from each distance matrix; and CON-
SENSE created the bootstrap consensus tree.

TABLE 1. Effect of hypovirus transfection on radial growth of five fungal species

RESULTS

Transfection system. The conditions selected for C. parasitica
transfection (1.5 kV, 200 ohm, and 25 pF) resulted in approxi-
mately 2% survivability with a fairly high transfection rate on the
order of 30%. The same conditions were satisfactory for hypovi-
rus transfection of four other fungal species as initially reported
by Chen et al. (14) and expanded upon in this report. These spe-
cies included two pathogens of Eucalyptus spp., C. cubensis and
C. havanensis; a nonpathogenic species of the same taxonomic
family, C. radicalis; and a pathogen of Quercus spp. from a sepa-
rate taxonomic genus, Endothia gyrosa.

A key element in the successful development of a convenient
hypovirus transfection system is the propensity of filamentous
fungi to undergo hyphal anastomosis. Following electroporation,
a portion of the transfected spheroplasts were placed in the mid-
dle of a petri dish and gently surrounded by molten regeneration
medium. Since the hyphal structures that were regenerated from
the transfected spheroplasts fuse at a very high frequency, the
resulting dense colony was, in essence, a large cytoplasmic net-
work. Consequently, the replicating hypovirus RNA that were
introduced into an individual spheroplast by electroporation was
able to effectively migrate unobstructed throughout the colony.
This process could be conveniently followed in transfected E.
gyrosa, in which virus infection resulted in the pronounced
induction of brown pigment production (Fig. 1). Even when virus-
mediated phenotypic changes were minor, as occurred for hypo-
virus-infected C. parasitica on regeneration medium, virus-con-
taining hyphae were readily recoverable from the margin of the
regenerated colony without reliance on a selectable marker and at
low transfection efficiencies.

Species-specific phenotypic changes resulting from hypovi-
rus infection. The phenotypic changes resulting from hypovirus
infection of the natural host, C. parasitica, are well documented
(2,27). As indicated in Figure 2 and Tables 1 and 2, transfection-
initiated infection of fungal species other than C. parasitica with
wild-type and mutant CHV1-713 transcripts also resulted in a
variety of pronounced phenotypic changes. When grown on PDA,
wild-type hypovirus-infected C. radicalis exhibited many of the
same morphological changes that were observed for hypovirus-
infected C. parasitica (17,27). These included a slight reduction
in mycelial growth (Table 1; Fig. 2), a significant reduction in the

Colony area (cm?2)

Bench-top 76.2 pmol m2 5!

Isolates 8 days 11 days 8 days 11 days
Cryphonectria parasitica 51.5+£22 56.7 £ 0.0*® 37.1+£5.2 56.7 £0.0*
C. parasitica [Ap29° 31210 456124 22.1+£22 375146
C. parasitica fwt.v¢ 302%£1.0 499+3.1 232+£13 40.8+49
C. radicalis 55.0+0.8 56.7 £0.0* 43.1+42 533+£59
C. radicalis [Ap29 418+1.2 524407 259+27 353+1.8
C. radicalis Iwt.v 422+28 56,7 +0.0* 296123 344+£57
C. cubensis 385+7.8 56.7+0.0*% 315+28 462428
C. cubensist/iwt.v 241113 422413 158+3.3 31.9+89
C. havanensis 299+0.6 51915 223105 462+ 1.8
C. havanensis |Ap29 223105 422+07 16.1£1.1 302+26
C. havanensis Iwt.v 194+£04 36.7+£0.6 148+1.0 294460
Endothia gyrosa 332+1.8 51,139 148+2.1 31.6+45
E. gyrosa [Ap29 184%1.2 302+£20 106+ 1.7 20719
E. gyrosa Iwt.y 82106 145+ 14 38106 14.0+£3.0

* Colony area was calculated according to the formula A = n(d/2)%. Values are reported as mean + SE from three independent experiments.

" * = colonies grew to edge of plate (85 mm).

© Ap29 designates transfection with transeripts of the Ap29 mutant of hypovirus CHV1-713.

¢ wiv designates transfection with transcripts of wild-type hypovirus CHV1-713,

¢ Transfection of C. cubensis with the Ap29 transcript failed to yield any productive infection.
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production of aerial mycelia (Fig. 2), suppressed orange pigmen-
tation (Fig. 2), and reduced sporulation (Table 2). CHV1-713-
encoded protein p29 has been shown to be responsible for hypo-
virus-induced suppression of pigment production and to contrib-
ute to the suppression of conidiation in C. parasitica (19). As was
also observed for C. parasitica (19), infection of C. radicalis with
a CHV1-713 mutant lacking Ap29 resulted in partial amelioration
of these phenotypic traits (Fig. 2; Table 2).

Wild-type hypovirus infection of C. havanensis also resulted in
a moderate reduction in growth rate on PDA (Fig. 2; Table 1).
Surprisingly, hypovirus infection was accompanied by notable
increases, rather than decreases, in the production of aerial myce-
lia and in the production of an orange-red pigment, particularly
evident in older mycelia (Fig. 2). Moreover, exposure to high
light intensity significantly enhanced the virus-mediated stimula-
tion of pigment production (data not shown), in direct contrast to
the ability of high light to partially relieve virus-mediated pheno-
typic effects in hypovirus-infected C. parasitica (27). Addition-
ally, Ap29-infected C. havanensis consistently exhibited less aer-
ial mycelia and reduced orange-red pigmentation compared with
wild-type-infected transfectants. Thus, p29 appeared to have the
opposite effects of down-regulating or up-regulating pigment
production in different fungal hosts. Sporulation was also se-
verely suppressed in hypovirus-infected C. havanensis (Table 2).
However, unlike the results for C. parasitica and C. radicalis,
Ap29-infected C. havanensis did not exhibit an increased level of
sporulation relative to the wild-type virus-infected transfectants
(Table 2).

The effect of hypovirus infection on fungal growth and pig-
ment production was found to be most pronounced for C. cuben-
sis and E. gyrosa. Wild-type hypovirus-infected C. cubensis was
distinguished by the production of a bright yellow-orange pig-
ment not observed for the uninfected strain when grown on PDA.
Additionally, the infected hyphae were observed to penetrate deep
into the agar medium (Fig. 2). Wild-type virus infection of E.
gyrosa resulted in the production of a diffusible dark brown pig-
ment, severe reduction in growth rate on PDA, and a pronounced
change in colony morphology (Fig. 2). E. gyrosa infected with
Ap29 exhibited increased spore production compared with wild-
type-infected isolates and normal pigmentation, but was still
considerably reduced in growth rate on PDA (Fig. 2). Unexpect-
edly, transfection of C. cubensis with the Ap29 transcript failed
upon repeated (four) attempts to result in a productive infection.

Down-regulation of laccase production is a common pheno-
typic change associated with hypovirus infection of the natural
host, C. parasitica (39). To determine whether hypovirus infec-
tion also affects laccase production in the new fungal hosts, the
relative ability of infected and uninfected strains to produce the
characteristic color reaction on tannic acid-containing plates was
examined. A reduction in apparent phenyl oxidase production,
equivalent to that previously described for C. parasitica (19), was
observed for each of the infected fungal species except E. gyrosa,
for which even uninfected isolates failed to produce a color reac-
tion on Rigling’s medium (39) (data not shown).

Cytoplasmic and conidial hypovirus transmission by differ-
ent fungal species. Given the importance of hypovirus cyto-
plasmic transmission for effective biological control of chestnut
blight, it was of considerable interest to determine whether hy-
povirus RNA was efficiently transmitted via anastomosis when
placed in a new host genetic background. For C. parasitica, anas-
tomosis-mediated conversion of a virus-free virulent strain could
be monitored visually after paired inoculation on agar plates (17).
As indicated in Figure 3, each of the hypovirus-transfected fungal
species was able to convert isolates of the same species after
paired inoculation. In contrast, no cytoplasmic transmission of
virus was observed when hypovirus-infected C. parasitica was
paired with any virus-free isolates of the other fungal species.
Results obtained from visual inspection were confirmed by ex-

traction of viral dsRNA from the converted mycelium (data not
shown).
Hypoviruses are also maintained within a strain after asexual
reproduction by transmission through conidia (13,41). The intro-
duction of the same hypovirus RNA into different fungal species
provided the opportunity to examine the contribution of viral and
host genetic background to conidial transmission of viral RNA,
Sporulation levels and transmission efficiencies were measured
for colonies grown in parallel, either on the bench-top (7.6 to 13
pmol m2 s7') or under high light (76.2 pmol m s™), a condition
that partially overcomes hypovirus-mediated suppression of con-
idiation in C. parasitica (19,27). Although some variations were
obtained between trials, as indicated by the representative data
values presented in Table 2, several clear differences in conidial
transmission of viral RNA emerged among the different trans-
fected fungal species. As observed routinely in this laboratory,
conidial transmission of CHV1-713 viral RNA by infected C.
parasitica strain EP155 ranged between 50 and 100% when
grown either on bench-top or under high light intensity. Surpris-
ingly, conidial transmission of viral RNA was low (less that 10%)
for transfected C. radicalis when grown on bench-top, but was
found to be generally high (greater than 90%) when cultures were
grown under conditions of high light. Conidial transmission of
viral RNA by transfected C. havanensis ranged between 40 and
80% in most trials, but occasionally levels of 1 to 2% were ob-
served. The reason for this degree of variation is presently un-
clear. Conidial transmission by transfected E. gyrosa was consis-
tently found to be below the 10% level, while conidia recovered
from transfected C. cubensis consistently failed to give rise to
infected hyphae. As noted previously in the case of infected C.
parasitica (19), and observed for the other fungal species except
C. havanensis, colonies infected with the Ap29 mutant viral RNA
produced a higher level of conidia. However, the frequency of
virus transmission through conidia for the wild-type virus and the
Ap29 mutant were not appreciably different.

Effect of hypovirus transfection on fungal virulence. We
previously reported that transfection of E. gyrosa with the CHV1-
713 synthetic transcript results in virulence attenuation of this

TABLE 2. Asexual sporulation and hypovirus transmission by five fungal
species

Bench-top 76.2 pmol m2 5!

Sporulation Transmission Sporulation Transmission

Isolate® (spores/ml) (%) (spores/ml) (%)
Cryphonectria parasitica 4.1 x 10% 0 8.37 x 108 0
C. parasitica /Ap29 5x 10 50 5.2x 10% 55
C. parasitica Iwt.v 0 NA 6 x 104 100
C. radicalis 1.25 % 108 0 2.6 108 0
C. radicalis /Ap29 2x 10° 7 2.7 % 107 98
C. radicalis Iwt.v 3x 10 5 8.5 x 10 100
C. cubensis 45x% 108 0 5.7 x 108 0
C. cubensis Iwt.v 2.7 %107 0 4 x 107 0
C. havanensis 6.8 x 107 0 2.6 x 108 0
C. havanensis |Ap29 0 NA 4.3 x 10 41
C. havanensis fwt.v 1% 104 86 1.1x 108 66
Endothia gyrosa 5.6 x 100 0 1.6 x 108 0
E. gyrosa /Ap29 6.4 x 100 9 3x 107 7
E. gyrosa Iwt.v 0 NA 1.8 % 10° 1

2 Each isolate was tested at least three times for both sporulation and viral
transmission rates. However, because of the labor involved in screening
large numbers of conidial isolates, not all isolates were included in each
trial. Values presented in this table are from a representative trial that did
include each isolate grown under parallel conditions. As indicated in the
text, only values reported in this table for C. havanensis differed apprecia-
bly from values obtained in other trials. Virus was found not to be transmit-
ted to C. cubensis conidial isolates in five separate trials.

b Percent transmission values were derived by scoring 100 independent con-
idial isolates.
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fungal pathogen on both pin oak and red oak (14). Thus, exten-
sion of hypovirus host range to a pathogenic fungus other than
the natural host, C. parasitica, did result in virulence attenuation.
An examination of the virulence levels for transfected C. hava-
nensis and C. cubensis had been complicated by importation and
quarantine restrictions of stem material from susceptible
eucalyptus species. Apples have been shown to serve as a suitable
substitute for dormant chestnut stems in determining the relative
virulence of C. parasitica strains (18). Like C. parasitica, C.
havanensis also formed sizable lesions when inoculated onto
Granny Smith apples. As indicated in Table 3, transfection of C.
havanensis with wild-type CHV1-713 resulted in an approximate
25-fold reduction in lesion size. This severe reduction in lesion
size formation on apples contrasted sharply with the relative
small (25%) reduction in growth rate observed for C. havanensis
transfectants on the synthetic PDA medium (Table 1) and was
consistent with virus-mediated virulence attenuation. Interest-
ingly, neither C. cubensis nor C. radicalis produced sizable le-
sions in the apple assay.

Phylogenetic analysis. To obtain an indication of the phylo-
genetic relationship of the five fungal species successfully trans-
fected with hypovirus transcripts, sequences for the 18S rDNA
and ITS-1 were determined. For each species, 1,752 bases of the
188 rDNA sequence were determined, corresponding to all but 38
bases at the 5'-terminus of the gene (Fig. 4). Alignment of the C.
parasitica sequence with the N. crassa 18S rDNA reference se-
quence revealed 91 base substitutions, one base deletion, one
base addition, and the unexpected presence of a 547-bp group I
intron inserted at map position 1,426. Surprisingly, comparisons
of the sequences for C. parasitica and C. radicalis revealed the
absence of variation, including the presence of the identical intron
at the identical map position. The C. cubensis 18S rDNA se-
quence was also found to be identical to that of C. parasitica,
with the exception that it lacked the group I intron. Also lacking
the group I intron, C. havanensis 18S rDNA differed from C.
parasitica at a single position and the E. gyrosa sequence differed
at three positions, one of which corresponded to the single substi-
tution observed for C. havanensis.

The 18S rDNA sequences were used to examine the evolution-
ary position of these species within the kingdom Fungi. Based on
morphological considerations, Cryphonectria spp. have been
placed in the class Pyrenomycetes, specifically the order
Diaporthales (8), and, consequently, would be expected to be
close relatives of the genus Leucostoma. To determine the posi-
tion of these species within the pyrenomycetes, we included in
our analysis 18S rDNA sequences from Leucostoma persoonii, as
well as the additional pyrenomycete species Neurospora crassa,
Ophiostoma ulmi, and Pseudallescheria boydii. We used the
plectomycete fungal pathogens Histoplasma capsulatum
(=Ajellomyces capsulatus) and Coccidioides immitis as outgroup
species in order to root the tree. The branching order of species

TABLE 3. Effect of hypovirus transfection on lesion formation in apple assay
(predictor of virulence) by Cryphonectria havanensis

Lesion area (cm?)*

Apple number  C. havanensis  C. havanensis/Ap29 C. havanensisiwt.v
1 20.2 0.1 0.1

2 10.6 5.5 0.2

3 16.4 2.1 0.1

4 13.7 0.1 0.2

5 17.1 33 29

6 13.7 4.7 0.8

7 14.3 0.2 0.1

8 12.4 0.2 0.1

Mean + SE 14.8+3.0 20+£22 0.6%1.0

* Data are presented as lesion area in square centimeters as measured on day
12 following inoculation. Values for mean lesion area + SE are indicated at
the bottom of each column.
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within the pyrenomycete class was the same as that found by
Spatofora and Blackwell (44), except that the branching order of
O. ulmi and P. boydii was not strongly determined in our analysis
and is, therefore, shown as a trichotomy (Fig. 5). The Cryphonec-
tria spp., along with E. gyrosa, were very strongly grouped
within the tree. This group also clustered strongly with L. per-
soonii, which associates them with the order Diaporthales as
expected. These data indicated a very recent divergence of the
five fungal species successfully transfected with hypovirus tran-
scripts.

Alignment of the ITS-1 sequences for the five species indicated
only 10 differences between C. parasitica and C. radicalis (Fig.
6). This low level of divergence provided additional evidence that
these two species most recently shared a common ancestor. The
level of divergence within the ITS-1 region for the other isolates
clearly defined them as separate species, but provided too few
unambiguously alignable sequence positions for meaningful
phylogenic analysis within the group.

DISCUSSION

Viruses of fungi are distinguished by genetic information com-
posed of either single- or double-stranded RNA, with the latter
predominating, and the universal absence of an extracellular route
of infection (48). Transmission occurs vertically through asexual
spores or via cytoplasmic mixing as transpires during mating or
hyphal anastomosis. The fact that mycovirus dsRNAs have been
associated with reduced virulence of certain pathogenic fungal
hosts (2,6,9,10,25,29,37) has generated interest in the potential
application of these viral agents for purposes of biological con-
trol. However, previous limitations in the range of genetic ma-
nipulations available for this group of viruses, coupled with the
absence of an infectivity system, have hindered molecular charac-
terizations required for the development of such applications. In
this regard, the results presented in this and earlier reports (14,17)
demonstrate the feasibility of generating infectious recombinant
forms of mycovirus genomes and their use to further develop
biological control potential.

Although hypovirus infections can be artificially initiated by
either transformation or transfection, it is important to clearly
distinguish the two processes and the properties of the resulting
infected fungal strains. Plasmids used for the transformation
method contain a functional cDNA copy of hypovirus RNA that
gives rise to a cytoplasmically replicating viral RNA following its
integration into the fungal chromosome (17). Since these plas-
mids also contain a gene that confers resistance to the antibiotic
hygromycin, it is possible to select hypovirus-infected hyphae,
derived from individual transformed spheroplasts, that contain a
stably integrated viral cDNA copy in a homogenous nuclear ge-
netic background. The presence of a chromosomally integrated,
functionally infectious hypovirus viral cDNA allows transmission
of virus to ascospore progeny of a sexual cross, a mode of trans-
mission not observed for cytoplasmically replicating hypovirus
RNA in natural hypovirulent strains. This trait should enhance
biocontrol potential (13,17,36). In contrast, the RNA-based trans-
fection system relies on the delivery of an intact synthetic hypovi-
rus RNA coding strand transcript into the cytoplasm of fungal
spheroplasts and the efficient migration of replicating viral RNA
from individual transfected spheroplasts throughout regenerated
mycelia without requirement for a selectable marker (14). Since
the hypovirus-infected transfectants do not contain a chromo-
somally integrated viral cDNA, they lack the ability to transmit
virus to ascospore progeny of a sexual cross.

Since two different forms of input hypovirus genetic informa-
tion are used in the transformation and transfection systems, dif-
ferent intracellular processing pathways are utilized for the gen-
eration of replicating viral dsRNA. In both cases, 3’- and 5'-
flanking nonviral vector sequences are precisely trimmed (15;
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data not shown). However, the nuclear cDNA-derived hypovirus
dsRNA found in the transformed, “engineered” hypovirulent
strains undergoes an additional, pre-mRNA splicing event at one
of five potential cryptic splice sites to produce a 73-bp deletion
located within the 5-noncoding leader sequence (15). In this re-
gard, two of the fungal species that readily supported hypovirus
infection upon transfection with the synthetic viral transcript, C.
cubensis and E. gyrosa, consistently failed to develop infections
when transformed with the infectious hypovirus cDNA clone. It is
possible that the differences in processing pathways described
above may have some bearing on the relative utility of the two
systems for expanding fungal host range. Analysis of the cDNA-
derived transcripts in transformed C. cubensis and E. gyrosa is in

Cryphonectria parasitica

Cryphonectria radicalis

96

Cryphonectria cubensis
Cryphonectria havanensis

100

Endothia gyrosa

Leucostoma persoonii

73

Ophiostoma ulmi

100

Pseudallescheria boydii

Neurospora crassa

— Coccidioides immitis

- L— Histoplasma capsulatum

Fig. 5. Bootstrapped genetic distance tree showing the relationship of Cry-
phonectria and Endothia species to other fungi. This tree was created using
the neighbor-joining algorithm based on 1,679 unambiguously aligned se-
quence positions in 185 ribosomal DNA. Bootstrap support for internal
branches is shown. Branches supported in fewer that 70% of bootstrap repli-
cations have been collapsed. Branch lengths are arbitrary.

progress to determine whether pre-mRNA splicing during export
from the nucleus results in deletion events that interfere with sub-
sequent viral RNA replication.

The pronounced phenotypic changes that often accompany hy-
povirus infection and virulence attenuation in the natural host C.
parasitica have been described in considerable detail (2,27). It is
also clear from the work of numerous investigators over the last
several decades that there exists considerable diversity among
natural hypovirus isolates (18,33,34,38) and that different hypo-
virus isolates can cause a different constellation of phenotypic
changes in the same C. parasitica host (21). With development of
the hypovirus transfection system, we can now examine the con-
verse situation, as described in this report. We concluded that the
same hypovirus genetic information can cause quite different
phenotypic changes when introduced into different fungal spe-
cies. Thus, by examining the changes caused by the same viral
genome in different fungal host backgrounds, and vice versa, it
should be possible to gain an indication of the relative contribu-
tion of the two genomes to the observed phenotypic changes. For
example, the fact that hypovirus CHV1-713 caused reduced
sporulation (Table 2) and laccase accumulation (data not shown)
in all fungal species tested indicated that the viral genome was the
primary determinant for these phenotypic changes. In contrast,
the observations that CHV1-713 infection caused quite different
changes in colony morphology, growth rate, and pigmentation in
different fungal hosts (Fig. 2; Table 1) suggested that the host’s
genetic background significantly influenced the elaboration of
these phenotypic changes.

The issue of relative contributions of viral and host genomes to
specific phenotypic traits can have practical implications. For
example, the efficiency of virus transmission through conidia is
clearly dependent on the fungal host, ranging from near 100% for
C. parasitica to 0% for C. cubensis (Table 2). It is clear from field
studies with natural hypovirulent C. parasitica strains that bio-
logical control efficacy is significantly impacted by the efficiency
of conidial and cytoplasmic hypovirus transmission (2,3,21,34).
Thus, virulence attenuation of a fungal pathogenic species as a
result of transfection-mediated hypovirus infection may be of
limited practical utility for biological control if such strains are

Fig. 6. Alignment of internal transcribed spacer sequences for Cryphonectria parasitica (C.p.), C. radicalis (C.r.), C. cubensis (C.c.), C. havanensis (C.h.), and
Endothia gyrosa (E.g.). Database accession numbers for this sequence information are as follows: C.p., LA2446; C.r,, L42447; C.c., L42444; C.h., L42445; and

E.g., L42448.
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deficient in conidial virus transmission, e.g., C. cubensis (Table
2). In this regard, engineered hypovirulent strains, because they
contain a chromosomally integrated functional hypovirus cDNA
copy, not only transmit viruses to ascospore progeny, but also
transmit virus through asexual spores at a rate of 100% (13).
These differences both illustrate the advantages provided by en-
gineered hypovirulent strains for enhanced biocontrol potential
and reinforce the need to determine why some fungal species that
can support transfection-mediated hypovirus infection fail to
launch replicating viral RNA after transformation with infectious
hypovirus cDNA.

Several recent studies have demonstrated that hypovirus infec-
tion modifies certain cellular signal transduction pathways in-
volved in fungal gene expression. For example, transcription of
the C. parasitica gene lac-1, encoding the enzyme laccase, was
shown to be suppressed in hypovirus-infected hyphae by a
mechanism that involves perturbation of an IP;/Ca®*/calmodulin-
dependent regulatory pathway that governs lac-/ transcription in
virus-free fungal strains (30,31). Choi et al. (16) recently showed
that the accumulation of a heterotrimeric GTP-binding protein o
subunit, CPG-1, is suppressed in hypovirus-infected C. para-
sitica. Significantly, transgenic suppression of CPG-1 accumula-
tion, in the absence of virus infection, resulted in virulence
attenuation (16). The latter study provides one of the first indica-
tions for the role of a G-protein linked signal transduction path-
way in fungal pathogenesis and suggests a molecular basis for
hypovirus-mediated attenuation of fungal virulence. It seems
likely that similar modifications of signaling cascades underlie
the variety of phenotypic changes displayed in the different hy-
povirus-infected fungal species examined in this study. Within
this context, it is also conceivable that virus-mediated alterations
of very similar regulatory or metabolic pathways in different fun-
gal species could result in the elaboration of what appear on the
surface to be quite different phenotypic changes. A candidate for
such a manifestation is the apparent opposite effect of virus in-
fection on pigment production in different fungal species (Fig. 2).
We anticipate that the ability to install wild-type and mutant hy-
povirus into the genetic backgrounds of different fungal species
will provide novel opportunities for examining and dissecting
regulatory pathways that govern a variety of fungal biological
processes ranging from sporulation to pigment production.

The available literature on the taxonomic placement of C.
parasitica and related species is not straightforward. Following
the first report of chestnut blight in North America in 1905 (35),
the causative agent was described as Diaporthe parasitica Murr.
(40). It was later placed in the genus Endothia and renamed En-
dothia parasitica (Murr.) P. J. & H. W. Anderson (43). In a 1978
monograph on the order Diaporthales (8), Barr altered the taxo-
nomic status of the genus Endothia assigning E. parasitica and
the related saprophytic species E. radicalis to the genus Cry-
phonectria within the tribe Valseae in the family Valsaceae. The
oak pathogen Endothia gyrosa was retained within the genus
Endothia and assigned to the tribe Endothieae in the family
Gnomoniaceae. The placement of the two Eucalyptus pathogens
examined in this study, C. cubensis and C. havanensis, is also a
source of some confusion. Originally designated Diaporthe
cubensis (Bruner), C. cubensis was transferred to Cryphonectria
in 1980 by Hodges (28). Originally designated Endothia hava-
nensis (Bruner), C. havanensis was assigned to Cryphonectria by
Barr (8). There remains considerable disagreement regarding the
relatedness of both C, cubensis and C. havanensis to morphologi-
cally similar isolates recovered from eucalyptus bark and canker
samples (7).

Results of the phylogenetic analysis based on the 18S ribo-
somal sequences as presented in this report were consistent with
the taxonomic placement of Cryphonectria spp. in the order
Diaporthales. In addition, E. gyrosa grouped strongly with the
Cryphonectria spp., and the number of substitutions between E.

gyrosa and the Cryphonectria spp. within the 18S gene were es-
sentially the same as those within the genus. Thus, the taxonomic
decision to place E. gyrosa and C. parasitica into different genera
within two separate families was not generally supported by the
molecular data presented here. Although there were insufficient
substitutions within the 18S genes to determine a branching order
within the Cryphonectria group and the ITS sequences were too
divergent to align for phylogenetic analysis, the small number of
substitutions in the ITS between C. parasitica and C. radicalis
did suggest that within the genus, these two species most recently
shared a common ancestor. The presence of an identical group I
intron at precisely the same position within the 18S rDNA of both
C. radicalis and C. parasitica provided further evidence to sup-
port this conclusion.

The identification of an identical group I intron in two different
Cryphonectria spp. is even more surprising when one considers
the geographic origin of the C. radicalis and C. parasitica iso-
lates analyzed: Greece and the United States, respectively. In this
regard, IDNA sequence information and molecular markers such
as the group I intron provide new tools for reconstructing the
origin and development of the chestnut blight epidemics in North
America and Europe. Anagnostakis (personal communication)
has observed that C. radicalis, once readily isolated throughout
the natural range of the American chestnut tree prior to the chest-
nut blight epidemic, can no longer be collected in areas where C.
parasitica has became established. This observation suggests that
C. parasitica either displaced or hybridized with C. radicalis. By
analyzing available herbarium samples of C. radicalis strains
isolated prior to the introduction of C. parasitica for the presence
of the group I intron, it may be possible to provide clues that
could distinguish between these two scenarios. Based on exami-
nations of importation records, it has been proposed that C.
parasitica was introduced into the United States from Japan on
Castanea crenata (4,5). Again, it may be possible to clarify this
issue by examining the rDNA, including the ITS sequences, for
Asian and U.S. C. parasitica isolates. Additionally, it is antici-
pated that a clearer understanding of the correlation between fun-
gal evolutionary relatedness and hypovirus extended host range
will provide important insights into the origins and future practi-
cal utility of this group of viruses.
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