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Abstract Biological control of chestnut blight with
hypovirulence depends on the successful transmission
of hypoviruses between individuals of the chestnut
blight fungus, Cryphonectria parasitica. Vegetative
incompatibility inhibits horizontal virus transmission,
but not completely. In an effort to assess the potential
for the spread of hypoviruses in the Republic of
Macedonia, we studied the transmission of Crypho-
nectria hypovirus 1 (CHV-1) among the five observed
vegetative compatibility (vc) types of C. parasitica.
One fungal isolate of each vc type was infected with
CHV-1 and was paired in vitro with isolates of all
other vc types for a total of 20 combinations of virus
donors and recipients, and 250 replicate trials per
combination. Virus transmission was scored after
7 days as successful if the recipient isolate took on
an unpigmented culture phenotype typical of virus
infection. Transmission occurred at high frequencies
between some pairs of vc types, but in <1% of the

trials for 10 of the 20 combinations of donors and
recipients. Asymmetric transmission was observed
between some vc types that had different alleles at
vegetative incompatibility loci vic1 or vic7; i.e.,
transmission occurred at high frequencies in one
direction, but very low frequencies between the same
pair of isolates in the opposite direction. The expected
virus transmission, calculated as the average trans-
mission predicted for any two randomly chosen
individuals from a population, was highly negatively
correlated to vc type diversity. Results for isolates of
C. parasitica from Macedonia were similar to those
from Italy, but less transmission was generally
observed. Differences in genetic background effects
on transmission may vary among different popula-
tions even when isolates differ by the same vic alleles.
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Introduction

Fungal viruses are transmitted horizontally between
individuals only by cell-to-cell contact, in which
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hyphae fuse (anastomosis) and cytoplasm from one
individual containing virus mixes with that of the
other; there is no known extracellular transmission of
fungal viruses (Buck 1986; Wickner 1996). Because
of the requirement for hyphal anastomosis, virus
transmission is inhibited by vegetative incompatibility.
Vegetative incompatibility is a self/nonself recognition
system in filamentous fungi that, in most cases, prevents
the formation of stable heterokaryons (Glass et al. 2000;
Saupe 2000; Micali and Smith 2005). Vegetative
incompatibility is controlled by multiple, independent
vegetative incompatibility (vic) genes; two individuals
with different alleles (heteroallelic) at one or more vic
loci are vegetatively incompatible. Hyphae of conspe-
cific individuals can anastomose upon contact, but
subsequent recognition of nonself triggers a cascade of
biochemical events that leads to programmed cell death
and failure to form stable heterokaryons (Glass and
Kaneko 2003). The inhibition of transmission of
viruses or other deleterious genetic elements by
vegetative incompatibility has been well documented
in fungi and has led to the hypothesis that vegetative
incompatibility has evolved as a defence mechanism to
avoid parasitism and infection (Caten 1972; Hartl et al.
1975; Debets et al. 1994).

The most thoroughly studied example of horizontal
virus transmission in fungi is that of hypoviruses in
the chestnut blight fungus, Cryphonectria parasitica.
Most of the hypoviruses, in the family Hypoviridae,
markedly reduce the virulence of C. parasitica on
chestnut trees in a phenomenon known as hypovir-
ulence (Hillman and Suzuki 2004; Nuss et al. 2005).
These viruses have received considerable attention
because of the potential of hypovirulence for biolog-
ical control of chestnut blight (Van Alfen et al. 1975;
Anagnostakis 1982; Griffin 1986; MacDonald and
Fulbright 1991; Nuss 1992; Heiniger and Rigling
1994; Milgroom and Cortesi 2004). The transmission
of hypoviruses between isolates of C. parasitica,
however, has been known for a long time to be
inhibited by vegetative incompatibility (Grente and
Berthelay-Sauret 1978; Anagnostakis and Day 1979).
This inhibition led to the paradigm that vegetative
incompatibility is a major constraint to biological
control of chestnut blight, especially in North Amer-
ica where the diversity of vegetative compatibility
(vc) types is relatively high (Anagnostakis et al.
1986). Further research into the effects of vegetative
incompatibility on hypovirus transmission showed that

the effect was variable and depended on the number
and identity of heteroallelic vic loci (Anagnostakis and
Waggoner 1981; Kuhlman et al. 1984; Liu and
Milgroom 1996; Bissegger et al. 1997; Cortesi et al.
2001). Inhibition between vc types is not complete,
i.e., it is ‘leaky’, and viruses can be transmitted
between vegetatively incompatible isolates, although
typically at a lower frequency than between compatible
isolates.

In a detailed study on hypovirus transmission in C.
parasitica, Cortesi et al. (2001) determined the effects
of each of six known vic genes (Cortesi and Milgroom
1998) by replicating transmission trials on independent
pairs of isolates heteroallelic at the same vic loci. The
purpose of using independent, replicate pairs was
twofold. First, this approach allowed them to construct
a regression model to predict virus transmission based
on knowledge of alleles at the six known vic loci (vic
genotype). Second, they could estimate variation in
transmission attributable to genetic background
effects, i.e., genes other than vic affecting transmis-
sion. Cortesi et al. (2001) found enough variation
among replicate pairs heteroallelic at the same vic loci
to conclude that the genetic background has a
considerable effect. Because of background effects,
the regression model was not always a good predictor
of transmission between field isolates. Furthermore,
background effects are potentially greater in clonal
populations because genes in the genetic background
are not randomized with respect to vic alleles, as they
would be in randomly mating populations (Cortesi et
al. 2001).

In practice, we would like to be able to predict the
potential for horizontal virus transmission and bio-
logical control of C. parasitica from knowledge of vc
type distributions in field populations (Milgroom and
Cortesi 2004). Recent studies of C. parasitica and
hypoviruses in the Republic of Macedonia have
shown that Cryphonectria hypovirus 1 (CHV-1) is
present in several locations (Sotirovski et al. 2006),
and that vc type diversity is very low (Sotirovski et al.
2004). Populations of C. parasitica in Macedonia
appear to be clonal based on the predominance of a
single vc type (EU-12) and one mating type (MAT-1);
together the EU-12/MAT-1 genotype makes up 94%
of the 786 isolates sampled in Macedonia and 100%
of 379 isolates sampled in Greece (Sotirovski et al.
2004). Preliminary results from genotyping with
molecular genetic markers have confirmed the clonal
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nature of C. parasitica populations (K. Sotirovski and
M. G. Milgroom, unpublished data). Clonality may
indicate good prospects for biological control of
chestnut blight with hypovirulence. Our overall
objective, therefore, was to estimate the potential for
transmission of CHV-1 among vc types in Macedonia
as a way of evaluating whether CHV-1 is likely to
invade populations of C. parasitica as a biological
control agent where more than one vc type is present.
Transmission potential was estimated by addressing
the following specific objectives: (1) to estimate the
probabilities of transmission of CHV-1 between all
combinations of vc types found in Macedonia; (2) to
compare transmission results between Macedonian vc
types with empirical results and model predictions
from Italian isolates published by Cortesi et al.
(2001); and (3) to estimate the expected or mean
probability of transmission within populations of C.
parasitica in Macedonia.

Materials and methods

Isolates of C. parasitica

One isolate of each of the five vc types found in
Macedonian populations of C. parasitica was ran-
domly sampled from our collection (Sotirovski et al.
2004) and used for assaying horizontal transmission of
CHV-1. Isolates Vr38 (vc type EU-12), G25 (EU-1),
Po72 (EU-2), G110 (EU-10) and Po5 (EU-22) were
collected from field populations in the Tetovo region of
Macedonia. Single isolates were used from each vc
type because Macedonian populations appear to be
highly clonal, with no evidence for recombination of
vic genotypes (Sotirovski et al. 2004) or other genetic
markers (K. Sotirovski and M. G. Milgroom, un-
published). Therefore, a single isolate was assumed to
be representative of each clone.

Each isolate was infected with CHV-1 (‘con-
verted’) in vitro by hyphal contact and anastomosis
with isolate Vr16, which contains CHV-1 in the
Italian subtype (Sotirovski et al. 2006). Conversion
of each donor isolate was achieved either directly
from Vr16, or through intermediate isolates that, after
infection by CHV-1, served as donors to other isolates
(Anagnostakis 1983; Peever et al. 2000; Cortesi et al.
2001). Isolate Vr16 has an unpigmented culture
morphology typical of CHV-1 infection; successful

transmission was evident in recipient isolates because
of a change of colony colour from orange to white
(Heiniger and Rigling 1994; Cortesi et al. 2001).
Previous studies have shown that transmission is
unaffected by different virus strains (Liu and Milgroom
1996; Cortesi et al. 2001).

Virus transmission

Transmission of CHV-1 between vc types was tested
using a previously described method (Anagnostakis
and Day 1979; Liu and Milgroom 1996; Cortesi et al.
2001). Briefly, cubes of agar (ca. 4×4 mm) cut from
the margins of actively growing colonies were placed
together on 20 ml of potato dextrose agar (PDA;
Difco, Detroit, MI) in 9-cm Petri plates. Donor and
recipient isolates were placed 2–3 mm apart, approx-
imately 5 mm from the edge of the plate. Cultures
were incubated for 7 days at 24°C, in the dark. Virus-
infected donor isolates from each of the five vc types
were paired with virus-free recipient isolates from the
other four vc types for a total of 20 combinations. We
tested each combination of vc types with 250
replications, each in a separate plate. Transmission
between compatible isolates was tested with only 10
replications because previous studies have consistent-
ly shown 100% transmission between compatible
isolates (Anagnostakis and Day 1979; Cortesi et al.
2001). Virus transmission was considered successful
when the morphology and colour of the recipient
isolate took on that of the donor, i.e., unpigmented
mycelium. When no change of phenotype was
observed in the recipient during the 7-day incubation,
we scored a replicate as an unsuccessful transmission.

Data analysis

We compared the percent of successful transmissions
for each pair of vc types with published transmission
results from Italian isolates. Cortesi et al. (2001)
estimated transmission rates as they were affected by
specific alleles and combinations of alleles at six vic
loci, not focusing on specific vc types as we have
done in this study. For comparison between studies in
Macedonia and Italy, we considered the differences in
vic genotypes between the donor and recipient
isolates (heteroallelic vic loci) instead of comparing
vc types per se. Transmission results in Table 1 of
Cortesi et al. (2001) show multiple pairs of Italian
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isolates heteroallelic at the same vic loci. For our
purposes, we calculated the average transmission rates
across multiple pairs between isolates that differed at
the same vic loci as the vc types in Macedonia; vic
genotypes and heteroallelic loci for all pairs of vc
types in Macedonia are shown in Table 1. We also
compared our observed transmission results between
vc types in Macedonia with predictions from a
regression model based on vic genotypes of donors
and recipients. This model was constructed using

results from transmission experiments between Italian
isolates (Cortesi et al. 2001).

The expected probability of transmission was
defined as the probability of transmission between
two randomly sampled isolates from a population
(Milgroom and Cortesi 2004). This was estimated for
each population in Macedonia that had more than one
vc type (Sotirovski et al. 2004) by calculating the
mean transmission probability for all possible pairs
(n × n) of donors and recipients among sampled

Table 1 Transmission of hypoviruses between vc types of Cryphonectria parasitica in Macedonia

Heteroallelic locia Donorb Recipientb Transmission (%)
between
Macedonian isolates
(95% CI)c

Transmission
(%)
between Italian
solates (range)d

Model
predictione

Isolate
no.

Vc
type

vic
genotype

Isolate
no.

vc
type

vic
genotype

vic2 Po 72 EU-2 2112-22f G25 EU-1 2212-22 6.8 (3.7, 9.9) 12.7 (5.0, 46.7) 14.9
G 25 EU-1 2212-22 Po72 EU-2 2112-22 13.6 (9.4, 17.8) 27.9 (5.0, 60.0) 31.1

vic7 Po 72 EU-2 2112-22 Po5 EU-22 2112-21 10.4 (6.6, 14.2) 41.1 (10, 100) 74
Po 5 EU-22 2112-21 Po72 EU-2 2112-22 100 99.4 (97.5, 100) 98.5

vic1, vic3 G 110 EU-10 2122-11 Vr38 EU-12 1112-11 23.6 (18.3, 28.9) 84.1 (60, 100) 92
Vr 16 EU-12 1112-11 G110 EU-10 2122-11 0.8 (0, 1.9) 11.1 (0, 20) 10.9

vic1, vic6 Vr 16 EU-12 1112-11 Po5 EU-22 2112-21 0 3.3 (0, 10) 0.3
Po 5 EU-22 2112-21 Vr38 EU-12 1112-11 2.8 (0.8, 4.8) 5 (0, 10) 17.7

vic2, vic7 G 25 EU-1 2212-22 Po5 EU-22 2112-21 0.4 (0, 1.2) 4.4 (0, 6.7) 1.9
Po 5 EU-22 2112-21 G25 EU-1 2212-22 4.8 (2.2, 7.4) 5.5 (0, 13.3) 14.4

vic3, vic6 G 110 EU-10 2122-11 Po5 EU-22 2112-21 0.4 (0, 1.2) 4.4 (0, 6.7) 4.3
Po 5 EU-22 2112-21 G110 EU-10 2122-11 1.2 (0, 2.5) 4.4 (0, 13.3) 3.8

vic1, vic6, vic7 Po 72 EU-2 2112-22 Vr38 EU-12 1112-11 1.2 (0, 2.5) ndg 2.3
Vr 16 EU-12 1112-11 Po72 EU-2 2112-22 2.4 (0.5, 4.3) Nd 0.6

Vic3, vic6, vic7 Po 72 EU-2 2112-22 G110 EU-10 2122-11 0.8 (0, 1.9) Nd 0.2
G 110 EU-10 2122-11 Po72 EU-2 2112-22 0.4 (0, 1.2) Nd 4

vic1, vic2, vic6,
vic7

G 25 EU-1 2212-22 Vr38 EU-12 1112-11 0 Nd 0.2
Vr 16 EU-12 1112-11 G25 EU-1 2212-22 0.4 (0, 1.2) Nd 0.1

vic2, vic3, vic6,
vic7

G 25 EU-1 2212-22 G110 EU-10 2122-11 0.4 (0, 1.2) Nd 0.1
G 110 EU-10 2122-11 G25 EU-1 2212-22 0 Nd 0.2

a vic loci that were different between pairs of donor and recipient isolates.
b Donor isolates were infected with CHV-1; recipients were virus-free. vc type for each isolate was determined by Sotirovski et al.
(2004); vic genotypes for these vc types were determined by Cortesi and Milgroom (1998). Note that all isolates were used both as
donors and recipients.
c Percent of successful transmissions observed from 250 independent replicate pairings of the donor and recipient isolates, with the
95% confidence interval in parentheses.
d Percent of successful transmission between Italian isolates that differed by the same vic alleles as those in the Macedonian donor and
recipient isolates (other vic alleles did not differ between donor and recipients but were not necessarily the same as those in the vc
types tested in Macedonia). Data were combined from multiple pairs of isolates reported in Table 1 of Cortesi et al. (2001) to calculate
an average transmission for each set of vic heteroallelic loci. The range of successful transmissions among replicate pairs of Italian
isolates is in parentheses.
e Percent of successful virus transmission estimated from a regression model described in Cortesi et al. (2001).
f vic genotypes are abbreviated only by the alleles at each of six loci (Cortesi and Milgroom 1998). For example, vc type EU-2 has vic
genotype vic1-2, vic2-1, vic3-1, vic4-2, –, vic6-2, vic7-2, which is abbreviated 2112-22. Note that vic5, which was tentatively
identified by Huber and Fulbright (1996), and has no effect on virus transmission, cannot be determined by our assay (Cortesi and
Milgroom 1998). The allele(s) in bold indicate(s) those that differ between donor and recipient isolates.
g Not done by Cortesi et al. (2001).
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isolates, assuming each isolate was a donor and a
recipient. We used the observed transmission frequency
between vc types from Table 1 and 100% transmission
for pairs of isolates with the same vc type.

Results

Table 1 shows virus transmission results between all
pairs of vc types found in Macedonia. Heteroallelism
at single vic loci (vic2 and vic7) had variable effects on
virus transmission. Heteroallelism at vic2 inhibited
transmission to 6.8% in one direction, EU-2 to EU-1,
and to 13.6% in the other direction, from EU-1 to EU-
2. In contrast, heteroallelism at vic7 showed marked
asymmetry with 10% transmission from vc type EU-2
to EU-22 (allele vic7-1 in the recipient), but 100%
transmission in the opposite direction (allele vic7-2 in
the recipient). Heteroallelism at two or more loci
reduced transmission to <3% in most cases, with the
exceptions of transmission from EU-10 to EU-12
(23.6%), and from EU-22 to EU-1 (4.8%; Table 1).
In both of these cases, higher rates of transmission
were associated with asymmetry caused by heteroallel-
ism at vic1 (vic1-1 in the recipient) or vic7 (vic7-2 in
the recipient), respectively, as observed previously
(Cortesi et al. 2001). Transmission was consistently
100% between isolates in the same vc type (data not
shown).

Observed transmission, based on 250 independent
trials for each pair of Macedonian isolates, is
correlated with the average transmission observed
for multiple pairs of Italian isolates heteroallelic at the
same vic loci (r=0.85, n=12; Fig. 1a), but the
observed values are typically lower than those in
Italy, especially when transmission is intermediate. A
similar trend holds when comparing observed trans-
mission in Macedonia with predicted transmission
from the regression model (r=0.77, n=20; Fig. 1b).
Neither the observed values of Italian isolates nor
those from the regression model, therefore, appear to
be good predictors for Macedonian isolates except at
the extremes of transmission close to 0 or 100%.
However, results from Macedonian isolates are in
accord with those from Italy because in all but one
comparison (from EU-10 to EU-12), the observed
percent transmission was within the range of trans-

mission observed for replicated pairs of vc types
heteroallelic at the same vic loci in Italy (Table 1).

The expected probability of transmission for pop-
ulations in Macedonia were >80% for four populations,
but <60% for the twomost diverse populations (Table 2).
Expected probabilities were assumed to be 100% for
14 populations with only one vc type (Sotirovski et al.
2004). As found with other populations of C. para-
sitica (Milgroom and Cortesi 2004), expected trans-
mission was significantly negatively correlated to vc
type diversity (r=−0.98, n=7; Fig. 2).

Discussion

Virus transmission between vc types of C. parasitica
in Macedonia was highly variable, with high trans-
mission between some vc types, and no transmission
between others. Transmission was also asymmetric
between some vc types, depending on which isolate
was the donor and which was the recipient. Such

a

b

Fig. 1 Observed virus transmission between different vc types
of Cryphonectria parasitica from Macedonia compared with
those between individuals differing at the same vic loci from (a)
Italy and (b) model predictions (Cortesi et al. 2001). Each data
point for transmission between Macedonian isolates represents
the proportion of 250 replicates in which virus was successfully
transmitted
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marked asymmetry was particularly evident with
heteroallelism at locus vic7, although it was also
associated with vic1, as found previously (Cortesi et
al. 2001). In general, these results are similar to those
found for virus transmission among Italian isolates in
different vc types (Cortesi et al. 2001), although
estimates of transmission between isolates from
Macedonia are generally lower, especially when
transmission was intermediate. Therefore, results
from Italy, from observed transmission and model
predictions, were qualitatively similar but did not
predict transmission between vc types well for
Macedonian populations.

Regardless of any quantitative differences in
transmission between this study and that of Cortesi
et al. (2001), the same overall relationship was found
for the correlation of expected transmission and vc
type diversity (Fig. 2; Milgroom and Cortesi 2004).
The expected transmission is the estimated probability
of transmission between any two randomly chosen
individuals in a population, and, therefore, should be
a more precise predictor of the ability of viruses to
spread within a population than vc type diversity
alone. However, the high correlation between vc type
diversity and expected transmission (r=−0.98) could
also be interpreted as meaning that vc type diversity is
an adequate predictor for potential virus transmission,
and that intimate knowledge of vic genotypes is
unnecessary if virus transmission can be estimated
for all possible combinations of vc types. Complete
evaluation of virus transmission among all combina-
tions is possible in Macedonia because only five vc
types were found throughout the country in an

extensive survey (Sotirovski et al. 2004). Such a
complete analysis would not be feasible in other parts
of Europe or in North America where vc type
diversity is greater (Milgroom and Cortesi 1999;
Robin et al. 2000). In these cases, the regression
model proposed by Cortesi et al. (2001) may be
helpful even though it does not predict well for all
pairs of vc types.

We are confident that our estimates of transmission
probabilities between vc types in Macedonia are
robust for laboratory conditions because each estimate
is based on 250 independent replicate trials. This large
number of replicates allows us to make accurate
estimates, with relatively small 95% confidence
intervals (Table 1). This number of replications is

Table 2 Distribution of vc types (Sotirovski et al. 2004) and expected probabilities of transmission for populations of Cryphonectria
parasitica in Macedonia with more than one vc type

Region Population Number vc typea Expected probabilityb vc type diversity (H ¶)c

EU-12 EU-1 EU-2 EU-10 EU-22

Tetovo Glogi 46 34 8 0 1 3 0.579 0.789
Poroj 63 59 0 1 0 3 0.880 0.272
Vratnica 49 46 0 0 0 3 0.884 0.230

Gostivar Galate 57 52 0 4 0 1 0.839 0.341
Vrutok 44 43 0 1 0 0 0.955 0.109

Kichevo Osoj 72 49 1 22 0 0 0.556 0.684

a Distribution of vc types from Sotirovski et al. (2004). Only populations with two or more vc types are shown.
b Expected probability is the probability of transmission between two randomly selected individuals from each population. See text for
details.
c Shannon–Weiner diversity estimates from Sotirovski et al. (2004); H 0 ¼ �P

i pi � ln pið Þ½ �; where pi is the frequency of the ith vc type.

Fig. 2 Expected virus transmission in Macedonian populations
as a function of vc type diversity (Sotirovski et al. 2004).
Expected transmission is the probability of transmission
between two randomly sampled individuals in a population
and was calculated as described by Milgroom and Cortesi
(2004; see text and Table 2)
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useful for estimating rare events. For example, we
found <1% transmission in 10 of the 20 combinations
of donors and recipients; only three showed no
transmission at all in 250 replicates.

Inherent in making inferences to the population
level is the assumption that laboratory assays are good
predictors of virus transmission under field condi-
tions. Few studies have addressed this issue directly,
although transmission appears to occur at higher rates
in the field than in the laboratory (Bisiach et al. 1988).
For example, some chestnut blight cankers were
controlled by hypovirulence under field conditions
even though virus transmission did not occur between
the same two isolates in the laboratory (Double 1982).
Carbone et al. (2004) analyzed nucleotide sequence
variation in CHV-1 to estimate migration rates
between dominant vc types in two populations of C.
parasitica in Italy as a way of assessing how much
horizontal transmission had occurred in nature. In
general, they found that significant amounts of
migration had occurred despite the low probabilities
of transmission predicted from laboratory studies.
They concluded that the long-term dynamics of
transmission (estimated by migration rates) were
better estimates of virus spread within a population
because laboratory assays involve only short-term
interactions between isolates, in artificial environ-
ments. Therefore, based on these previous studies, it
appears that laboratory assays may underestimate
horizontal virus transmission.

The consistent underestimate of transmission be-
tween Macedonian isolates compared to those in Italy
raises an interesting hypothesis. Genes other than vic
may be causing some effect on virus transmission,
and these genes differ in Macedonia and Italy. Such
genetic background effects were shown to be large
between replicate pairs of vc types in Italy that were
heteroallelic at the same vic loci. In fact, transmission
estimates for Macedonia were almost all within the
range of transmission observed among replicate pairs
in Italy that differed at the same vic loci, making the
case that estimates for Macedonia are within a normal
range, and not unusually low. Further genetic analysis
may be needed to test how much heritable effect there
may be from background genes in C. parasitica
affecting virus transmission.

CHV-1 has been found in several populations of C.
parasitica in western Macedonia (Sotirovski et al.
2006). Based on the low diversity of vc types found

in Macedonian populations of C. parasitica, coupled
with estimates of virus transmission among vc types,
we predict that CHV-1 will continue to spread and
increase in incidence in the coming years, and that
hypovirulence may eventually be a significant factor
in the recovery of some chestnut stands.

Acknowledgement This research was funded in part by
project 40110201 from the Ministry of Education and Science
of the Republic of Macedonia to K.S., and grant no. OISE-
0350019 from the US National Science Foundation to M.G.M.

References

Anagnostakis, S. L. (1982). Biological control of chestnut
blight. Science, 215, 466–471.

Anagnostakis, S. L. (1983). Conversion to curative morphology
in Endothia parasitica and its restriction by vegetative
compatibility. Mycologia, 75, 777–780.

Anagnostakis, S. L., & Day, P. R. (1979). Hypovirulence
conversion in Endothia parasitica. Phytopathology, 69,
1226–1229.

Anagnostakis, S. L., Hau, B., & Kranz, J. (1986). Diversity of
vegetative compatibility groups of Cryphonectria para-
sitica in Connecticut and Europe. Plant Disease, 70, 536–
538.

Anagnostakis, S. L., & Waggoner, P. E. (1981). Hypovirulence,
vegetative incompatibility, and the growth of cankers of
chestnut blight. Phytopathology, 71, 1198–1202.

Bisiach, M., De Martino, A., Gobbi, E., Intropido, M., &
Vegetti, G. (1988). Studies on chestnut blight: Activity
report. Rivista di Patologia Vegetale, 24(S.IV), 3–13.

Bissegger, M., Rigling, D., & Heiniger, U. (1997). Population
structure and disease development of Cryphonectria para-
sitica in European chestnut forests in the presence of
natural hypovirulence. Phytopathology, 87, 50–59.

Buck, K. W. (1986). Fungal virology – an overview. In K. W.
Buck (Ed.), Fungal virology (pp. 1–84). Boca Raton: CRC
Press.

Carbone, I., Liu, Y.-C., Hillman, B. I., & Milgroom, M. G.
(2004). Recombination and migration of Cryphonectria
hypovirus 1 as inferred from gene genealogies and the
coalescent. Genetics, 166, 1611–1629.

Caten, C. E. (1972). Vegetative incompatibility and cytoplasmic
infection in fungi. Journal of General Microbiology, 72,
221–229.

Cortesi, P., McCulloch, C. E., Song, H., Lin, H., & Milgroom,
M. G. (2001). Genetic control of horizontal virus
transmission in the chestnut blight fungus, Cryphonectria
parasitica. Genetics, 159, 107–118.

Cortesi, P., & Milgroom, M. G. (1998). Genetics of vegetative
incompatibility in Cryphonectria parasitica. Applied and
Environmental Microbiology, 64, 2988–2994.

Debets, F., Yang, X., & Griffiths, A. J. G. (1994). Vegetative
incompatibility in Neurospora: Its effect on horizontal
transfer of mitochondrial plasmids and senescence in
natural populations. Current Genetics, 26, 113–119.

Eur J Plant Pathol (2008) 120:35–42 41



Double, M. L. (1982). The ability of hypovirulent isolates and
mixtures of hypovirulent isolates to control artificially
established virulent cankers. In H. C. Smith & W. L.
MacDonald (Eds.), USDA Forest service American chest-
nut cooperators’ meeting (pp. 145–152). Morgantown,
WV: West Virginia University Books.

Glass, N. L., Jacobson, D. J., & Shiu, P. K. T. (2000). The genetics
of hyphal fusion and vegetative incompatibility in filamentous
ascomycete fungi. Annual Review of Genetics, 34, 165–186.

Glass, N. L., & Kaneko, I. (2003). Fatal attraction: Nonself
recognition and heterokaryon incompatibility in filamen-
tous fungi. Eukaryotic Cell, 2, 1–8.

Grente, J., & Berthelay-Sauret, S. (1978). Biological control of
chestnut blight in France. In W. L. MacDonald, F. C.
Cech, J. Luchok, & C. Smith (Eds.), Proceedings of the
American Chestnut Symposium (pp. 30–34). Morgantown,
WV: West Virginia University Books.

Griffin, G. J. (1986). Chestnut blight and its control. Horticul-
tural Review, 8, 291–336.

Hartl, D. L., Dempster, E. R., & Brown, S. W. (1975). Adaptive
significance of vegetative incompatibility in Neurospora
crassa. Genetics, 81, 553–569.

Heiniger, U., & Rigling, D. (1994). Biological control of
chestnut blight in Europe. Annual Review of Phytopathol-
ogy, 32, 581–599.

Hillman, B. I., & Suzuki, N. (2004). Viruses of the chestnut
blight fungus, Cryphonectria parasitica. Advances in
Virus Research, 63, 423–472.

Huber, D. H., & Fulbright, D. W. (1996). New vegetative
incompatibility loci in Cryphonectria parasitica and their
effects upon horizontal transmission of hypoviruses.
Phytopathology, 86(Suppl.), S29.

Kuhlman, E. G., Bhattacharyya, H., Nash, B. L., Double, M.
L., & MacDonald, W. L. (1984). Identifying hypovirulent
isolates of Cryphonectria parasitica with broad conver-
sion capacity. Phytopathology, 74, 676–682.

Liu, Y.-C., & Milgroom, M. G. (1996). Correlation between
hypovirus transmission and the number of vegetative
incompatibility (vic) genes different among isolates from
a natural population of Cryphonectria parasitica. Phyto-
pathology, 86, 79–86.

MacDonald, W. L., & Fulbright, D. W. (1991). Biological
control of chestnut blight: Use and limitations of trans-
missible hypovirulence. Plant Disease, 75, 656–661.

Micali, O. C., & Smith, M. L. (2005). Biological concepts of
vegetative self and nonself recognition in fungi. In J. Xu
(Ed.), Evolutionary genetics of fungi (pp. 63–85).
Wymondham, UK: Horizon Bioscience.

Milgroom, M. G., & Cortesi, P. (1999). Analysis of population
structure of the chestnut blight fungus based on vegetative
incompatibility genotypes. Proceedings of the National
Academy of Science, USA, 96, 10518–10523.

Milgroom, M. G., & Cortesi, P. (2004). Biological control of
chestnut blight with hypovirulence: A critical analysis.
Annual Review of Phytopathology, 42, 311–338.

Nuss, D. L. (1992). Biological control of chestnut blight: An
example of virus-mediated attenuation of fungal patho-
genesis. Microbiological Reviews, 56, 561–576.

Nuss, D. L., Hillman, B. I., Rigling, D., & Suzuki, N. (2005).
Hypoviridae. In C. M. Fauquet (Ed.), Virus taxonomy:
VIIIth report of the international committee for the
taxonomy of viruses. New York: Academic.

Peever, T. L., Liu, Y.-C., Cortesi, P., & Milgroom, M. G.
(2000). Variation in tolerance and virulence in the chestnut
blight fungus–hypovirus interaction. Applied and Environ-
mental Microbiology, 66, 4863–4869.

Robin, C., Anziani, C., & Cortesi, P. (2000). Relationship
between biological control, incidence of hypovirulence,
and diversity of vegetative compatibility types of Crypho-
nectria parasitica in France. Phytopathology, 90, 730–737.

Saupe, S. J. (2000). Molecular genetics of heterokaryon
incompatibility in filamentous ascomycetes. Microbiology
and Molecular Biology Reviews, 64, 489–502.

Sotirovski, K., Milgroom, M. G., Rigling, D., & Heiniger, U.
(2006). Occurrence of Cryphonectria hypovirus 1 in the
chestnut blight fungus in Macedonia. Forest Pathology,
36, 136–143.

Sotirovski, K., Papazova-Anakieva, I., Grünwald, N. J., &
Milgroom, M. G. (2004). Low diversity of vegetative
compatibility types and mating type in Cryphonectria
parasitica in the southern Balkans. Plant Pathology, 53,
325–333.

Van Alfen, N. K., Jaynes, R. A., Anagnostakis, S. L., & Day, P.
R. (1975). Chestnut blight: Biological control by trans-
missible hypovirulence in Endothia parasitica. Science,
189, 890–891.

Wickner, R. B. (1996). Double-stranded RNA viruses of yeast.
Microbiological Reviews, 60, 250–265.

42 Eur J Plant Pathol (2008) 120:35–42


	Horizontal transmission of hypoviruses between vegetative compatibility types of Cryphonectria parasitica in Macedonia
	Abstract
	Introduction
	Materials and methods
	Isolates of C. parasitica
	Virus transmission
	Data analysis

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


