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Abstract 17 

The invasive fungus Cryphonectria parasitica, the causal agent of chestnut blight, is able to 18 

survive and sporulate on the bark of fresh dead Castanea sativa wood for at least two years. 19 

Here, we experimentally investigated the role of fresh dead wood in the epidemiology of 20 

chestnut blight, specifically in the spread of the hyperparasitic virus CHV1, which acts as 21 

biocontrol agent of C. parasitica. A total of 152 artificially initiated, virulent bark cankers in four 22 

chestnut stands were treated with virus-infected asexual spores originating either from 23 

sporulating dead wood or from a spore suspension. Molecular markers for both the virus and 24 

the fungal carrier were used to examine the spread of the applied biocontrol virus. Fourteen 25 
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months after treatment, 42-76% of the conidial spray-treated cankers and 50-60% of the 26 

cankers exposed to a sporulating dead stem had been virus-infected by the applied 27 

hypovirulent conidia in all four study sites. Virus infection reduced canker expansion and 28 

promoted canker healing (callusing). Thus, fresh chestnut dead wood may play an important 29 

role in supporting the successful spread of natural hypovirulence in chestnut forests. Further, 30 

combined with the application of virus-infected conidial suspensions, it may help promote the 31 

establishment of artificially released hypoviruses in chestnut stands to control chestnut blight. 32 

 33 

Introduction 34 

The ascomycete fungus Cryphonectria parasitica (Murr) Barr., the causal agent of 35 

chestnut blight, is a necrotrophic pathogen causing perennial bark lesions (cankers) on the 36 

stem and branches of susceptible host trees, particularly species of the genus Castanea 37 

(Rigling and Prospero 2018). Parts of the tree distal to the infection point may wilt and die. 38 

Originating from eastern Asia, C. parasitica was accidentally introduced into Europe in the 39 

1930s, where it became invasive and affected the European chestnut (Castanea sativa Mill.). 40 

Following an initially high tree mortality, beginning from the 1950s many chestnut stands 41 

started to recover because of the spontaneous spread of a hyperparasitic mycovirus (Heiniger 42 

and Rigling 1994).  43 

Cryphonectria hypovirus 1 (CHV1) is a RNA virus located in the cytoplasm of C. 44 

parasitica (Shapira et al. 1991). Its presence reduces virulence and sporulation capacity of 45 

the infected fungal strain, causing hypovirulence (Rigling and Prospero 2018). Cankers 46 

induced by virus-infected C. parasitica strains typically stop expanding and do not kill the 47 

affected trees. To date, natural hypovirulence successfully controls chestnut blight in many 48 

European regions, but there are certain areas (e.g. in parts of Southern and Northern Europe) 49 

where this is still not the case.  50 
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CHV1 does not occur outside its fungal host and is transmitted either horizontally or 51 

vertically (Rigling and Prospero 2018). Horizontal transmission by cytoplasmic exchange can 52 

occur after hyphal anastomosis between C. parasitica strains belonging to the same 53 

vegetative compatibility (vc) type. Vertical transmission enables spread of the virus by 54 

asexual spores (conidia). In fact, a variable proportion of conidia produced by virus-infected 55 

C. parasitica strains is itself virus-infected (e.g. Peever et al. 2000). On the contrary, sexual 56 

ascospores never carry the virus (Carbone et al. 2004).  57 

Cryphonectria parasitica may sporulate on the surface of the bark cankers on living 58 

trees, in particular on actively growing, virus-free cankers (Rigling and Prospero 2018). 59 

Sporulation on non-expanding, virus-infected cankers is rare or absent, questioning their role 60 

in the spread of CHV1 (Peever et al. 2000; Prospero et al. 2006). Prospero et al. (2006) 61 

showed that both virus-free and virus-infected strains were able to survive for more than one 62 

year in preexisting cankers on stacked dead wood stems. Moreover, C. parasitica stromata 63 

abundantly developed on the surface of former cankers and adjacent bark areas. Sporulation 64 

was also observed on healthy stems that were cut and stacked indicating that these were 65 

purely saprophytically colonized by C. parasitica (Prospero et al., 2006).  66 

The importance of the saprotrophic activity of C. parasitica (Figure 1) for the 67 

epidemiology of hypovirulence is still poorly understood. In this study, we conducted a field 68 

experiment to determine if virus-infected spores produced on dead chestnut wood can 69 

transmit the virus to bark cankers on living trees. To simulate sporulating chestnut wood, we 70 

inoculated freshly cut stems in the laboratory with a virus-infected C. parasitica strain and 71 

incubated them until complete colonization and stromata production was observed. In 72 

addition, we produced aqueous solutions of virus-infected conidia. Both the sporulating 73 

chestnut stems and the conidial suspensions were applied to virus-free cankers, and the 74 

spread of both the released virus strain as well as the fungal carrier strain was followed using 75 
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molecular markers. So far, only either the viral or the fungal haplotype spread was studied in 76 

field experiments and not both together. Specifically, we determined if the virus-infected 77 

conidia are able to infect preexisting virulent cankers on living trees, thereby reducing canker 78 

growth and activity. Finally, we tested if the spread of the viral strains in vivo can be 79 

forecasted by assessing the biocontrol potential of the fungal strain in vitro. 80 

 81 

Materials and Methods 82 

Chestnut stands 83 

The experiment was conducted in four pure chestnut (C. sativa) coppice stands in 84 

Switzerland (Table 1). Two sites were located in the Chablais region, specifically in Bex-85 

Montet (MON) and Bex-Creux Boyon (CRE), whereas the other two were situated in the La 86 

Côte region, one in Vinzel (VIN) and one in Villars-sous-Yens (VSY). In Chablais, C. 87 

parasitica genotype CpMG30 (vc type EU-1) is dominant, and in La Côte genotype CpMG15 88 

(vc type EU-2) (Prospero and Rigling 2012). In all four stands, hypovirulence was artificially 89 

introduced by treating chestnut blight cankers with virus-infected C. parasitica strains (Table 90 

1). Natural hypovirulence only occurs in VSY, where the virus CHV1-M4740 has been found 91 

since 2005 (Prospero and Rigling 2016). 92 

 93 

Inoculation of artificial cankers 94 

In June 2014, 50 cankers were artificially initiated in each of the sites MON, VIN and VSY, 95 

and 37 cankers in CRE where fewer chestnut trees were available, resulting in a total of 187 96 

cankers. To induce these cankers, a small agar plug taken from the margin of a growing 97 

virus-free C. parasitica culture was placed into a hole made in the bark of a healthy chestnut 98 

sprout using a cork borer (diameter 5 mm). Before each hole was made, the bark was 99 

disinfected by wiping with 70% ethanol. For inoculation, an isolate of the most common vc 100 
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type and microsatellite genotype of the region was used (Prospero and Rigling 2012; 101 

Chablais: CpMG30 of EU-1; La Côte: CpMG15 of EU-2). After inoculation, the wounds were 102 

sealed with tape. About three months after canker inoculation, the tape was removed and the 103 

cankers were treated as stated below. 104 

 105 

Treatments 106 

At each experimental site, 20 cankers were treated with sporulating dead wood stems 107 

previously inoculated with a virus-infected C. parasitica strain, 20 cankers were sprayed with 108 

a suspension of virus-infected conidia, and 10 cankers were left untreated as a negative 109 

control (16, 16 and 5 cankers, respectively, in CRE). 110 

Dead Wood (DW) treatment. For dead wood production, healthy C. sativa stems (6–8 cm in 111 

diameter) from a coppice stand in southern Switzerland were cut into 30 cm-long segments 112 

and autoclaved for 15 min at 121°C. Thereafter, segments were sealed at both ends with 113 

melted paraffin wax. Small agar disks (5 mm diameter) from a growing virus-infected C. 114 

parasitica culture were inserted into 15 holes made in the bark of the dead wood stems with a 115 

cork borer and sealed with tape. The stems for Chablais were inoculated with the C. 116 

parasitica haplotype CpMG8 (EU-1; fungal carrier M1709) infected by the virus CHV1-M3623, 117 

and those for La Côte with CpMG47 (EU-2; fungal carrier M4000) containing the same virus 118 

(Table 2). This virus differs in its sequence from the haplotypes used previously for treatments 119 

in the stands (Table S1). The inoculated dead wood stems were placed onto plastic supports 120 

in boxes (57 x 37 x 13 cm) filled with 4 liters demineralized water. The boxes were sealed with 121 

a transparent plastic sheet and incubated for six weeks at temperatures between 15 and 122 

25°C. After this period, the inoculated C. parasitica haplotype had completely colonized the 123 

stems and produced numerous asexual fruiting bodies containing virus-infected spores. In 124 
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September 2014, the sporulating dead wood stems were attached to trees in the field 50 cm 125 

above the cankers using cable ties. 126 

Conidial Spray (SP) treatment. The same C. parasitica and virus haplotypes as for  the DW 127 

treatment were used (i.e. CpMG8 for Chablais and CpMG47 for La Côte). Hypovirulent C. 128 

parasitica isolates were grown for two weeks on potato dextrose agar (PDA; 39 gl-1; DifcoTM 129 

Laboratories, Detroit, USA) in Petri dishes at 25°C under light conditions (3330 lx, 14 h 130 

photoperiod, MA Illuminance Meters, Minolta, Japan). For spore harvesting, 15 ml sterile 131 

distilled water was poured on each culture and recollected using a pipette. A 107 conidia/ml 132 

solution was prepared in 1% methylcellulose (Sigma-Aldrich®, St. Louis, USA) (Larena et al. 133 

2010) to protect conidia from desiccation and increase the stickiness of the solution. Before 134 

treatment, the virus presence in conidia was verified by cultivating a bulk of them on PDA and 135 

assessing the culture type (orange: virus-free; white: virus-infected; Bissegger et al. 1997). In 136 

the field, in September 2014 the conidial solution (ca. 2 × 107 conidia per canker) was 137 

sprayed on the cankers and distributed evenly with a brush. The treated cankers were sealed 138 

with plastic foil to prevent conidia from drying out or being washed away by rain. As conidia 139 

were sprayed directly on the canker surface and only had to penetrate into it for virus 140 

transmission, this treatment represented a simplified version of the DW treatment where 141 

conidia first had to reach the canker. 142 

 143 

Sampling and scoring the cankers and dead wood stems 144 

To isolate C. parasitica from the cankers and from the dead wood stems, bark pieces were 145 

removed using a bone marrow biopsy needle (diameter 2 mm; Jamshidi gauge, BD, Franklin 146 

Lakes, USA) (Meyer et al. 2015). The biopsy needle was sterilized before each bark piece 147 

was removed. The sampling holes in the cankers were sealed with LacBalsam® (Frunol 148 

Delicia® GmbH, Delitzsch, Germany) to close a potential entry point for C. parasitica spores. 149 
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C. parasitica was isolated from the bark samples as described by Bryner et al. (2014). The 150 

presence of the virus in the C. parasitica isolates was assessed based on the characteristic 151 

white culture morphology induced by a CHV1 infection (Bissegger et al. 1997). If at least one 152 

C. parasitica isolate per canker showed white culture morphology, the canker was scored as 153 

virus-infected, whereas if all isolates recovered were orange, the canker was considered as 154 

virus-free.  155 

To determine the effect of a virus-infection on canker development and activity, the 156 

cankers were measured (length and width) and assessed for activity (active or callused; 157 

Bryner et al. 2013) at each sampling date (March 2015, July 2015, and November 2015). 158 

During the first two sampling dates (March and July 2015), only half of the cankers and dead 159 

wood stems were sampled, but all cankers were measured and scored. At the third sampling 160 

event (November 2015), all cankers and dead wood stems were sampled and scored. 161 

 162 

Sampling and scoring of natural cankers 163 

In June 2016, a total of 88 natural cankers were sampled (Chablais: 21 cankers in CRE and 164 

22 in MON; La Côte: 24 in VIN and 21 in VSY) to determine possible infection with the 165 

released virus haplotype CHV1-M3623. Due to differences in the distribution of sprout 166 

clusters, in Chablais natural cankers were mostly sampled from the same sprout clusters as 167 

the experimental cankers, whereas in La Côte samples were taken from different sprouts. 168 

 169 

Fungal DNA and viral RNA extraction 170 

RNA was extracted from all virus-infected isolates originating from a canker, but only from 171 

one virus infected isolate per dead wood stem. The extraction was performed with the 172 

Plant/Fungi Total RNA Purification Kit (Norgen Biotek Corp., Thorold, Canada), excluding the 173 

DNA digestion step to allow further determination of the fungal haplotype by microsatellite 174 
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genotyping (see below). For cankers and dead wood stems from which only virus-free 175 

isolates were recovered, one of the three isolates was randomly selected for DNA extraction 176 

and microsatellite analysis. DNA extraction was performed using the KingFisherTM 96 Flex 177 

(Thermo Fisher) according to the protocol of the manufacturer. 178 

 179 

Virus haplotypes 180 

For virus haplotype determination, the complementary DNA synthesis and subsequent 181 

amplification/sequencing of a 693 bp region of the open reading frame (ORF) A were 182 

performed as described by Prospero and Rigling (2016). ORF A sequences of the virus 183 

haplotypes were analyzed with CLC Main Workbench (v. 7.6.2) and aligned in MEGA (v. 184 

7.0.14). For phylogenetic analysis, the sequences were then separated into two different 185 

alignments according to the two regions Chablais (CRE, MON) and La Côte (VIN, VSY). The 186 

single alignments were processed with Gblocks (v. 0.91b, http://www.phylogeny.fr/, accessed 187 

11.04.2016; Dereeper et al. 2008), trimming all sequences to 568 bp. Statistical selection of 188 

best-fit models and building of phylogenetic trees were carried out as described by Meyer et 189 

al. (2017), but only maximum likelihood (ML) analyses were performed. The trees were rooted 190 

with the reference sequence (CHV-I Euro7; Chen and Nuss 1999) and nodes were collapsed 191 

by support at a 50% threshold. Based on the phylogenetic tree, the virus sequences were 192 

assigned to different groups associated with either the applied virus haplotype or virus 193 

haplotypes already present in the region (Table 2). 194 

 195 

Fungal haplotype 196 

Cryphonectria parasitica isolates were genotyped at ten polymorphic microsatellite loci, as 197 

described by Prospero and Rigling (2012). Allele patterns were then compared with those of 198 

the multilocus genotypes used in the experiment and, if no match was found, with those of 199 
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genotypes occurring in the specific populations or previously identified in Switzerland 200 

(Prospero and Rigling 2012). 201 

 202 

Biocontrol potential of the C. parasitica strains 203 

The performance of the fungal biocontrol strains (Table 2) was estimated by their conidial 204 

production (sporulation) and the vertical virus transmission into conidia. Mycelial plugs were 205 

punched out from the edge of actively growing 7-day-old cultures with a sterile borer. The 206 

plugs were placed upside down in the center of PDA dishes which were wrapped with 207 

Parafilm and incubated at 24°C under a light intensity of 3330 lx and 14 h photoperiod. Five 208 

replicated plates were prepared for each fungal strain. After 32 days, conidia were washed 209 

from the surface of the cultures using 15 ml sterile water. Serial dilutions were made and the 210 

conidia concentration determined using a hemocytometer as described in Bryner and Rigling 211 

(2011). Conidial suspensions (100 µl) were then spread on PDA and incubated two days at 212 

room temperature. For each fungal strain, 28–96 germinated conidia were selected under a 213 

dissecting microscope and transferred onto new PDA plates using a sterile needle. The 214 

presence of the virus was determined by assessing the culture morphology (orange or white). 215 

 216 

Data analysis 217 

For each treated canker, the following features were assessed: (i) infection by a CHV1 virus, 218 

if at least one of the three isolates (upper, middle, lower part) showed a virus-infected 219 

phenotype; (ii) infection by the virus haplotype CHV1-M3623, if at least one of the three 220 

isolates (upper, middle, lower part) was infected by this specific haplotype used for the 221 

experiment; (iii) canker size calculated as an ellipse from the measured width and length of 222 

each canker; canker size was log-transformed for analysis, as it was not normally distributed; 223 

and (iv) canker morphology (active or healed). For each feature, we ran a generalized and 224 
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linear mixed model using treatment as a fixed effect and nested random effects to represent 225 

the experimental sites nested within regions that corresponded to the two studied C. 226 

parasitica strains (CpMG8 for Chablais and CpMG47 for La Côte). Virus infection and canker 227 

morphology were considered as binomial variables, and the logarithm of canker size was 228 

included as a Gaussian variable. We assessed if there was a significant site effect by running 229 

the model using site and treatment as fixed factors and region as a random effect.  230 

The dynamics of treatment effects over time were assessed using generalized linear 231 

mixed models with the following response variables: infection by any CHV1 virus, infection by 232 

CHV1-M3623, and canker size (log-transformed). Treatment and sampling date were 233 

included as fixed factors. Sampled individual and sampling site were included as nested 234 

random factors. In the linear model linking canker size to treatment and date, an interactive 235 

effect between the two fixed factors was included. Because of the relatively small sample 236 

size, it was not possible to test for interactive effects in the models for infection by any virus 237 

and infection by CHV1-M3623. 238 

 The in vitro biocontrol potential of each hypovirulent C. parasitica isolate was 239 

evaluated as follows. We used a linear mixed model for the number of spores (log-240 

transformed) as a function of fungal strain and a generalized mixed model for the percentage 241 

of virus-infected spores as a function of fungal strain (using a binomial error term). Both 242 

models included the region (Chablais or La Côte) where the fungal strain was sampled as a 243 

random effect. 244 

All graphics and statistical analysis were produced in R (3.4.3). Linear mixed effect 245 

models were run using the package nlme (Pinheiro et al. 2018) and generalized mixed effect 246 

models using the package lme4 (Bates et al. 2015). 247 

 248 

Results 249 
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Experimental cankers 250 

Canker infection by CHV1 251 

In November 2015, 92.5% of the 187 inoculated cankers yielded at least one C. parasitica 252 

isolate and 60.7% were virus-infected. At all four sites, the prevalence of CHV1 was 253 

significantly higher in treated cankers (DW: 50–84%; SP: 68–95%) than in control (untreated) 254 

cankers (0–55%) (Figure 2A, Table S2). Sequence analysis revealed that 81% of the virus-255 

infected cankers were infected by the applied CHV1-M3623. The cankers treated with DW 256 

(42–74% of them were virus-infected across sites) and SP (50–60%) were significantly more 257 

likely to be infected with this haplotype than the control cankers (0–40%) (Figure 2B, Table 258 

S2). No statistical difference was found between the two types of treatment (DW versus SP) 259 

in CHV1-M3623 infection probability. 260 

Although different virus-carrying fungal haplotypes were used in the two study regions 261 

(CpMG8 for Chablais and CpMG47 for La Côte), the factor region did not significantly affect 262 

canker infection by CHV1-M3623 (La Côte: 67% of the cankers; Chablais: 54%). A site 263 

influence was observed for total virus infection but not for CHV1-M3623 infection, with a 264 

significantly higher incidence of virus-infected cankers in VIN (81%, P < 0.001) than in the 265 

other sites (CRE: 51%, MON: 56%, VSY: 52%) after controlling for the effect of the treatment. 266 

 267 

Canker morphology 268 

The presence of CHV1-M3623 significantly reduced canker size, with a significantly stronger 269 

effect observed for the SP treatment (Figure 2C, Table S2). Non-treated cankers were on 270 

average 26.7 cm2 in size, whereas SP treated cankers were 8.8 cm2 and DW treated cankers 271 

were 18.5 cm2. No differences in the size of CHV1-M3623-infected cankers were found 272 

between regions or among sites. Our analysis showed that the DW treatment led, on average, 273 

to a 25% reduction in canker size and the SP treatment led to a stronger reduction of 62.4%. 274 
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The incidence of healed cankers in November 2015 differed between the treatments: 275 

significantly more SP treated cankers (10–70%) were healed (Figure 2D, Table S2) compared 276 

with DW treated (5–35%) and non-treated cankers (0–20%). Among study sites, the incidence 277 

of healed cankers across treatments was significantly higher (46%) in VSY than in the other 278 

three sites (CRE: 24%, MON: 14%, VIN: 14%). 279 

 280 

Treatment effect over time 281 

Overall CHV1 and CHV1-M3623 infection of the cankers increased for all canker groups (SP 282 

treated, DW treated and control) between the first and second sampling date (March and July 283 

2015; Figure 3A–D, Table S3). From July to November 2015, however, no significant changes 284 

in the incidence of infected cankers were observed anymore. Size increased over time for all 285 

cankers (Figure 3E–F). However, as early as July, the growth of SP treated cankers was 286 

significantly reduced compared with control cankers, whereas DW treated cankers only 287 

showed a significant difference in November (Table S3). 288 

 289 

Cryphonectria parasitica genotypes 290 

Microsatellite profiles were obtained from 170 out of the 173 C. parasitica isolates genotyped. 291 

In Chablais, experimental cankers were initiated with CpMG30 and CpMG8 used as virus 292 

carrier. In November 2015, CpMG30 was still present in 95% of the 75 experimental cankers 293 

(Figure 4). Only four cankers in CRE harbored other haplotypes. In La Côte, the experimental 294 

cankers were initiated with CpMG15 and CpMG47 used as the virus carrier. In November 295 

2015, CpMG15 was present in 89% of the cankers and 10 cankers were found with other 296 

fungal haplotypes (Figure 4). 297 

 298 

Virus haplotypes 299 
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Overall, 85 experimental cankers were infected by virus haplotypes, with sequences identical 300 

or similar (1–3 SNP differences) to the applied CHV1-M3623 (Figures 4, S1 and S2). Other 301 

viruses clustered with CHV1-M3625, except for three virus sequences from MON (in a control 302 

canker), newly classified as CHV1-MON. In La Côte, viruses not originating from CHV1-303 

M3623 clustered either with CHV1-M4762 or CHV1-M4740. Only one CHV1-M4762 304 

haplotype was isolated in VSY, whereas all others were found in VIN. The CHV1-M4740 305 

group was only present in VSY in two cankers. 306 

 307 

Survival of C. parasitica on dead wood stems 308 

In November 2015 (14 months after treatments), in La Côte the virus-carrying CpMG47, could 309 

still be isolated from 35% (VSY) and 65% (VIN) of the dead wood stems, and in Chablais 310 

CpMG8 from 44% (MON) and 70% (CRE) . All C. parasitica cultures isolated from dead wood 311 

stems were virus-infected. 312 

 313 

Natural cankers 314 

Cryphonectria parasitica genotypes 315 

Microsatellite profiles were obtained for 82 isolates out of 88 natural cankers. In Chablais, 316 

nine C. parasitica haplotypes were present (Figure 4), but only two of them were frequent, i.e. 317 

CpMG33 and CpMG44. A similar situation was observed in La Côte, with one single 318 

haplotype (CpMG15) predominant. Haplotypes CpMG79, CpMG80, CpMG81, CpMG82, 319 

CpMG83 and CpMG84 were found for the first time in Switzerland. 320 

 321 

Virus haplotypes 322 

A total of 51 CHV1 sequences (26 in Chablais, 25 in La Côte) were obtained from 27 naturally 323 

occurring cankers. The released CHV1-M3623 was detected in 10 natural cankers in 324 
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Chablais, mainly in sprout clusters with a treated experimental canker (Figure 4, Table 3) and 325 

in one case without treated canker. Other haplotypes belonged to CHV1-M3624 or CHV1-326 

M3625, or to the new haplotype CHV1-MON. In La Côte, none of the natural cankers sampled 327 

was infected by CHV1-M3623 (Table 3). The virus-infected natural cankers contained CHV1-328 

M4762, CHV1-M4740, or the new haplotype CHV1-VSY. The latter differed by nine SNPs 329 

from CHV1-M4762 and 12 SNPs from CHV1-M4740 (Figure S2). 330 

 331 

Sporulation and vertical virus transmission in vitro 332 

Sporulation on PDA at 24 °C was significantly affected by fungal haplotype (Figure 5A, Table 333 

S4) and virus transmission into the conidia by the fungus-virus combination (Figure 5B, Table 334 

S4). The highest vertical transmission rate (91% infected conidia) was observed for M4762 335 

(La Côte), whereas the lowest rate (13%) was observed for M3624 (Chablais). Virus-infected 336 

haplotypes applied in La Côte produced, on average, more virus-infected spores than 337 

haplotypes used in Chablais (75% vs. 24%), even after controlling for haplotype. Vertical 338 

transmission rate positively correlated with the amount of spores produced (Figure 5C, Table 339 

S4). 340 

 341 

Discussion 342 

Although Cryphonectria parasitica is mainly known for being an aggressive primary pathogen 343 

on American (Castanea dentata) and European (C. sativa) chestnut, it also has the ability to 344 

survive and sporulate on the bark of moribund or recently dead chestnut branches or stems 345 

for more than one year (Prospero et al. 2006). The relevance of dead chestnut wood in 346 

forests affected by chestnut blight is, however, still controversial for the epidemiology of the 347 

disease, especially regarding the occurrence of hypovirulence. Previously, Prospero et al. 348 

(2006) showed that recently dead chestnut wood supports asexual sporulation of CHV1-349 
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infected C. parasitica strains and, therefore, might promote the natural CHV1 dissemination. 350 

However, the role of dead chestnut wood in biocontrol of chestnut blight remained unclear. 351 

Here, we used molecular markers in a field experiment and demonstrated that virulent C. 352 

parasitica cankers become virus-infected by hypovirulent conidia produced on fresh dead 353 

wood. As expected, infection by the virus significantly reduced canker growth and promoted 354 

canker healing. Fresh dead chestnut wood can, thus, act as reservoir of virus-infected C. 355 

parasitica inoculum and be beneficial for the natural biological control of the disease.  356 

Fourteen months after DW and SP treatment most experimental cankers had been 357 

infected by the applied hypovirulent conidia in all four study sites. Most likely conidia 358 

germinated, hyphal fusion with the canker isolate occurred and virus was transmitted into the 359 

canker isolate. Since the conidial suspension was sprayed directly on the canker surface, 360 

whereas the sporulating stem was set 50 cm above the canker, one might have expected a 361 

higher canker infection rate by SP treatment. The results suggest that the amount of virus-362 

infected conidia coming in contact with a virulent canker might not be decisive for virus 363 

transmission to the canker. However, more detailed experimental analyses (e.g. treatment 364 

with different concentrations of conidia) should be conducted to confirm this hypothesis. The 365 

conidia produced on the dead wood stems were most likely washed down to the target 366 

cankers by rain water or transported by insects moving along the tree stems. Unlike the virus, 367 

the fungal strain of the conidia rarely became established in the target cankers and only acted 368 

as virus carrier, as shown before by Hoegger et al. (2003). Virus infection significantly 369 

reduced canker expansion in both treatments. The trend over time reveals a faster effect of 370 

the SP treatment in comparison to the DW treatment. A similar trend was observed for the 371 

healing process of virus-infected cankers. These differences between the two treatments may 372 

be due to the larger amount of virus inoculum provided by the SP treatment than with the DW 373 

treatment. 374 
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Our findings may have implications for chestnut forest management, as they suggest a 375 

possible beneficial role of fresh dead wood for the biocontrol of chestnut blight in forest stands 376 

where hypovirulence is already present. Previous recommendations were to remove dead 377 

chestnut wood from forests with established natural hypovirulence because dead wood 378 

fosters sexual reproduction of virus-free C. parasitica strains (Bryner et al. 2014; Heiniger and 379 

Rigling 1994). An increased diversity of vc types through sexual reproduction might disrupt 380 

natural hypovirulence by reducing virus spread. In chestnut stands with no hypovirulence (e.g. 381 

at the disease front), removing dead chestnut wood is meaningful as it reduces the amount of 382 

substrate on which virulent fungal strains can sporulate. Since bark is the main substrate for 383 

C. parasitica growth and sporulation, fresh dead wood with intact bark is particularly critical to 384 

be removed. In stands where C. parasitica is already controlled by CHV1, this sanitation 385 

practice may, however, not be that important. For instance, field investigations in Italy 386 

evidenced limited tree mortality in unmanaged plots (Turchetti and Maresi 2008). Our study 387 

shows that virus-infected conidia produced on fresh dead wood are able to transmit the virus 388 

to cankers on living trees. Nevertheless, to definitively conclude on the role of fresh dead 389 

chestnut wood in the biocontrol of C. parasitica, experimental studies comparing the natural 390 

spread of CHV1 in managed (i.e. without dead wood) versus unmanaged (i.e. with dead 391 

wood) would be needed. Particularly helpful for forest managers would be to determine 392 

whether there is an incidence threshold for CHV1 in a C. parasitica population above which 393 

dead wood is beneficial for the spread of hypovirulence and, thus, should be left in the stand.  394 

DW and SP treatments could be used for promoting the establishment of CHV1 in 395 

chestnut stands. Currently, canker treatment is performed by applying hypovirulent mycelial 396 

slurries to the canker surface or in holes cut in the bark around the margin of a canker 397 

(Rigling and Prospero 2018). This method is particularly suitable and effective for young trees 398 

with smooth and thin bark (Heiniger and Rigling 2009; Milgroom and Cortesi 2004). However, 399 
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it has some limitations for the treatment of large and old trees with thick bark, as it is difficult 400 

to bore holes and cankers are often diffuse. Moreover, such treatments can be extremely time 401 

consuming and expensive, especially if cankers are located in the crown of the trees. Finally, 402 

as virus-infected cankers produce a small amount of virus-infected conidia or even do not 403 

sporulate at all (Peever et al. 2000; Prospero et al. 2006), the treated cankers rarely 404 

contribute to virus dispersal. Sporulating dead wood stems could, during the same amount of 405 

time, target specific cankers and increase the amount of virus-infected inoculum in the forest.  406 

The SP treatment could be an interesting approach to the therapeutic treatment of 407 

cankers, e.g. on grafted orchard trees. The effect on canker morphology was considerably 408 

greater for SP than DW treatment, as the sprayed cankers were much smaller and healed 409 

faster. Covering the cankers with a plastic sheet for three months, to prevent the applied 410 

spores from drying out and being washed away, might have created favorable conditions 411 

(humidity, temperature) for germination of the conidia. SP treatment for the biocontrol of 412 

chestnut blight was already tested a few decades ago in North America (Scibilia and Shain 413 

1989). Although the treated cankers were converted, the method was not further developed, 414 

mainly because of the high susceptibility of C. dentata to C. parasitica infection (i.e. new 415 

virulent cankers appeared on the same tree and killed it). Since the European chestnut is 416 

slightly less susceptible to the pathogen than the American chestnut, this should not be a 417 

major problem in Europe. Even if such cankers were to appear, there should be enough time 418 

to treat them before they would become lethal. DW and SP treatments could be combined in 419 

a forest stand by (i) applying the spray on cankers on living trees, and (ii) either applying the 420 

spray on fresh dead wood stems present in the stand or placing sporulating dead wood stems 421 

in strategic positions, e.g. the crown of blighted trees. As the virus disperses mainly by 422 

nearest neighbor contact (Liu et al. 2000), its transmission depends on the distance between 423 

affected chestnut trees. In our experiment, CHV1-M3623 was able to infect natural cankers 424 
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that were present either on the same tree or in the same sprout cluster as a treated 425 

experimental canker and in one case in a cluster located 2.3 m away. Therefore, by placing 426 

sporulating dead wood stems in the crown of blighted trees, the virus-infected conidia may 427 

reach and infect existing cankers. Chestnut stems releasing virus-infected conidia can be 428 

produced in the laboratory under controlled conditions taking advantage of the competitive 429 

ability of C. parasitica in colonizing the bark of freshly cut chestnut stems. 430 

Before application in the field, several fungal-viral combinations should be tested for 431 

their potential effectiveness in the biocontrol of C. parasitica. As the present study and 432 

previous studies (Melzer et al. 1992) showed, significant differences exist between 433 

hypovirulent haplotypes in sporulation ability and vertical transmission rate of the virus. In our 434 

case, the viral population was more dynamic in La Côte than in Chablais, i.e. the viral 435 

haplotypes already present in the stands infected the experimental cankers more often. Given 436 

that chestnut stands are more widespread in Chablais and hypovirulence was introduced 437 

there a few years earlier (2003) than in La Côte (2007) (Heiniger and Rigling 2009), we 438 

expected to observe the opposite pattern. Different performances of the hypovirulent C. 439 

parasitica strains may account for this unexpected result. The biocontrol strains released in 440 

Chablais produced significantly fewer virus-infected spores in vitro than the three strains 441 

present in La Côte. We found that the incidence of virus-infected spores correlated positively 442 

with the number of spores produced. Thus, evaluating spore production might be important 443 

for selecting the best biocontrol agent in vitro; this approach should, however, be tested with 444 

more hypovirulent fungal strains. Although different vc types are dominant in Chablais and in 445 

La Côte, their incidence in the local C. parasitica populations is similar (S. Prospero, 446 

unpublished data). It is, thus, unlikely that vc type diversity has strongly affected the spread of 447 

the released viruses. 448 

 449 
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Table 1. Main characteristics of the four experimental sites where this study was conducted. 540 

 Chablais  La Côte 

Characteristics Bex-Montet (MON) Bex-Creux Boyon (CRE)  Villars-sous-Yens (VSY) Vinzel (VIN) 

Altitude (m a.s.l.) 630 480  475 655 

Forest type Coppice Coppice  Coppice Coppice 

First observation of 

chestnut blight 

1997 1997  2005 2005 

Dominant vc typesa EU-1, EU-5 EU-1, EU-5  EU-2 EU-2 

Dominant fungal genotypesb CpMG30 CpMG30  CpMG15 CpMG15 

Natural hypovirulence - -  CHV1-M4740 - 

First biocontrol treatmentc 

(Virus strain released) 

2003 

(EU-1 : CHV1-M3624) 

2004 

(EU-1 : CHV1-M3624, 

 
2005 

(EU-2: CHV1-M4762) 

2007 

(EU-2: CHV1-M4762) 

 
541 

aProspero and Rigling (2016). 542 

bAccording to Prospero and Rigling (2012). 543 

cPrevious biocontrol treatments were conducted as described by Rigling and Prospero (2018).  544 

 545 

 546 

 547 

548 
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Table 2. Characteristics of the virus-infected Cryphonectria parasitica strains used in the in vitro fitness test. 549 

Region 
Fungal strain 

MXXXa 

Culture 

typeb 

Viral strain 

(CHV1-MXXX)c 

Fungal strain 

SSRd 
Vc typee 

Host  

tissue  

Year/Location of 

isolation in Switzerland 
Treatment 

La Côte         

  M4000 w CHV1-M4000 CpMG47 EU-2 Canker 1992/Lattecaldo Deadwood/Spray 

 M4762 w CHV1-M4762 CpMG15 EU-2 Canker 2005/Villars-sous-Yens Previous treatmentf 

 M4740 w CHV1-M4740 CpMG15 EU-2 Canker 2005/Villars-sous-Yens Natural virus 

Chablais         

 M1709 w CHV1-M1709 CpMG8 EU-1 Canker 1992/Novaggio Deadwood/Spray 

 M3624 w CHV1-M3624 CpMG33 EU-1 Canker 1999/Bex Previous treatmentf 

 
550 

aMXXX = fungal strain number in the culture collection of WSL; 551 

bw = white (virus-infected; Bissegger et al. 1997);  552 

cCHV1 = Cryphonectria hypovirus 1 infected isolates; 553 

dSSR = microsatellite genotype (Prospero and Rigling 2012); 554 

eVc type = vegetative compatibility type; 555 

fPrevious biocontrol treatments were conducted as described by Rigling and Prospero (2018).556 
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Table 3. Location and virus infection of the naturally occurring Cryphonectria parasitica bark cankers in the four study sites. 557 

  Sprout with a treated 

canker 

 

Sprout cluster with a treated canker 

 

Sprout cluster without treated cankers 

 

Stand 

 

Region 

Cankers 

(N) 

CHV1-

M3623 

Cankers 

(N) 

Distance rangea 

(average) 

CHV1-M3623 

infected (N) 

Cankers 

(N) 

Distance rangea 

(average) 

CHV1-M3623 

infected (N) 

CRE Chablais 4 1 15 0.2–1.4 (0.6) 5 2 2.4–3.3 (2.8) 1 

MON Chablais 4 2 14 0.3–2.3 (0.8) 1 4 2.9–8.3 (5.5) 0 

VIN La Côte 2 0 5 0.5–5.0 (2.0) 0 14 1.6–7.3 (3.5) 0 

VSY La Côte 2 0 7 0.3–1.3 (0.6) 0 11 1.4–12 (4.5) 0 

Total - 12 3 41 - 6 31 - 1 

 
558 

aDistance (in m) between the sampled natural cankers and the closest experimental canker that was treated with either dead 559 

wood or conidial spray. 560 
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Figure 1. Stromata of Cryphonectria parasitica produced on dead chestnut wood with 561 

intact bark. (A) Standing dead chestnut sprout; (B) Cut chestnut stem left in the 562 

forest. Photos: Phytopathology, WSL. 563 

 564 

Figure 2. Presence of the virus in the experimental cankers and effects induced by 565 

viral infection. (A) Incidence of CHV1-infected cankers; (B) Incidence of cankers 566 

infected by the released haplotype CHV1-M3623; (C) Canker sizes, and (D) 567 

Incidence of healed cankers. 568 

 569 

Figure 3. Development over time (March – November 2015) of the incidence of 570 

CHV1-infected experimental cankers (A, B), of the incidence of experimental cankers 571 

infected by the released haplotype CHV1-M3623 (C, D), and of experimental canker 572 

size (E, F) in the two treatments (dead wood and conidial spray), and in the controls 573 

(non-treated cankers). 574 

 575 

Figure 4. Cryphonectria parasitica haplotypes and CHV1 haplotypes identified in the 576 

experimental cankers non-treated (CO), treated with dead wood (DW) and treated 577 

with conidial spray (SP), and in naturally occurring cankers (Natural cankers) at the 578 

four study sites. 579 

 580 

Figure 5. Biocontrol potential of the virus-infected Cryphonectria parasitica 581 

haplotypes from Chablais (white) and from La Côte (grey) (Table 2). (A) Number of 582 

conidia produced on PDA at 24 °C; (B) Incidence of virus-infected conidia; (C) 583 

Correlation between the number of produced conidia and their virus infection rate. 584 

 585 

 586 
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e-Xtra 587 

Figure S1. Rooted maximum likelihood tree of a partial sequence (568 nt) from the 588 

ORF A of the CHV1 strains from Creux Boyon (CRE) and Montet (MON) in the 589 

Chablais region. Viral strains were recovered from the upper margin (o), the center 590 

(m) and the lower margin (u) of the cankers from deadwood (Dw) and conidial spray 591 

(Sp) treated or untreated (control, C) cankers. The other CHV1 strains originate from 592 

naturally occurring cankers. 1000 bootstraps were performed. Only bootstrap values 593 

higher than 65 % are shown. Scale bar = substitution per site. Euro7 subtype I 594 

reference sequence was used to root the tree. CHV1-M3624 and CHV1-M3625 are 595 

virus haplotypes from former treatments. CHV1-M3623 is the haplotype applied with 596 

the dead wood stems and the conidial spray. CHV1-MON is a new viral haplotype. 597 

 598 

Figure S2. Rooted maximum likelihood tree of a partial sequence (568 nt) from the 599 

ORF A of the CHV1 isolates from Vinzel (VIN) and Villars-Sous Yens (VSY) in the La 600 

Côte region. CHV1 strains were recovered from the upper margin (o), the center (m) 601 

and the lower margin (u) of the cankers from deadwood (Dw) and conidial spray (Sp) 602 

treated or untreated (control, C) cankers. The other CHV1 strains originate from 603 

naturally occurring cankers. 1000 bootstraps were performed. Only bootstrap values 604 

higher than 65 % are shown. Scale bar = substitution per site. Euro7 subtype I 605 

reference sequence was used to root the tree. CHV1-M4762 is a virus haplotype 606 

from a former treatment, CHV1-M4740 a naturally occurring haplotype. CHV1-M3623 607 

is the haplotype applied with the dead wood stems and the conidial spray. CHV1-608 

VSY is a new viral haplotype. 609 

 610 

 611 

 612 
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Stromata of Cryphonectria parasitica produced on dead chestnut wood with intact bark. (A) Standing dead 
chestnut sprout; (B) Cut chestnut stem left in the forest. Photos: Phytopathology, WSL.  
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Stromata of Cryphonectria parasitica produced on dead chestnut wood with intact bark. (A) Standing dead 
chestnut sprout; (B) Cut chestnut stem left in the forest. Photos: Phytopathology, WSL.  
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Presence of the virus in the experimental cankers and effects induced by viral infection. (A) Incidence of 

CHV1-infected cankers; (B) Incidence of cankers infected by the released haplotype CHV1-M3623; (C) 

Canker sizes, and (D) Incidence of healed cankers.  
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Development over time (March – November 2015) of the incidence of CHV1-infected experimental cankers 

(A, B), of the incidence of experimental cankers infected by the released haplotype CHV1-M3623 (C, D), and 

of experimental canker size (E, F) in the two treatments (dead wood and conidial spray), and in the controls 

(non-treated cankers).  
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Cryphonectria parasitica haplotypes and CHV1 haplotypes identified in the experimental cankers non-treated 
(CO), treated with dead wood (DW) and treated with conidial spray (SP), and in naturally occurring cankers 

(Natural cankers) at the four study sites.  
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Biocontrol potential of the virus-infected Cryphonectria parasitica haplotypes from Chablais (white) and from 
La Côte (grey) (Table 2). (A) Number of conidia produced on PDA at 24 °C; (B) Incidence of virus-infected 

conidia; (C) Correlation between the number of produced conidia and their virus infection rate.  
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Supplementary materials for: 1 

 2 

Role of fresh dead wood in the epidemiology and the 3 

biological control of the chestnut blight fungus 4 

 5 

Joana Beatrice Meyer, Loïc Chalmandrier, Fabio Fässler, Christopher Schefer, Daniel 6 

Rigling, Simone Prospero 7 

 8 

 9 

  10 

 11 

Table S1. Single nucleotide polymorphisms between the CHV-1 haplotype that was 12 

released in this study (CHV1-M3623) and the haplotypes that were already present in 13 

the stands (La Côte: CHV1-M4762 and CHV1-M4740; Chablais: CHV1-M3624 and 14 

CHV1-M3625).  15 

   Nucleotide position in the sequence 

Haplotype 35 41 121 163 186 187 209 249 286 313 390 447 489 547 

CHV1-
M3623  

A T T A C A T C T C A T A G 

CHV1-
M4762a 

G C C T   C    G A G A 

CHV1-
M4740b 

 C C G T G C T    A G A 

CHV1-
M3624a 

 C C    C  G T  A G A 

CHV1-
M3625b 

G C C T   C    G A G A 

 
16 

aVirus used for former treatments (Prospero and Rigling 2016). 17 

bNaturally occurring virus in VSY.18 
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2 

 

Table S2. Estimates of linear and generalized linear model characterizing the link between cankers features and applied 19 

treatments.  20 

Response variable Virus-infection 

(CHV1-M3623) 

Virus infection  

(all viruses) 

Size (log) Size of control    

cankers (log) 

Healed 

Model type Binomial Binomial Gaussian Gaussian Binomial 

Number of observations 173 173 185 87 187 

Intercept -1.945 -1.070 5.287 (t = 42.27, 

p <0.01) 

5.38 (t = 34.86, p < 

0.001) 

-2.58 (z = -3.622,     

p < 0.001) 

Treatment DW 2.122 (z = 

3.614, p < 

0.001) 

1.717 (z = 3.421, 

p < 0.001) 

-0.2969 ( t = -

1.973, p = 0.05) 

-0.371 (t = -1.74, p = 

0.0855) 

1.04 (z = 1.52,          

p = 0.13) 

SP 2.363 (z = 4.035, 

p < 0.001) 

2.051 (z = 4.050, 

p < 0.001) 

-0.977 (t = -6.48, 

p = 0.00) 

-1.22 (t = -5.591, p < 

0.001) 

1.99 (z = 2.97,          

p = 0.003) 

Random 

effect std. 

deviation 

Fungi strain 0.00 0.00 4.14 x 10-5 2.384 x 10-5 2.22 x 10-5 

 Site within 

Fungi strain 

0.00 0.6439 2.80 x 10-5 2.72 x 10-6 6.84 x 10-1 
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3 

 

Table S3. Estimates of the linear model linking canker size to sampling date and treatment. 21 

Response variable Virus-infection (CHV1-M3623) Virus-infection (all viruses) Size (log) 

Model type Binomial Binomial Gaussian 

Number of observations 310 325 252 

Intercept -4.35 (z = -3.86, p < 0.001) -4.59 (z = -4.86, p < 0.001) 3.613 (t = 17.56, p < 0.001) 

Date July 2.54 (z = 4.01, p < 0.001) 2.57 (z = 4.13, p < 0.001) 1.078 (t = 7.867, p < 0.001) 

November 2.42 (z = 4.03, p < 0.001) 2.12 (z = 3.76, p < 0.001) 1.726 (t = 12.59, p < 0.001) 

Treatment DW 3.28 (z = 3.88, p < 0.001) 

 
3.03 (z = 4.25, p < 0.001) 0.3435 (t = 1.979, p = 0.0514) 

SP 3.22 (z = 3.65, p < 0.001) 2.98 (z = 4.05, p < 0.001) -0.09348 (t = -0.5461, p = 0.59) 

Date x 

Treatment 

DW - July / / -0.2756 (t = -1.668, p = 0.0973) 

DW - 

November 

/ / -0.5137 (t = -3.108, p = 0.002) 

SP - July / / -0.6481 (t = -3.972, p < 0.001) 

SP - 

November 

/ / -0.9246 (t = -5.668, p < 0.001) 

Random effect Site 1.055 1.28 x 10-14  
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4 

 

Std. deviation Individual 

within sites 

3.351 2.10  

 22 
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5 

 

Table S4. Linear model estimate linking sporulation and rate of vertical CHV1 23 

transmission of CHV1-M3623-infected Cryphonectria parasitica strains in in vitro 24 

experiments to fungal strain and virus-infection.  25 

Response variable Sporulation (24°C) – log 

transformed 

Spore infection rate 

Number of 

observations 

49 72 

Intercept 14.9 (t = 69.5, p < 0.001) 
 

-1.84 (t = -11.3, p < 0.001) 

Strain 

 

 

 

 

M1709 1.34 (t = 4.43, p < 0.001) 1.41 (t = 6.99, p < 0.001) 

M4000 3.22 (t = 10.6, p < 0.001) 2.21 (t = 9.92, p < 0.001) 

M4762 1.59 (t = 5.24, p < 0.001) 4.23 (t = 13.8, p < 0.001) 

M4740 2.61 (t = 8.59, p < 0.001) 2.77 (t = 11.5, p < 0.001) 

 26 

 27 

 28 

 29 

 30 

 31 
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Rooted maximum likelihood tree of a partial sequence (568 nt) from the ORF A of the CHV1 strains from 
Creux Boyon (CRE) and Montet (MON) in the Chablais region. Viral strains were recovered from the upper 
margin (o), the center (m) and the lower margin (u) of the cankers from deadwood (Dw) and conidial spray 

(Sp) treated or untreated (control, C) cankers. The other CHV1 strains originate from naturally occurring 
cankers. 1000 bootstraps were performed. Only bootstrap values higher than 65 % are shown. Scale bar = 
substitution per site. Euro7 subtype I reference sequence was used to root the tree. CHV1-M3624 and 

CHV1-M3625 are virus haplotypes from former treatments. CHV1-M3623 is the haplotype applied with the 
dead wood stems and the conidial spray. CHV1-MON is a new viral haplotype.  
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Rooted maximum likelihood tree of a partial sequence (568 nt) from the ORF A of the CHV1 isolates from 
Vinzel (VIN) and Villars-Sous Yens (VSY) in the La Côte region. CHV1 strains were recovered from the upper 
margin (o), the center (m) and the lower margin (u) of the cankers from deadwood (Dw) and conidial spray 
(Sp) treated or untreated (control, C) cankers. The other CHV1 strains originate from naturally occurring 
cankers. 1000 bootstraps were performed. Only bootstrap values higher than 65 % are shown. Scale bar = 
substitution per site. Euro7 subtype I reference sequence was used to root the tree. CHV1-M4762 is a virus 

haplotype from a former treatment, CHV1-M4740 a naturally occurring haplotype. CHV1-M3623 is the 
haplotype applied with the dead wood stems and the conidial spray. CHV1-VSY is a new viral haplotype.  
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