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Infectious cDNA clones of mild (CHV1-Euro7) and severe (CHV1-EP713) hypovirus strains responsible for
virulence attenuation (hypovirulence) of the chestnut blight fungus Cryphonectria parasitica were used to con-
struct viable chimeric viruses. Differences in virus-mediated alterations of fungal colony morphology, growth
rate, and canker morphology were mapped to a region of open reading frame B extending from nucleotides
2,363 to 9,904. By swapping domains within this region, it was possible to generate chimeric hypovirus-infected
C. parasitica isolates that exhibited a spectrum of defined colony and canker morphologies. Several severe
strain traits were observed to be dominant. It was also possible to uncouple the severe strain traits of small
canker size and suppression of asexual sporulation. For example, fungal isolates infected with a chimera con-
taining nucleotides 2363 through 5310 from CHV1-Euro7 in a CHV1-713 background formed small cankers
that were similar in size to that caused by CHV1-EP713-infected isolates but with the capacity for producing
asexual spores at levels approaching that observed for fungal isolates infected with the mild strain. These re-
sults demonstrate that hypoviruses can be engineered to fine-tune the interaction between a pathogenic fungus
and its plant host. The identification of specific hypovirus domains that differentially contribute to canker
morphology and sporulation levels also provides considerable utility for continuing efforts to enhance biolog-
ical control potential by balancing hypovirulence and ecological fitness.

An underlying tenet of contemporary plant biology is that an
increased understanding of how plants and microbes commu-
nicate will lead to new strategies for preventing pathogenic
interactions. In this regard, the phenomenon of hypovirulence,
in which mycoviruses attenuate fungal virulence, is providing
insights into mechanisms that regulate interactions between
fungal pathogens and plant hosts. For example, efforts de-
signed to understand how viruses of the family Hypoviridae
reduce virulence of the chestnut blight fungus Cryphonectria
parasitica have revealed a crucial role for G-protein signal
transduction in a wide range of vital fungal physiological pro-
cesses, including fungal pathogenesis (7, 10, 12, 18, 19). It has
been proposed that hypoviruses compromise the ability of the
invading fungus to respond appropriately to events at the fun-
gus-plant interface by disrupting fungal signaling pathways,
thereby impeding penetration, canker expansion, and fungal
reproduction (reviewed in reference 23). Interest in virulence-
attenuating mycoviruses has also been stimulated by several
reports of partial or effective field control of plant-pathogenic
fungi (1, 3, 4, 13, 17, 22, 28).

The concept of engineering mycoviruses for purposes of
manipulating fungal pathogens was significantly advanced by
the development of an infectious cDNA copy of the prototypic
hypovirus CHV1-EP713 (9). The potential for practical and
fundamental applications of this group of viruses was further
enhanced by the recent construction of an infectious cDNA
clone of a second hypovirus, CHV1-Euro7 (8). By analogy with
plant viruses, CHV1-EP713 and CHV1-Euro7 can be viewed
as severe and mild hypovirus strains, respectively. CHV1-

EP713-infected C. parasitica strains are severely compromised
in the ability to expand on chestnut tissue and form small, su-
perficial cankers with few, if any, asexual spore-forming fruit-
ing bodies (stromal pustules). In contrast, CHV1-Euro7-in-
fected strains exhibit an aggressive colonization of chestnut
tissue early after inoculation. The resulting cankers, which
attain a size three- to fourfold larger than those produced
by CHV1-EP713-infected strains before expansion abruptly
ceases, are characterized by distinctively ridged margins and
the formation of a significant level of spore-forming pustules
covering the canker face.

We now report the construction and characterization of a
collection of stable chimeric recombinant viruses from the
CHV1-EP713 and CHV1-Euro7 infectious cDNAs. The re-
sults clearly demonstrate that hypoviruses can be engineered to
fine-tune the interaction between a fungal pathogen and its
plant host and illustrate the utility of this approach for map-
ping the contribution of specific regions of the hypovirus ge-
nome to virus-mediated alterations of fungal phenotype and
virulence. The implications of these results for enhanced bio-
logical control potential are also discussed.

MATERIALS AND METHODS

Fungal isolates, growth conditions, and phenotypic measurements. Hypovi-
rus-free C. parasitica isolate EP155 (ATCC 38755) and corresponding hypovirus-
transfected isolates were maintained on potato dextrose agar (PDA; Difco,
Detroit, Mich.) on the laboratory benchtop at 22 to 24°C and characterized as
previously described (14). To ensure consistency for phenotypic measurements
and observations, parallel inoculation cultures were initiated by transfer of my-
celial plugs directly from transfection regeneration plates to PDA (8). Virulence
assays (five duplicates for each treatment) were performed with dormant Amer-
ican chestnut tree stems as previously described (9, 16).

Construction of chimeric hypoviruses. Prototypic hypovirus CHV1-EP713 was
purified from the hypovirulent C. parasitica isolate EP713 (ATCC 52571), which
was obtained via anastomosis-mediated transmission of the hypovirus from the
French hypovirulent isolate EP113 into the North American isolate EP155 (2). A
full-length infectious cDNA clone of CHV1-EP713 RNA, plasmid pLDST, was
constructed by Choi and Nuss (9). Chen and Nuss (8) recently reported con-
struction of a full-length infectious cDNA clone, pET7, of a second hypovirus,
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CHV1-Euro7. CHV1-Euro7 RNA was purified from C. parasitica isolate Euro7
(ATCC 66021) recovered in 1978 by William MacDonald (West Virginia Uni-
versity) from a superficial canker on a European chestnut coppice sprout ap-
proximately 30 km north of Florence, Italy. All laboratory virus infections were
established by transfection of virus-free C. parasitica EP155 with in vitro-synthe-
sized viral transcripts as described previously (6, 8).

To facilitate construction of chimeric viruses, a multistep procedure was de-
signed to move the full-length parental hypovirus cDNAs into a modified
pPCRScript AmpSK(1) (Stratagene, La Jolla, Calif.) plasmid vector. The 59
terminus of the viral cDNA was immediately preceded by a T7 bacteriophage
polymerase promoter fused upstream to a unique NotI restriction site. The 39
terminus of the viral cDNA was followed by a unique SpeI site used to linearize
the plasmid for in vitro transcription (Fig. 1). A block of restriction sites within
the original multiple cloning site extending from EcoRI through KpnI was de-
leted to simplify subsequent cloning procedures. Construction of chimeric viruses
relied on several restriction sites that were conserved in the two hypovirus coding
domains: an XhoI site at map position 3575, a NarI site at position 5310, and an
NsiI site at position 9897 (CHV1-Euro7 map coordinates [8] are listed) as
indicated in Fig. 1. A description of detailed cloning steps is available from
D.L.N. upon request.

Analysis of hypovirus dsRNA. Viral double-stranded RNA (dsRNA) was ex-
tracted from 5-day-old infected mycelia cultured in liquid EP Complete Medium
(24) according to the protocol of Hillman et al. (14). Partially purified viral
dsRNA preparations were treated with S1 nuclease (5 U) to digest single-
stranded RNA (6). The quality and quantity of each preparation was examined
by agarose (0.8%) gel electrophoresis (14).

RESULTS

Construction of chimeric hypoviruses. Hypoviruses of the
genus CHV1 contain two contiguous open reading frames
(ORFs), ORF A and ORF B (15). ORF A encodes two poly-
peptides, p29 and p40, that are released from polyprotein p69

by an autocatalytic event mediated by the papain-like protease
domain within p29 (25). Expression of ORF B, which contains
putative RNA-dependent RNA polymerase and RNA helicase
coding motifs, also involves an autoproteolytic event in which
a second papain-like protease, p48, is released from the N-
terminal portion of the encoded polyprotein (27).

Chen and Nuss (8) recently demonstrated that the two
ORFs of CHV1-EP713 and CHV1-Euro7 could be inter-
changed without negatively affecting viral replication. It was
concluded from that study that the differences in symptoms
caused by the two viruses were encoded primarily by domains
within ORF B, while the ORF A portions appeared to make
similar contributions to the overall level of virus-mediated al-
teration of fungal phenotype. Although these initial chimeras
were replication competent and genetically stable, it was un-
clear whether the swapping of other domains, e.g., portions
within ORF B, would be tolerated. An additional potential
complication in constructing stable chimeras is the paucity of
information concerning the processing of the ORF B-encoded
polyprotein. Consequently, domain swaps were defined in this
study by the availability of unique restriction sites within ORF
B that were common to the two viruses: XhoI at CHV1-Euro7
map position 3575, NarI at map position 5310, and NsiI at map
position 9897 (Fig. 1). The XhoI site is located just 41 nucle-
otides (nt) 59 of the p48 cleavage site. Thus, a chimeric virus
constructed with this site would encode a chimeric p48 protein
that contained 403 N-terminal amino acids from one parent
and only 14 C-terminal amino acids from the other parent. The
NarI site lies 1,649 nt (564 codons) downstream of the p48
cleavage site in a region of the ORF B polyprotein that has not
been assigned any known function. The NsiI site lies between
the putative polymerase and helicase coding domains (20).
Thus, chimeric viruses constructed at this site would have a
heterologous replication complex consisting of helicase and
polymerase domains derived from the two different parental
viruses. The collection of chimeric viruses examined in this
study are illustrated diagrammatically in Fig. 1.

Influence of chimeric hypovirus infection on fungal pheno-
type. Transfection of C. parasitica with synthetic transcripts
of each chimera resulted in a productive infection causing a
spectrum of defined virus-induced colony morphologies (Fig.
2, Table 1). CHV1-EP713-infected C. parasitica strains grow
more slowly than the corresponding virus-free strains on syn-
thetic PDA media. The colonies are characterized by hyphae
that penetrate into the media, by irregular margins, and by the
general absence of asexual spores. CHV1-Euro7-infected C.
parasitica strains actually exhibit faster radial growth than the
corresponding virus-free strain and produce abundant aerial
hyphae and pustules containing viable asexual spores (8). Chi-
meric viruses constructed at the NsiI site (R13 and R14) had
properties similar to the parental viruses from which the region
upstream of the NsiI site was derived. That is, chimeric virus
R13, composed predominantly of CHV1-Euro7, caused a col-
ony morphology similar to CHV1-Euro7-infected isolates,
while the reciprocal chimera R14 caused a colony morphology
similar to that caused by CHV1-EP713. Thus, neither the 39-
terminal portion of the ORF B coding domain nor the 39-non-
coding region appears to contribute to differences in the colony
morphologies caused by the two parental viruses. This result is
similar to that obtained with the previously described chimeric
viruses in which the 59-proximal domains, including the 59-
noncoding region and ORF A, were swapped (8). The com-
bined results suggest that the portion of ORF B responsible for
the differences in virus-induced colony morphologies resides
between the N terminus (nt 2363) and nt 9897. The fact that
chimeras R13 and R14 were infectious also indicates that the

FIG. 1. Schematic diagram of parental and chimeric hypoviruses used in this
study. The position of restriction sites used to generate chimeric viruses from
CHV1-Euro7 (coding regions are indicated as white boxes, and noncoding re-
gions are indicated as gray lines) and CHV1-EP713 (coding regions are pre-
sented as gray boxes, and noncoding regions are presented as black lines) are
indicated at the top. The unique NotI site fused to a minimal T7 polymerase
promoter was introduced immediately upstream of the viral sequence in both
parental cDNAs to facilitate swapping of the 59 portions and in vitro transcrip-
tion. Similarly, the SpeI site was introduced immediately after the viral poly(A)
tail to allow linearization of the plasmid in preparation for in vitro transcription
and to aid in swapping of the 39 portions of the viruses. The CHV1-Euro7 map
positions for the three restriction sites common to the two viruses are nt 3575 for
XhoI, nt 5310 for NarI, and nt 9898 for NsiI. Since CHV1-Euro7 is 11 nt shorter
than CHV1-EP713 (12,701 nt versus 12,712 nt), the map position numbering for
the two viruses differs slightly (8). The approximate positions of the p48, putative
RNA-dependent RNA polymerase (Pol), and putative RNA helicase (Hel) cod-
ing domains are indicated at the bottom of the figure (20, 25).
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polymerase and helicase domains of the two viruses are com-
patible. In this regard, the double-stranded form of each chi-
meric virus RNA examined in this report accumulated in the
fungus to similar levels (Fig. 3), a finding consistent with a
similar level of replication competence for each chimera.

The region between nt 2363 and 9897 was further mapped by
constructing reciprocal chimeras using the XhoI and NarI re-
striction sites. Relative contributions of the region extending
from nt 2363 to 5310 were examined in two configurations:
paired with either the homologous or the heterologous ORF A
coding domain (Fig. 1). Note that transfection with the recip-

rocal chimeras R12 and R6 resulted in colony morphologies
that were very similar to each other and to that exhibited by
CHV1-EP713-infected isolates (Fig. 2, B2 and B3; Table 1).
This observation indicates that the severe CHV1-EP713 colony

FIG. 2. Colony morphologies on PDA conferred by parental and chimeric hypoviruses. A colony of virus-free C. parasitica isolate EP155 is shown at the top left
(A1). Colonies transfected with parental viruses CHV1-Euro7 and CHV1-EP713 are shown at coordinates A2 and A3, respectively. Colonies infected with chimeric
viruses are shown at the following coordinates: R13, A4; R14, A5; R12, B2; R6, B3; R10, B4; R5, B5; R7, C2; R3, C3; R8, C4; and R9, C5. The photograph was taken
on day 7 of culture on PDA.

TABLE 1. Effect of transfection with wild-type and chimeric
hypovirus transcripts on fungal radial growth on synthetic medium

Strain
Colony size 6 SD (cm2)a at:

Day 5 Day 7

EP155 22.2 6 0.5 47.3 6 0.9
EP155/CHV1-Euro7 26.6 6 1.0 51.0 6 1.1
EP155/CHV1-EP713 11.2 6 0.8 16.5 6 0.7
EP155/R13 27.3 6 1.1 51.8 6 1.7
EP155/R14 15.4 6 1.3 24.1 6 1.7
EP155/R12 11.7 6 0.7 15.9 6 1.1
EP155/R6 13.2 6 0.5 20.3 6 1.1
EP155/R10 12.1 6 0.9 21.8 6 1.9
EP155/R5 11.8 6 0.6 17.8 6 1.0
EP155/R7 20.5 6 1.5 40.0 6 1.7
EP155/R3 12.7 6 1.4 17.4 6 1.2
EP155/R8 13.5 6 1.5 20.1 6 1.0
EP155/R9 13.2 6 0.3 19.5 6 0.8

a Fungal cultures were grown in parallel on PDA in 85-mm-diameter petri
dishes under standard laboratory bench conditions (14).

FIG. 3. Agarose gel electrophoretic analysis of dsRNAs recovered from
transfected C. parasitica isolates. The full-length viral dsRNAs are the slowest-
migrating band in each lane. The faster-migrating species observed in lanes 2, 4,
and 13 correspond to internally deleted defective viral RNAs previously identi-
fied in hypovirus-infected fungal isolates (5, 26). The presence of these defective
RNAs has not been associated with any changes in fungal phenotype. Lane M,
200 ng of 1-kb DNA ladder (Gibco BRL) as relative size markers, with an
asterisk indicating the position of the 4-kb band. Samples (1 mg) of partially
purified viral dsRNA recovered from liquid cultures of individual transfected
isolates were treated with S1 nuclease (5 U) and analyzed on 0.8% agarose gels.
Lane 1, virus-free isolate EP155; lane 2, CHV1-EP713 transfectant; lane 3,
CHV1-Euro7 transfectant; lane 4, R13 transfectant; lane 5, R14 transfectant;
lane 6, R12 transfectant; lane 7, R6 transfectant; lane 8, R10 transfectant; lane
9, R5 transfectant; lane 10, R7 transfectant; lane 11, R3 transfectant; lane 12, R8
transfectant; lane 13, R9 transfectant.
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morphology phenotype is dominant and that independent de-
terminants of the phenotype reside on either side of the NarI
site (nt 5310). Little difference in colony morphology resulted
from swapping the ORF A portions of the R12 and R6 chi-
meras to form R10 and R5 (Fig. 2, B4 and B5). This result is
consistent with the previous conclusion that the ORF A do-
main does not make major contributions to the differences in
phenotypic changes caused by the two viruses. However, closer
inspection revealed that R5-infected colonies did produce
slightly more aerial hyphae than colonies infected with the R12
chimera that differed from the former only in having a heter-
ologous ORF A (data not shown). This subtle difference sug-
gests possible functional interactions between protein products
of ORF A and the region from nt 2363 to 5310 of ORF B.

Further dissection of the domain extending from nt 2363 to
5310, using the XhoI site, resulted in several interesting obser-
vations. Insertion of nt 2363 to 3575 from CHV1-EP713 into
the CHV1-Euro7 background, chimera R7, caused a colony
morphology intermediate between the two parental pheno-
types, while the reciprocal chimera, R3, caused a CHV1-EP713
type of colony (Fig. 2, C2 and C3; Table 1). In contrast to the
result observed for R7, insertion of nt 3575 to 5310 from
CHV1-EP713 into the CHV1-Euro7 background, R8, caused a
severe colony morphology phenotype (Fig. 2, C4). This striking
result suggests that the latter region encodes a dominant de-
terminant that is predominantly responsible for the differences
in colony morphology observed for the two viruses. However,
the fact that the reciprocal chimera, R9, which contained the
region from nt 3575 to 5310 from CHV1-Euro7 in a CHV1-
EP713 background, and chimera R6, which contained the re-

gion from nt 2363 to 5310 from CHV1-Euro7 in the CHV1-
EP713 background, also caused a severe colony morphology
indicates that regions in CHV1-EP713 flanking nt 3575 to 5319
also make significant contributions to the severe colony mor-
phology.

Influence of chimeric hypovirus infection on fungal-plant
host interactions. The collection of chimeric viruses also
caused transfected C. parasitica strains to produce a spectrum
of defined canker morphologies. As illustrated by the repre-
sentative photographs in Fig. 4 and the quantitative data in
Table 2, virus-free C. parasitica isolates (Fig. 4, A1) aggres-
sively colonize dormant chestnut stems to produce large can-
kers that generally continue to expand until a complete girdling
of the stem has occurred. The surface of these cankers are
densely packed with orange spore-containing stromal pustules
that erupt through the bark as expansion proceeds. In contrast,
CHV1-EP713-infected fungal isolates (Fig. 4, A3) are severely
reduced in the ability to expand on chestnut tissue forming
small, superficial cankers that contain few, often no, pustules.
CHV1-Euro7-infected fungal isolates (Fig. 4, A2) are quite
aggressive in the initial colonization of chestnut tissue but
abruptly cease expansion concomitant with the formation of
distinctive ridged canker margins suggestive of callus forma-
tion. These cankers generally attain a size three- to fourfold
larger than those caused by CHV1-EP713-infected isolates and
are covered with a significant level of spore-containing pustules
(8).

As was observed for colony morphology, cankers formed by
fungal isolates infected with chimera R13 were very similar to
those caused by isolates infected with CHV1-Euro7, while can-

FIG. 4. Representative cankers formed by virus-free and transfected C. parasitica isolates. The same coordinate system for strains transfected with chimeric viruses
used in Fig. 2 is repeated here: EP155, A1; CHV1-Euro7, A2; CHV1-EP713, A3; R13, A4; R14, A5; R12, B2; R6, B3; R10, B4; R5, B5; R7, C2; R3, C3; R8, C4; and
R9, C5. Cankers were photographed 30 days postinoculation. Cankers caused by R12 and R6 transfected isolates are enlarged at the bottom of the figure to illustrate
contrast and to allow a closer inspection of the stromal pustules that contain spore-forming bodies, termed pycnidia, and the ridged margins of the canker formed by
the R6 transfectant.
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kers formed by R14-infected isolates were similar to those
formed by isolates infected with CHV1-EP713 (Fig. 4, A4 and
A5; Table 2). Surprisingly, the similarities between colony and
canker morphologies did not extend to the reciprocal chimera
pair R12 and R6 (Fig. 4, B2 and B3). While both chimeras
caused the formation of small cankers similar in size to the
CHV1-EP713 morphology, cankers produced by the R6-in-
fected chimera contained a significant number of pustules and
a degree of ridged margins characteristic of CHV1-Euro7 in-
duced cankers (see the enlarged cankers at the bottom of Fig.
4). Thus, the difference exhibited by CHV1-EP713 and CHV1-
Euro7 in repressing conidiation on cankers maps to the region
extending from nt 2363 to 5310, while determinants responsi-
ble for differences in canker size for the two viruses reside on
both sides of the NarI site. Swapping of the ORF A portions of
chimeras R12 and R6 to form R10 and R5 (Fig. 4, B4 and B5,
respectively) had no observable influence on canker morphol-
ogy.

The insertion of nt 2363 to 3575 from CHV1-EP713 into the
CHV1-Euro7 background (R7) significantly reduced both can-
ker size and pustule formation relative to that observed for
CHV1-Euro7-infected isolates (Fig. 4, C2, Table 2). This result
suggests that the CHV1-EP713 p48 coding domain contains a
dominant determinant for suppression of pustule formation.
However, the fact that the insertion of the comparable region
from CHV1-Euro7 into a CHV1-EP713 background to form
R3 (Fig. 4, C3) failed to increase canker size or restore pustule
formation to the full level observed for CHV1-Euro7-infected
isolates indicates that domains flanking p48 also contribute to
reduced canker size and suppression of pustule formation.

Evidence for a potential functional interaction between
CHV1-EP713 p48 and proteins encoded within the region
from nt 3575 to 5310 was provided by examining the reciprocal
chimeras R8 and R9. Insertion of nt 3575 to 5310 from CHV1-
EP713 into the CHV1-Euro7 background (R8) resulted in
small cankers with intermediate levels of pustule production, a
result similar to that observed for isolates infected with chime-
ras R6 and R10 (Fig. 4, C4; Table 2). Thus, the CHV1-EP713
region from nt 3575 to 5310, while reducing canker size, does
not appear by itself to cause a significant reduction in pustule
formation. Interestingly, replacing this region in a CHV1-
EP713 background with the CHV1-Euro7 homolog, chimera
R9, resulted in significantly higher levels of pustule formation
(Fig. 4, C5). This result suggests that CHV1-EP713 p48-medi-

ated suppression of pustule formation depends on some sort of
interaction with proteins encoded within the CHV1-EP713
region from nt 3575 to 5310.

DISCUSSION

The ability to alter, in a defined manner, C. parasitica phe-
notypic traits, including canker morphology, by simply swap-
ping domains of a severe and a mild hypovirus strain has both
fundamental and practical implications. In many respects, the
engineering of mycoviruses for the control of pathogenic fungi
is analogous to the use of animal viruses in contemporary gene
therapy. The goal in both cases is to stably alter host phenotype
in a predictable and efficacious manner.

Chen and Nuss (8) predicted that the mapping of determi-
nants responsible for differences in symptoms caused by severe
and mild hypovirus strains would ultimately lead to the iden-
tification of the viral domains responsible for the underlying
symptoms. The results presented here provide a first approx-
imation of the number and location of such determinants.
It was somewhat surprising that chimeras which contained
CHV1-EP713 ORF B sequences extending either from nt 2363
to 5310 (R12 and R5) or from nt 5310 to 9897 (R6 and R10)
all conferred a CHV1-EP713-like colony morphology. This ob-
servation supports the view that CHV1-EP713 ORF B encodes
multiple independent dominant determinants of colony mor-
phology located on either side of the NarI site at position 5310.
A major determinant upstream of the NarI site was further
mapped to the region extending from nt 3575 to 5310 (R8) by
introducing portions of the N-terminal half of ORF B from
CHV1-EP713 into a CHV1-Euro7 background. A similar op-
eration for the region extending from nt 2363 to 3575 (R7)
eliminated the CHV1-EP713 p48 coding region as a major
contributor to the severe colony morphology. Thus, differences
in the mild and severe colony morphology mapped predomi-
nantly to a region extending from position 3575 through posi-
tion 9879, with clear indications of multiple discrete determi-
nants.

Use of the chimeras to map differences in canker morphol-
ogy also exposed multiple determinants but was more revealing
in that it was possible to uncouple several severe phenotypic
traits. Isolates infected with all chimeras except R13 produced
smaller cankers than that produced by CHV1-Euro7-infected
isolates (Table 2). Thus, as observed for colony morphology,
the CHV1-EP713 trait of small canker size is dominant and
appears to be caused by multiple independent determinants
within ORF B. In contrast, it was possible to map the differ-
ence in stromal pustule formation to the N-terminal portion of
ORF B, i.e., upstream of the NarI site, and to uncouple sup-
pression of pustule formation from small canker size. This is
particularly evident in the enlarged version of cankers pro-
duced by isolates infected with reciprocal chimeras R12 and
R6 (shown at the bottom of Fig. 4). A characteristic CHV1-
EP713 type of canker was observed when the region extending
from nt 2363 to 5310 was derived from CHV1-EP713 (R12 or
R5), while a small version of a CHV1-Euro7 canker, including
the production of a significant level of pustules and the char-
acteristic raised canker margins, was formed when this region
was derived from CHV1-Euro7 (R6 or R10). Within this re-
gion, the CHV1-EP713 p48 coding domain is clearly the pre-
dominant contributor to suppression of pustule formation: in-
troduction of the region extending from nt 2363 to 3575 into a
CHV1-Euro7 background, R7, resulted in a significant (ca.
eightfold) reduction in pustule formation. However, p48-me-
diated suppression of pustule formation appears to be depen-
dent on proteins encoded within the CHV1-EP713 region from

TABLE 2. Effect of transfection with wild-type and chimeric
hypovirus transcripts on canker expansion and production of asexual

spore-containing stromal pustules on cankered chestnut tissue

Strain
Canker size 6 SD (cm2) Stromata/cankera 6

SD at day 30Day 10 Day 30

EP155 3.1 6 0.9 23.8 6 7.8 130.0 6 11.2
EP155/CHV1-Euro7 2.3 6 0.2 3.7 6 0.5 59.6 6 11.7
EP155/CHV1-EP713 0.9 6 0.1 1.1 6 0.3 6.6 6 5.3
EP155/R13 2.6 6 0.5 4.5 6 1.1 68.6 6 20.1
EP155/R14 0.9 6 0.2 1.2 6 0.2 1.8 6 2.2
EP155/R12 1.1 6 0.3 1.4 6 0.3 13.6 6 7.7
EP155/R6 1.3 6 0.1 1.5 6 0.2 33.2 6 12.6
EP155/R10 1.1 6 0.2 1.7 6 0.3 38.4 6 22.1
EP155/R5 1.1 6 0.3 1.2 6 0.3 14.8 6 6.6
EP155/R7 1.8 6 0.2 1.9 6 0.3 7.2 6 5.0
EP155/R3 1.1 6 0.2 1.2 6 0.2 28.2 6 6.6
EP155/R8 1.1 6 0.3 1.4 6 0.4 31.8 6 15.4
EP155/R9 1.4 6 0.3 1.6 6 0.3 47.6 6 19.9

a The number of stromata (stromal pustules) per canker was determined only
at day 30.
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nt 3575 to 5310, as evidenced by the increased level of pustule
formation observed upon replacement with the CHV1-Euro7
counterpart in chimera R9. It is clear from the combined
results that multiple viral domains contribute to differences in
the severe and mild phenotypes and that different sets of de-
terminants contribute to canker and colony morphologies. Al-
though the present study provides a firm foundation for future
refined mapping and mechanistic studies, additional detailed
information concerning ORF B polyprotein processing will be
required for a clear understanding of the phenotypic contribu-
tions of processing intermediates and/or viral protein-protein
interactions.

The ability to uncouple small canker size from suppression
of the formation of spore-producing pustules has implications
for enhancing biological control potential. As discussed by
MacDonald and Fulbright (21), successful hypovirulence-me-
diated biological control is likely to require a balance between
ecological fitness and virulence attenuation. In order to persist
and spread, a hypovirulent isolate must be able to effectively
colonize and produce spores on chestnut bark. However, the
ability to colonize must be tempered with a reduced capacity
for canker expansion. The small canker and dense pustule
production phenotype exhibited by isolates infected with chi-
meras R6, R10, R8, or R9 would appear to meet these criteria.
The ability to construct transgenic hypovirulent C. parasitica
strains containing nuclear copies of infectious hypovirus cDNA
(9) provides the opportunity to combine these phenotypic im-
provements with a novel mode of virus transmission to ascos-
pore progeny.

Several lines of evidence suggest that hypoviruses reduce
virulence and induce other fungal phenotypic changes by al-
tering cellular regulatory pathways, principally G protein-
linked cyclic-AMP-mediated signal transduction (7, 10, 12). It
has been proposed that these alterations compromise the abil-
ity of the invading fungus to respond appropriately to molec-
ular and environmental cues during the infection process,
thereby impeding penetration and canker expansion (23). It
would follow from this model that the difference in canker
morphology observed for isolates infected with the mild and
severe hypovirus strains might result from differences in the
degree to which the two viruses impact cellular signal trans-
duction. It is anticipated that the mapping of domains respon-
sible for the differences in symptoms exhibited by the two
viruses will likely lead to the identification of viral determi-
nants responsible for altering specific cellular signaling path-
ways. Preliminary results using pathway-specific promoter-re-
porter transformation plasmid constructs indicate that the
chimeras can be used to correlate virus-induced changes in
cellular signaling with virus-induced alterations in fungus-host
pathogenic interactions (T. Parsley, L. M. Geletka, B. Chen,
and D. L. Nuss, unpublished results). One could easily imagine
how the resulting information could be exploited to design new
strategies for manipulating fungal phenotype.
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