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ABSTRACT

Anagnostakis, S. L., Chen, B., Geletka, L. M., and Nuss, D. L. 1998. Hy-
povirus transmission to ascospore progeny by field-released transgenic
hypovirulent strains of Cryphonectria parasitica. Phytopathology 88:598-
604.

Strains of the chestnut blight fungus, Cryphonectria parasitica, have
been genetically engineered to contain an integrated full-length cDNA
copy of the prototypic virulence-attenuating hypovirus CHV1-EP713.
Unlike natural hypovirulent C. parasitica strains, these transgenic hypo-
virulent strains are able to transmit virus to ascospore progeny under
laboratory conditions. This ability provides the potential to circumvent
barriers to cytoplasmic virus transmission imposed by the fungal vege-
tative incompatibility system. During July 1994, transgenic hypovirulent
strains were introduced into a Connecticut forest site (Biotechnology
Permit 94-010-01). Subsequent analysis of the release site confirmed

hypovirus transmission from transgenic hypovirulent strains to ascospore
progeny under field conditions. Additionally, it was possible to recover
transgenic hypovirulent strains from the test site as long as 2 years after
the limited, single-season release. Evidence also was obtained for cyto-
plasmic transmission of transgenic cDNA-derived hypovirus RNA, in-
cluding transmission to mycelia of a virulent C. parasitica canker after
treatment with conidia of a transgenic strain. Finaly, a transgenic hy-
povirulent strain was recovered from a superficial canker formed on an
untreated chestnut tree. Genetic characteristics of the recovered strain
suggested that the canker was initiated by an ascospore progeny derived
from a cross involving an input transgenic hypovirulent strain. The dur-
ability of a molecular marker for field-released cDNA-derived hypovirus
RNA is discussed.

Additional keywords: biological control.

The chestnut blight fungus, Cryphonectria parasitica (Murrill)
Barr, is thought to have entered the United States from Japan
during the late 1800s on imported Japanese chestnut trees (Casta-
nea crenata) (7). It spread primarily on nursery stock that was
sold locally and by mail order. Native American chestnut (Casta-
nea dentata (Marsh.) Borkh.) proved to be very susceptible to
infection by this introduced pathogen. Cankers form as C. para-
sitica grows in and underneath the bark, resulting in destruction of
the cambium and eventua girdling of the tree. Within an orchard
or forest, C. parasitica is spread by organisms that walk or crawl
across cankers, picking up inoculum on feet, feathers, and fur
(30). In addition, many insects graze on the exposed fungal stro-
mata, and carry inoculum on mouthparts and internaly (27). Asex-
ual spores (conidia) may be splash-dispersed, whereas sexua spores
(ascospores) are forcibly gected during autumn and may become
airborne (8).

Infection of chestnut blight fungus by viruses of the genus Hy-
povirus (23) results in attenuation of fungal virulence (hypoviru-
lence). Hypovirulence appears to result from hypovirus-mediated
ateration of several fungal signa transduction pathways, includ-
ing those necessary for virulence on chestnut trees (16,17,20).
Natural hypovirulence is reported to control chestnut blight in
Italy, France, and Switzerland (13,22). When fungal strains are of
the same or closely related vegetative compatibility (VC) types,
anastomosis allows hypovirus transmission via cytoplasmic mix-
ing (1,4). Thus, virus transmission is predicted to be hampered in

Corresponding author: D. L. Nuss; E-mail address: nuss@umbi.umd.edu

Publication no. P-1998-0512-01R
© 1998 The American Phytopathological Society

598 PHYTOPATHOLOGY

fungal populations that exhibit a high degree of VC diversity.
Additionally, between 10 and 90% of colonies derived from co-
nidia formed by natural hypovirulent strains contain virus (19,28),
allowing for continua production of virulent inoculum. Hypo-
viruses are not transmitted to ascospore progeny of a sexual cross
involving a natural hypovirulent strain (2). Moreover, the virulent
progeny resulting from such crosses can represent a spectrum of
VC types due to alelic rearrangement at the genetic loci that
govern VC, contributing to increased VC diversity (14). These
properties, coupled with a high degree of VC diversity in native
virulent C. parasitica populations, are thought to contribute to a
reduced level of efficacy of natural hypovirulent strains for bio-
logical control of chestnut blight in North American forest ecosys-
tems (10,11,13,25,26).

After cloning and sequence determination for the prototypic
hypovirus CHV1-EP713, Choi and Nuss (18) reported the devel-
opment of a full-length infectious CHV1-EP713 cDNA clone.
Transformation of virulent C. parasitica strains with this cDNA
clone conferred the complete hypovirulence phenotype. Cytoplas-
mically replicating double-stranded RNA (dsRNA) was launched
from the chromosomally integrated cDNA copy, and these strains
were able to convert vegetatively compatible virulent strains to
hypovirulence. These results established that a hypovirusisindeed
the casual agent of hypovirulence and demonstrated the feasibility
of engineering hypovirulent funga strains.

Because transgenic hypovirulent strains contain a chromoso-
mally integrated viral cDNA copy, it was predicted that, unlike
natural hypovirulent strains, viral genetic information would be
inherited in a Mendelian fashion by the progeny of a sexual cross
involving a transgenic hypovirulent strain. This prediction was
confirmed in laboratory mating experiments (14); progeny con-
taining the integrated viral cDNA copy also contained the cDNA-



derived, cytoplasmically replicating, double-stranded form of the
viral RNA. Sexua compatibility for C. parasitica is controlled by
a single mating locus with two alleles, designated MAT-1 and
MAT-2 (12). Thus, sexua crossing should alow the transmission
of the integrated viral cDNA throughout the virulent fungal popu-
lation. Additionally, because the progeny represent a spectrum of
different VC groups (VCGs), launching of the cytoplasmic vira
RNA form in progeny representing new VCGs should result in the
potential for expanded vegetative dissemination of the viral ge-
netic information. Stable transmission of virus at a high frequency
(>99%) to asexua spores of transgenic hypovirulent strains also
has been demonstrated in the laboratory (14). Thus, it has been
predicted that these combined transmission properties could result
in increased dissemination of the hypovirulence phenotype and,
consequently, more effective disease management.

After extensive laboratory and greenhouse tests of transgenic
hypovirulent C. parasitica strains, we were granted a Biotech-
nology Permit (94-010-01) to conduct a planned release in a for-
est. This test was initiated in Connecticut during July 1994 to
study the transmission of hypoviruses from transgenic hypoviru-
lent strains to ascospore progeny under field conditions and to
examine persistence and dissemination of the introduced trans-
genic strains and cDNA-derived hypovirus RNA.

MATERIALSAND METHODS

Fungal strains and growth conditions. The study utilized two
virus-free virulent C. parasitica strains with the following pheno-
types. Strain EP154 has mating type alele MAT-2, carries a VCG
39 designation, produces orange pigmentation, and is virulent.
Strain EP392 (ATCC 38983) is MAT-1, carries a VCG 39 desig-
nation, produces orange pigmentation, and is virulent. Two addi-
tional C. parasitica strains were used as recipients for transfor-
mation with plasmid pXH9, which contains a full-length cDNA
copy of the prototypic hypovirus CHV 1-EP713, to produce trans-
genic hypovirulent strains (18). Strain EP155 (ATCC 38755) is
mating type MAT-2, VCG 40, orange, and virulent, whereas strain
EP146 (ATCC 64671) is MAT-1, VCG 9, brown, and virulent. In
addition to the CHV1-EP713 full-length cDNA, plasmid pXH9
also contains the Escherichia coli hygromycin B phosphotrans-
ferase gene as a selectable marker flanked by the Aspergillus nidu-
lans trpC promoter and terminator domains. Thus, transgenic strains
are al'so hygromycin resistant (Hyg®) (18). The presence of CHV1-
EP713 RNA replicating in the cytoplasm of the transgenic strains
aso results in reduced pigment production. Consequently, the trans-
genic strains exhibit a white phenotype. The transgenic hypoviru-
lent C. parasitica strains are designated by the original virulent
strain used as the transformation recipient followed by the trans-
forming plasmid indicated in brackets. For example, 146[pXH9],
indicates a transgenic strain generated by transformation of viru-
lent C. parasitica strain EP146 with plasmid pXH9. Virulent and
transgenic strain stock cultures were maintained on Difco (De-
troit, MI) potato dextrose agar (PDA) (24).

Connecticut deployment test site. American chestnut in Con-
necticut is found in mixed hardwood forests with oak as the domi-
nant canopy tree. Chestnut sprouts often reach a 12 cm diameter at
breast height (dbh) and become mature (capable of flowering) be-
fore becoming infected and dying of chestnut blight. During spring
1994, a site was selected in northwestern Connecticut in the
Housatonic State Forest in Sharon Township, Litchfield County

(41°5240'N, 73°2230'W, elevation 395 m). Trees in the over-

story includedQuercus coccinea, Acer rubrum, and aPopulus sp.
Woody plants in the understory includ€drya glabra, Q. prinus,
A. pennsylvanicum, Hamamelis virginiana, and arlJimus sp.

area are being mapped, numbered, and flagged for monitoring as
the study continues. To date, 241 additional American chestnut
sprout clumps have been mapped in the plots.

Deployment procedures. The 12 test trees in each plot were
grouped as 6 pairs. During June 1994, three pairs in each plot
were inoculated with virulent. parasitica strain EP154NIAT-2,

VCG 39), and three pairs in each plot were inoculated with viru-
lent strain EP392MAT-1, VCG 39). Stems were inoculated by
placing a plug of fungal mycelium on PDA into a 10-mm-diameter
hole made in the bark with a cork borer and covering with mask-
ing tape to retard drying. Each tree received a single inoculation.

The two transgenic hypovirulent strains were deployed either as
mycelial plugs (plot 1) or painted conidia (plot 2). Because trans-
genic strain 146[pXH9] has mating alléAT-1 and is VCG 9, it
is able to mate with virulent strain EP134AT-2) but not with
virulent strain EP392AT-1). Additionally, because VCGs 9 and
39 can form transient anastomoses (3), transgenic strain 146[pXH9]
can convert both virulent strains by cytoplasmic transfer of hypo-
viruses. In contrast, the second transgenic strain, 155[pXH9I-2,

VCG 40), is able to mate with virulent strain EP382AT-1) but

not with virulent strain EP15MAT-2). Because VCGs 39 and 40
are incompatible, this strain is unable to cytoplasmically transmit
viruses to either virulent strain.

In both deployment protocols, one canker on one tree of each
test pair was treated with a transgenic strain; the canker on the
second tree of the pair served as a control. Test cankers inoculated
with virulent strain EP154MAT-2, VCG 39) were treated with
mating compatible, vegetatively compatible transgenic strain
146[pXH9] (MAT-1, VCG 9). Test cankers inoculated with vir-
ulent strain EP392MAT-1, VCG 39) were treated with mating
compatible, vegetatively incompatible transgenic strain 155[pXH9]
(MAT-2, VCG 40) (Table 1). For the plug protocol, virulent can-
kers=25 mm in diameter (21 days) were inoculated with one of
the two transgenic strains as mycelial plugs on each side and at
the top. The rationale underlying the protocol was that conversion
of the virulent canker to hypovirulence by anastomosis with a veg-
etatively compatible transgenic hypovirulent strain would retard
the expansion of the canker, reducing the chance of tree death due
to girdling. It also was reasoned that the inoculation at the top of
the canker would provide a source of conidia to spermatize tricho-
gynes produced by the virulent canker, leading to sexual crossing.

In the second deployment protocol, conidia harvested from la-
boratory-grown transgenic hypovirulent strains were painted as a
concentrated suspension (2 x%/idl, in water) directly onto the
surface of the virulent test cankers when they we&® mm in
diameter (35 days) and again after 70 days. This protocol was
designed to test the ability of the transgenic hypovirulent conidia
to serve as spermatia in a sexual cross in the field. In this regard,
it is noteworthy that female infertility is one of several phenotypic
traits that accompany hypovirus-mediated hypovirulence (i.e., hypo-
virulent strains are typically unable to serve as a female in a
sexual cross but are male fertile [5]). A successful mating would
be expected to result in one-half of the resulting ascospore prog-
eny containing the integrated viral cDNA and the cDNA-derived
cytoplasmically replicating viral RNA and exhibiting Hydn a
separate series of experimerifs,parasitica cankers were recep-
tive to spermatization by as early as 17 days after canker initiation
and as early in the growing season as May (9). To increase la-
boratory yields of transgenic conidia for field application, trans-
genic hypovirulentC. parasitica strains were grown under high
light intensity as previously described (14). Harvested conidia were
filtered through Miracloth (Calbiochem, La Jolla, CA) to remove
residual mycelia fragments.

Effect of transgenic hypovirulent strains on canker expan-

Two plots, eack=50 x 50 m, were selected. In each plot, 12sion. Reduced canker expansion rate is one hallmark of anasto-
American chestnut trees that were at least 2.5 cm dbh and withaubsis-mediated conversion of a resident virul€ntparasitica
cankers were chosen as test trees. All additional American chestrain by hypoviruses from a donor strain. (2). Canker widths were
nut sprouts (at least 2.5 cm dbh) in the plots and throughout theeasured at the time of treatment, and measurements were made
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periodically throughout the growing season. Care was taken to
sterilize hands and equipment between measurements to prevent
accidental spread. This allowed an assessment of the efficiency of
hypovirulence conversion of the two virulent strains tested.

Monitoring survival and spread of transgenic strains. Bark
samples used to obtain mass isolates of C. parasitica from cankers
were removed from canker margins with a 2-mm-diameter cork
borer inserted into the cambium, placed on 2% water agar or 2%
water agar containing 0.1% 2-[N-morpholino]-ethanesulfonic acid
buffer, pH 5.0 to 5.5 (Sigma Chemical Co., St. Louis), and 0.25%

TABLE 1. Organization of Housatonic State Forest (Connecticut) test plotéannic acid (J. T. Baker Inc., Phillipsburg, NJ), and incubated on a

for deployment of transgenic hypoviruleBtyphonectria parasitica, canker
expansion, and tree condition

Canker area (cf

Test Transgenic Tree condition
Tree strain straifh  Nov. 1994 Jul. 1995 Sep996
Plot 1
A 154  146[pXH9] 254.3 2745 Alive
B 154 510.4 1,533.6 Dead above canker
C 392 155[pXH9]  455.9 559.6 Dead above canker
D 392 478.9 1,109.8 Dead above canker
E 154  146[pXH9] 124.6 132.7 Alive
F 154 245.9 1,506.0 Dead above canker
G 392  155[pXH9] 213.7 642.1 Dead to ground
H 392 397.4 602.3 Dead above canker
| 154  146[pXH9] 91.6 122.7 Alive
J 154 498.5 1,994.0 Dead above canker
K 392  155[pXH9] 362.9 678.5 Dead above canker
L 392 538.9 1,306.7 Dead above canker
Plot 2
M 154 146[pXH9]  418.9 1,206.3 Dead to ground
N 154 169.6 2,769.8 Dead to ground
O 392 155[pXH9] 298.5 1,169.6 Dead above canker
P 392 274.5 854.9 Dead to ground
Q 154 146[pXH9] 226.9 459.7 Dead above canker
R 154 329.9 769.1 Dead to ground
S 392 155[pXH9] 514.5 1,371.6 Dead to ground
T 392 526.6 1,451.5 Dead to ground
U 154 146[pXH9] 301.6 793.8 Dead above canker
\% 154 339.6 972.6 Dead above canker
W 392 155[pXH9] 310.9 2,221.7 Dead to ground
X 392 383.4 1,274.9 Dead to ground

a Strains were deployed in plot 1 as mycelial plugs.
plot 2 as painted conidia. By June 1997, all test trees, except trees A, E,
O, were dead to the ground. Bark was heavily damaged by insects and h
been invaded by wood-rotting fungi. Tree A was still alive above the tes

bench top in the laboratory. Plates were examined after 24 and 48 h

with a dissecting microscope at 30x, followed by transfera of
fungal colonies to PDA for additiona incubation on a bench top.

C. parasitica colonies subsequently were transferred to PDA and

PDA with hygromycin B (Sigma) at 50 mg/liter to test for HygR.
Isolates for further testing were grown on cellophane over PDA at

28°C for 5 to 7 days, peeled from the cellophane, freeze-dried,
and stored frozen.

Mass isolates were not made from inoculated test cankers in
either 1994 or 1995 to minimize damage to developing cankers.
Bark samples taken during July 1996 from plug-treated cankers were
placed cambial side down on agar, whereas bark samples from
conidia-treated cankers were placed bark side down on agar. Can-
kers on remaining living trees were sampled again during June
1997. Treated and untreated trees throughout the test site also
were routinely monitored for new cankers. From summer 1994
through autumn 1997, 66 natural cankers were identified and sampled.
The sampled trees were all free of cankers when initially located
and tagged. The resulting isolates were paired with each other on
PDA for VC determination (5), as were other selected isolates
derived from trapped spores and perithecia.

The presence of spores in rainwater run-off from tree stems was
examined by attaching funnels to the lower trunks of trees within
the test site (six untreated chestnut trees and a small hickory tree).
The funnels were connected by tubing to large plastic bottles tied
to the trees. After each of 10 rain events (from 31 August to 16
October 1995), the bottles were collected, and the rainwater was
filtered and plated on water agar containing tannic acid.

Strains were deployed in Ascospores of. parasitica form and mature within perithecia

afai“ﬂbedded in cankers and are discharged into the air during aut-

pmn, depending on temperature and moisture conditions. Asco-

canker in September 1997, whereas tree O remained alive below the t&R0res were isolated directly from individual perithecia recovered

canker.

from bark samples from treated and control cankers (5) collected
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Fig. 1. Reverse-transcription polymerase chain reaction (RT-PCR) analysis of hypovirus double-stranded RNA (dsRNA) extracted from field isolates recovered

from the transgenic hypovirulent Cryphonectria parasitica release site. Lanes 1, 8, and 14 contain 100-bp DNA ladders as mobility markers. Each dsRNA was

tested in parallel reactions either containing (+RT) or lacking (—RT) reverse transcriptase (described in text). The presence of an amplicon in the +RT reaction
and the absence of an amplicon in the parallel —RT reaction indicates exclusive amplification of an RNA template. Ammieded frem dsRNA isolated

from C. parasitica strain EP713, containing the prototypic hypovirus CHV1-EP713, are shown in lanes 2 (+RT) and 3 (-RT). Amplicons genedsB#&om
isolated from field isolate TP#29 are shown in lanes 4 (+RT) and 5 (-RT). Lanes 6 (+RT) and 7 (-RT) and 9 (+RT), and aft&Ranplicons generated

in parallel reactions from dsRNAs isolated from field isolates TP#39 and TP#51, respectively. Amplicons generated fromodsietliArasn the original
transgenic hypovirulent strain CN2 (18) are shown in lanes 11 (+RT) and 12 (-RT). The amplicon generated directly fromXH#sméegd to generate
transgenic hypovirulen. parasitica strains is shown in lane 13. The size (in base pairs) of mobility marker bands are indicated to the right and left. Primer
BR43 (CHV1-EP713, map coordinates 545-565) was used in the RT reaction; primers BR43 and RSDS10 (map coordinates 1-20jnwvére BEER
reaction. Bands corresponding to the 565-bp deldtis amplicon migrated faster than the 600-bp marker, and the amplicon containing the 73-bp, splicing
event-mediated deletion migrated just slightly faster than the 500-bp marker.
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25 October 1994, 14 May 1996, and 17 June 1997. Airborne
ascospores were collected on two rainy days during early October
1995 and four rainy days during October 1996. A battery-powered
Burkard (Rickmansworth, Hertfordshire, England, U.K.) spore trap
was placed on a card table under aroof tent erected within the test
site, and a fresh plate of tannic acid-water agar was placed in the
spore trap every 15 min for 5 h each day.

RNA analysis. Hypovirus dsRNA was isolated from mycelia as
described by Hillman et al. (24). Vira dsRNAs were subjected to
reverse-transcription polymerase chain reaction (RT-PCR) accord-
ing to the basic protocol described by Shapira et a. (29), under
conditions reported by Chen et al. (15). Denaturation of cDNA

lent strains could transmit hypoviruses to ascospore progeny in the
field as they do in the laboratory (14). In 1994 (Table 2), asco-
spore progeny exhibiting H§gand phenotypic characteristics con-
sistent with hypovirus infection (e.g., white colonies with ir-
regular margins) were recovered from the majority of perithecia.
Examination of a random set of isolates revealed the presence of
hypovirus dsRNA (data not shown). Pairwise plating studies
revealed that 16 VCGs were represented among the recovered
ascospore progeny, consistent with the prediction that hypoviruses
could be distributed in a spectrum of VCGs as a result of a sexual
cross involving a transgenic hypovirulent strain. Ascospores from
perithecia on one control canker yieldedG@%arasitica cultures,

was performed at 94°C for 2 min in the presence of 0.125 units of none of which were white or H§gIn 1996, a total of 31 peri-
AmpliTaq polymerase (Perkin-Elmer, Foster City, CA) per pl andthecia from three treated test trees (trees G, K, and Q) yielded
150 ng each of appropriate oligonucleotide primers in a volume df,034 single ascospores, none of which produced whiteR Hyg
20 pl. Denaturation was followed by 30 cycles of amplificationcolonies. Very few perithecia were observed on the few test trees
with the following parameters: denaturation for 1 min at 94°Cthat survived into 1997, and none contained%aggospore progeny.
annealing for 1.5 min at 58°C, extension for 1.5 min at 72°C, and Persistence and dissemination of transgenic hypovirulent C.
final extension for 10 min at 72°C, with the Perkin-Elmer Geneparasitica strains. Treated test cankers were not sampled for re-
Amp PCR System 9600 thermocycler. Two microliters of eacltovery of input transgenic strains during 1994 or 1995 to mini-
reaction was analyzed by electrophoresis through 2% NuSieve 31ize damage to developing cankers. Although the condition of
agarose (FMC BioProducts, Rockland, ME) gels. PCR ampliconsmiany of the treated trees had significantly deteriorated by Septem-
were isolated from agarose gels by the glasswool cushion methbdr 1996 (Table 1), transgenic hypovirul€htparasitica strains
(21) and sequenced with an Applied Biosystems (Foster City, CAwhite, Hyd?) were recovered from bark samples taken from a
Prism DyeDeoxy Terminator sequencing kit according to the mamumber of treated test cankers during July 1996. These included
ufacturer’s instructions. an inner bark isolate taken from a position adjacent to the plug
inoculation site of tree E. Additionally, bark samples taken from
test trees in the conidial-spray plot (trees M and O) yielded white,
HygR isolates from the bark surface, even though one of the trees
Effect of application of transgenic strains on canker expan- was recently dead from a natural basal canker. During June 1997,
sion. The results of canker measurements and observations amite isolates were recovered from bark samples taken from two
presented in Table 1. Plug treatment with vegetatively compatiblplug-treated cankers (trees A and E) and one conidium-painted
strains (EP154 x 146[pXH9)) retarded canker expansion, which isanker (tree O), but they were not Hyg
consistent with conversion of the test canker by hypovirus cyto- Attempts to recover transgenic conidia and ascospores by other
plasmic transmission. By September 1996, all trees containingethods produced mixed results. Sampling of rainwater collected
virulent control cankers were dead above the test canker or detldm seven small untreated trees located within the test site over a
to the ground (Table 1). Only trees that were plug treated witB-week period 1 year after treatment of cankers with transgenic
compatible transgenic hypovirulent strains were alive above thieypovirulent strains (31 August to 16 October 1995) yielded a
test canker. Additionally, one conidium-treated tree (tree Q) extotal of 198C. parasitica isolates. None of these cultures were
hibited a low level of test canker expansion between NovembetygR? or exhibited phenotypes commonly associated with hypo-
1994 and July 1995. Interestingly, an isolate from the inner barkirus infection.
of this canker contained viral dsRNA but was not Ryghis Ascospores are discharged from perithecia into the air during
isolate (TP#29) was of the same VC type (VCG 39) as the viruthe autumn, depending on temperature and moisture conditions.
lent strain used to initiate the canker. Trapping of fungal spores from the air during two rainy days in
The recovery of a hypovirus RNA-containing, hygromycin sen-October 1995 yielded a very large number of diverse fungal iso-
sitive (Hyg") isolate from a slowly expanding test canker that hadates, but only 35 isolates we@ parasitica. Five (15%) of the
been painted with transgenic conidia suggested the possibility thtitirty-five isolates were transgenic. Similar trapping attempts dur-
the cDNA-derived hypoviral RNA had been transmitted to theng four rainy days in October 1996 yielded 1,183 total fungal
mycelia of the resident virulent test strain, converting it to hypoisolates that included 116. parasitica cultures. However, none
virulence. Because cDNA-derived CHV1-EP713 dsRNA presentf these isolates were HyigAdditionally, examination of 15 of
in transgenic strains contains a 73-bp deletion within theos-  these cultures with atypical morphology revealed no hypovirus
coding region as a result of a pre-mRNA splicing event duringisRNA.
transit from the nucleus to the cytoplasm (15), it was possible to
verify by RT-PCR whether the hypovirus RNA isolated from the
converted canker originated from the introduced transgenic straiABLE 2. Ascospore progeny recovered from perithecia isolated from test
As shown in Figure 1 (lane 3), the amplicon generated from the §2ers treated with transgenic hypovirulent Cryphonectria parasitica
portion of the dsRNA present in the field isolate migrated faster

RESULTS

Treatment

. . - = =  No.of

than the corresponding amplicon from CHV1-EP713 dsRNA (Fig. Itree Plug Conidium perithecia HygR HygS Total % HygR
lane 2). Sequence analysis confirmed that the former ampllcof#)
contained a 73-bp deletion that spanned residues 201 to 273 of + 7 29 62 o1 2
published CHV1-EP713 dsRNA sequence, as previously reported, ¥ 1 10 19 29 34
for cDONA-derived hypovirus RNA isolated from laboratory-grown K + 8 0 73 73 0
transgenic hypovirulent strain CN2 (15). Thus, we conclude that M + 3 19 40 59 32
cytoplasmic hypoviruses can be transmitted from a transgenic strain® + 4 11 47 58 19
to a resident strain comprising a virulent canker even when the S * 28 366 214 580 63

X e ; ; T X 4 0 59 59 0
transgenic strain is applied as painted conidia.

Transmission of hypoviruses to ascospore progeny. A major 1996

goal of this study was to determine whether transgenic hypoviru- K.Q +  +(Q 31 0 1034 1034 0
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Dissemination also was tested by sampling new cankers that
had arisen during the study. Of 66 isolates from natural cankers, 1
(from treated tree 1) contained hypovirus RNA but was not HygR.
This isolate (designated TP#39) was not of the same VC type as
either the inoculated test canker above the canker from which it
was isolated or the two introduced transgenic strains. RT-PCR
analysis of the dsRNA confirmed that it was derived from cDNA
(Fig. 1, lane 6). Significantly, a HygR, hypovirus-containing iso-
late (TP#51) was recovered from a new canker on an untreated
tree (tree X) that was =1 m from the nearest treated tree (tree W).
The presence of cytoplasmic cDNA-derived viral RNA was con-
firmed by RT-PCR (Fig. 1, lane 9). However, inspection of the gel
revealed two amplification products in addition to the amplicon
that contained the 73-bp splicing-derived deletion. One of the
additional amplicons comigrated with the deletion-free amplicon
generated from plasmid pXH9 that contains the full-length CHV 1-
EP713 cDNA sequence. Analysis of this amplicon demonstrated
the absence of the 73-bp deletion and confirmed a nuclectide
sequence identical to that of the wild-type CHV1-EP713 RNA
sequence. This result indicates that some unspliced cDNA-derived
hypovirus RNA was translocated to the cytoplasm and initiated
the replication cycle. The second extra amplification product (slow-
est migrating band) was sensitive to S1 nuclease, indicating that it
was single-stranded DNA that arose as a result of asymmetric am-
plification. Sequence analysis of this product revealed a mixture
of amplified DNAs corresponding to both the deletion-containing
and deletion-free copies of the CHV 1-EP713 noncoding strand.

When isolate TP#51 was paired with a set of VC tester strains,
it was unique among isolates from the plots and was not VCG 39,
as were both of the virulent test strains, EP154 and EP392, nor
was it VCG 9 or 40, as were the introduced transgenic strains,
146[pXH9] and 155[pXH9]. The combined characteristics are con-
sistent with the possibility that the new superficial canker was
initiated by an ascospore progeny derived from a mating event
involving atransgenic hypovirulent strain.

Further analysis of the virad RNAs present in the Hyg® mass
isolates recovered from surviving treated trees (trees A, E, and O)
and additional natura cankers (trees 41 and 241) in early 1997
also reveaed the presence of both deletion-free and deletion-con-
taining amplicons (data not shown). Because there are no indica-
tions that CHV1-EP713-related (European origin) hypoviruses
had been introduced into the general test site area previously, it is
likely that the deletion-free as well as the deletion-containing
hypovirus RNAs present in this collection of hypovirulent mass
isolates are cDNA-derived hypoviruses. These results are consis-
tent with the proposa that cDNA-derived viral RNA appears to
persist to agreater extent than input transgenic fungal strains.

Interestingly, isolates from 54 of the 66 natural cankers have
been separated into 32 VCGs, and a total of 61 VCGs have been
identified among all of the isolates (including ascospore isolates)
recovered from the plot to date. A total of 445 of the isolates from
the plot, so far, have been placed in our stock collection. This
collection will serve as a basis for examining the genetic diversity
of the pathogen in this forest area over time, after the limited
release of transgenic hypovirulent stains (10,13).

DISCUSSION

The protocols employed in this study for the single-season, lim-
ited release of transgenic hypovirulent C. parasitica were designed
to test three primary issues: transmission of hypoviruses to asco-
spore progeny under field conditions, persistence in the ecosys-
tem, and dissemination. Biological control was not a primary
issue in this study, because single introductions of hypovirulent C.
parasitica strains previously have not resulted in establishment of
biological control in North American forest ecosystems (6).

The transgenic hypovirulent strains behaved as nontransgenic
hypovirulent strains in terms of reducing expansion of virulent
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cankers when ddlivered as plug treatments (i.e., transgenic hypo-
virulent strains that were similar in VC to the test virulent canker
were able to convert the resident virulent strain to hypovirulence
and retard canker expansion [3] [Table 1]). Plug treatment with
vegetatively incompatible transgenic hypovirulent strains had no
significant effect on test canker expansion. The availability of a
molecular marker for cDNA-derived hypovirus RNA, a 73-bp
splicing event-mediated deletion within the 5'-noncoding region,
provided the means with which to demonstrate by RT-PCR that a
test canker also could be converted by hypovirus RNA delivered
as painted conidia (Fig. 1, lane 4, TP#29). This observation has
implications for efforts to optimize the mode of application of
both natural and transgenic hypovirulent strains for effective bio-
logical control. A measurement of the efficiency of virulent canker
conversion as a function of the frequency and intensity of trans-
genic conidia deployment should be a priority in future studies.

It is clear from the results presented in Table 2 that hypoviruses
can be readily transmitted from transgenic hypovirulent strains to
ascospore progeny in the field, as was previously demonstrated in
the laboratory (14). This property contrasts with the consistent fail-
ure of hypoviruses to be transmitted from nontransgenic hypovir-
ulent strains to ascospore progeny under a variety of artificial and
natural conditions (5) and is one of the primary bases for pre-
dicting enhanced biocontrol potential for transgenic hypovirulent
strains. However, inspection of Table 2 also reveals that for peri-
thecia isolated from several trees only =30% of the ascospore
progeny contained integrated vira cDNA and exhibited HygR.
This value differs from the 50% inheritance frequency observed
for ascospore progeny of laboratory crosses involving transgenic
strain 155[pXH9] (14). The inheritance frequency for integrated hy-
povirus cDNA in field crosses clearly merits further detailed ex-
amination.

Asindicated in Table 2, transgenic ascospore progeny were readily
recovered from perithecia taken from both plug-treated and conidia-
painted test cankers during October 1994, just months after treat-
ment of test cankers with transgenic hypovirulent strains. Cankers
were not sampled in 1995, to minimize damage to developing
cankers. Interestingly, subsequent sampling of perithecia taken from
treated test cankersin 1996 and 1997 failed to recover any trans-
genic ascospore progeny (Table 2). This result suggests that re-
peated introduction of transgenic hypovirulent conidia is required
to produce transgenic ascospore progeny year after year. In the
single-season release protocol used in this study, potential sources
of transgenic conidia are limited within the test site due to hy-
povirus-mediated suppression of conidia production by persisting
transgenic hypovirulent strains, death of inoculated stems, and
invasion of test cankers by wood-rotting fungi.

Although there is no immediately apparent rationale for expect-
ing transgenic hypovirulent C. parasitica strains to be any less
ecologicaly fit than natural hypovirulent strains, it was of interest
to determine how long after a limited, single-season release one
could recover transgenic mycelia from the test site. Transgenic
hypovirulent strains were readily recoverable from treated cankers
that survived through the summer of 1996, 2 years after transgenic
strain introduction. However, as was the case for transgenic as-
cospore progeny, recovery of transgenic mass isolates also was
hampered by increasing death of inoculated stems from newly
developed natural cankers and virulent test cankers, physicaly
reducing sources for direct recovery of transgenic strains. Trans-
genic strains were never recovered from collected stem rainwater
run-off, whereas recovery of transgenic spores from the air was
more successful. Consistent with the reduced number of surviving
treated cankers, the rate of recovery of transgenic spores from the
air also declined with time after initial release.

The presence of molecular markers in both fungal (Hyg®) and
viral (73-bp deletion) genomes greatly facilitated the ability to
monitor the independent dissemination of the input transgenic
hypovirulent fungal strains and cDNA-derived hypovirus RNA. In



addition to the example of isolate TP#29 discussed above, isolate
TP#39, obtained from a new superficial canker located on the
lower portion of a treated tree, also contained cDNA-derived hy-
povirus RNA (Fig. 1, lane 6) and was HygS. This canker devel-
oped below atest canker that had been plug treated with a trans-
genic strain but was not of the same VC type as either the virulent
test strain or the introduced transgenic strain. Consequently, it is
unlikely to have been started by conidia or mycelial fragments
from either of these sources but may represent a natural canker
that was subsequently converted by a propagule from the con-
verted test canker above. Most interesting was the recovery of
isolate TP#51 from a new superficia canker on an untreated tree.
This isolate was shown by RT-PCR to contain a mixture of both
deletion-free CHV1-EP713 dsRNA and viral dsRNA containing
the splicing-mediated 73-bp deletion characteristic of cDNA-de-
rived viral dsRNA (Fig. 1, lane 9). HygR and the presence of cDNA-
derived viral dsRNA coupled with the fact that the isolate was a
unique VC type, rather than the VC types of the input C. para-
sitica strains, are properties consistent with the possihility that this
superficial canker was initiated by a transgenic ascospore. Inter-
estingly, no examples of HygR, virus-free isolates were recovered
in this study.

The presence of both deletion-containing and deletion-free am-
plicons in the RT-PCR reaction for isolate TP#51 (Fig. 1, lane 9)
was unexpected. One explanation for this observation is that a
portion of the cDNA-derived viral RNA that is continually being
produced in the nuclel of transgenic hypovirulent strains com-
pletely escaped splicing events during transport to the cytoplasm
and was followed by initiation of the viral RNA replication cycle.
This deletion-free vird RNA might be expected to favorably
compete with the deleted form during replication over time. This
scenario is consistent with the recent observation that after ex-
tensive passage in the laboratory, the original transgenic hypoviru-
lent strain, CN2 (18), contained deletion-free viral dsRNA, now as
the major component (Fig. 1 lane 11). Thus, it appears that the
splicing-mediated 73-bp deletion found in the 5'-noncoding re-
gion, while a valid molecular marker for cDNA-derived vira
RNA, is not a durable field marker. We suggest alternative mol-
ecular markers for the viral genome in future field releases, such
astheintroduction of aNotl linker at the unique ShaBl site within
the 3'-noncoding region at CHV1-EP713 map position 12,038, as
previously reported by Choi and Nuss (18) for transgenic hypo-
virulent strain 155[pXH103].

The results of this study clearly indicate that although trans-
genic hypovirulent strains persist in the ecosystem for at least
2 years after alimited single-season release, the input fungal load
is not maintained and drops precipitously during the first 2 years.
This reduction is partially due to death and decay of treated test
cankers. These characteristics are similar to those observed for
field-released natural hypovirulent strains (6). On the positive side,
transmission of hypoviruses from transgenic hypovirulent strains
to ascospore progeny was readily observed under the field con-
ditions in this limited, single-season release protocol. Production
of transgenic ascospore progeny appeared to depend on a con-
tinued supply of transgenic conidia. Evidence aso was obtained
for transmission of cDNA-derived viral dsRNA independent of
the transgenic host mycelia to virulent strains, resulting in con-
version to hypovirulence and even possible initiation of a new
superficial canker by transgenic ascospore progeny. The fact that
such events were detected at all among the relatively low number
of field isolates examined during the course of this study suggest
that such events may have occurred at a reasonably high fre-
guency within the test site.

The generally positive results obtained in this limited field re-
lease provide a firm basis for extending field studies of transgenic
hypovirulent C. parasitica strains. Our next step will be an in-
tensive release of transgenic strains in a small area over several
years. Using the basic information reported here, we will attempt

a population replacement strategy, replacing indigenous, virulent
C. parasitica with nonlethal, transgenic counterparts in an area
with an abundance of native American chestnut sprouts. This will
allow us to assess the value of these new strains for biological
control of chestnut blight.
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