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Abstract 
Inonotus tomentosus is a fungal pathogen of commercially valuable tree species, and one of the 
most important biotic disturbance agents in sub-boreal and boreal forests in Canada. Little is 
known about the relative roles of basidiospores and root contact in disease spread. To investigate 
the genetic diversity of I. tomentosus, and whether or not forest management affects the mode of 
disease spread, three natural stands and three 30-year-old plantations in the sub-boreal spruce 
forests of central British Columbia were intensively sampled. I. tomentosus was isolated from 
infected trees, and vegetative compatibility groups were determined by dual cultures. DNA was 
extracted from each isolate and amplified with random primers for RAPD analysis, and specific 
primers for SSCP (two mitochondrial, one nuclear). A high level of genetic diversity in I. 
tomentosus was observed in both stand types with few isolates in each clone. The number of 
unique genotypes was higher in plantations than in natural forests. This suggests that there is a 
greater incidence of infection by basidiospores in managed stands than natural forests, and that 
strategies to limit spread of root disease in plantations, such as minimum planting distances 
around colonized stumps, may not be as effective as once thought.  
 
 
 
INTRODUCTION/BACKGROUND 
 
The basidiomycete, Inonotus tomentosus (Fr) Teng., is a fungal pathogen of commercially 
valuable tree species in the forests of British Columbia (Whitney and Boyhachuck 1977; 
Whitney 1989, 1993; Lewis and Hansen 1991a, 1991b) and one of the most important biotic 
disturbance agents in sub-boreal and boreal forests in Canada (Lewis and Lindgren 2000; PFC 
2002; Wagner and Fischer 2002).  Indigenous to BC forests (Basham and Morawski 1964; 
Davidson and Redmond 1957; Patton and Myren 1968; Lewis and Hansen 1991a), I. tomentosus 
is a causal agent of root disease in a variety of conifers (Whitney 1962; Lewis et al. 1992; Hunt 
and Unger 1994).   
 
The classification and ensuing phylogenetic relationships of Inonotus tomentosus are currently 
under investigation with the aid of molecular data sets that have been collected for Inonotus sp. 
(Wagner and Fischer 2002).  Inonotus tomentosus belongs to the family Hymenochaetaceae, and 
was originally assigned to the genus Polyporus by Fries (1821) remaining in this taxa until 1964 
when it was transferred by Teng (1964) to the genus Inonotus.  This movement was further 
acknowledged by Gilbertson in his examination of “North American Polypores” (1986).  
Inonotus tomentosus has been a challenge to study taxonomically due to its varying morphology 
and the numerous life history traits that are similar to other related species, such as Inonotus 
circinatus (FR.) Gilb. and Phellinus pini (Thore.:Fr)A (Whitney and Bohaychuck 1977; 
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Gilbertson 1986; Lewis 1990; Wagner and Fischer 2002). All species of Inonotus exist as 
parasites or saprophytes and attack a range of tree species, causing white rot decay (Whitney 
1962; Wagner and Fischer 2002).  The fungus acts by extracting the host’s cell wall components 
(lignin, cellulose and hemicellulose) at equal rates so that the wood maintains its fibrous nature 
and loses strength gradually (Alexopoulos et al. 1996).  I. tomentosus is a facultative parasite, 
depending mainly on living hosts, but can survive up to 40 years on dead organic material 
(Whitney 2000; Lewis and Hansen 1991a; Hunt and Unger 1994).  It cannot grow more than a 
few centimeters through soil (Hunt and Unger 1994; Whitney 2000) therefore it requires direct 
contact between infected and healthy roots, as well as spore dispersal, for disease spread (Lewis 
and Hansen 1991b; Hunt and Unger 1994).  Upon infection, the fungal mycelium creates a lesion 
in the root bark and subsequently penetrates the woody tissue, establishing itself within the 
xylem of the roots (Lewis et al. 1992).  It advances through the heartwood towards the bole of 
the tree and into other uninfected roots (Hunt and Unger 1994).  The growth of the mycelium 
causes a pink stain that can reach as far as 5 meters up the stem, followed by advanced white 
pocket decay (Hunt and Unger 1994; Whitney 2000).  Advanced above ground symptoms 
include reduced leader growth, stunted upper branches, thin crowns and eventual wind throw and 
tree death (Whitney 2000).  Endemic levels of associated organisms such as root collar weevils 
or spruce beetles may be present in areas of high disease incidence (Lewis and Lindgren 2002; 
Whitney 2000).  Stipitate sporophores are produced in late summer and autumn, generating 
spores that germinate into homokaryotic, haploid mycelia (Lewis and Hansen 1991b).  Upon 
anastomosis with mycelia carrying a dissimilar mating allele, dikaryotic mycelia are produced 
which grow vegetatively in the host (Lewis and Hansen 1991b). 
 
This pathogen is found most abundantly in spruce dominated forests in central and northern 
British Columbia, and at higher elevations in southern B.C, with the most severe damage 
reported in Picea spp. and Pinus. spp. (Whitney 1962; Lewis and Hansen 1991a; Whitney 1993; 
Whitney 2000; Lewis et al. 1992; Lewis and Lindgren 2000).  I. tomentosus was first detected in 
Canada 1922 but did not become a major concern until the 1980’s (Hunt and Unger 1994).   
 
In response to the rapidly developing discipline of molecular pathology (Lundquist and 
Klopfenstein 2001), new studies on I. tomentosus that employ the use of molecular genetics 
techniques are now emerging. In addition to molecular studies to establish phylogenetic 
classification of I. tomentosus by Wagner and Fischer (2002), Germaine and colleagues (2002) 
are conducting research to detect inter- and intra-specific polymorphisms in nuclear and 
mitochondrial genes to better understand the genetic characteristics of this fungus.  This 
information may be applied in the identification, detection and monitoring of this pathogen 
(Germaine 2002).   
 
Although root contact is a known mode of infection, it is not understood to what extent it is 
responsible for spread and of the disease. Traditionally, it has been thought that infection through 
spores is rare. This has been challenged through anecdotal evidence such as unexpectedly high 
numbers of disease centers in some stands and occurrence of the disease in stands established on 
previously uninfected agricultural land (Myren and Patton 1971). Other studies using vegetative 
compatibility (VC) and protein electrophoresis have provided evidence that basidiospores may 
play a more significant role in the spread of this disease than once thought (Lewis and Hansen 
1991a). Studies have been done concerning spread and survival of the disease (Lewis and 
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Hansen 1991a, 1991b; Lewis et al. 1992; Hunt and Peet 1997) but there is little information 
concerning the population genetics of this fungus, nor have studies been performed on this 
pathogen to firmly establish the role of basidiospores in disease spread. This information is 
essential to properly manage the disease (Lewis and Hansen 1991a).   
 
Disease Impacts and Forest Management 
Forest management practices have traditionally focused on protection and rapid regeneration of 
commercial tree species but lacked an understanding of the importance of landscape biodiversity 
and natural forest dynamics.  For several reasons, this has resulted in reduced productivity in 
some BC forests and illustrates the need for a greater understanding of natural processes in forest 
ecosystem succession, allowing responsible long-term management decisions to be made (Lewis 
and Lindgren 2000). Biotic disturbance agents like I. tomentosus play an important role in forest 
succession, but historically this role has been ignored or misunderstood (Lewis and Lindgren 
2000). Intensive forest management practices may lead to greater establishment of this disease 
throughout second growth forests (Lewis and Hansen 1991b) and there is an increasing concern 
as to the potential impact this disease may have on timber supply in second growth stands.  
Tomentosus Root Rot causes a significant decrease in tree vigor and growth (Lewis 1997), and 
depending on stand age and distribution of inoculum within the stand, is reported as causing an 
average of 30-40% mortality in infected mature mixed spruce-pine stands (Hung and Unger 
1994). Merchantable volume is lost through butt cull, or the loss of woody stem material from 
decay that has advanced into the bole of the tree.  Infected trees also tend to have a decrease in 
radial increment. In infected 60 year old spruce stands, average 5 year basal area increment of 
infected trees is 20% less than healthy uninfected trees (Hunt and Unger, 1994).  In Ontario 
natural white spruce stands of 70 years or older, Whitney (1995) reported that losses in 
merchantable volume due to this disease in the form of dead trees, windthrow, butt cull and 
growth reduction ranged from 16% to 33%. Additionally, weakened trees are more prone to 
secondary infections and windfall, thereby negatively affecting surrounding healthy trees (Hunt 
and Unger 1994).  In cases of high disease incidence, there can be an entire shift in species 
composition to less susceptible species (Lewis and Lindgren 2000). The pathogen remains viable 
for long periods after each cut leading to a successive build-up of inoculum for ensuing 
generations of susceptible tree species (Hunt and Unger 1994). Current silvicultural stand 
management prescriptions in cases where I. tomentosus is present are based on the assumption 
that the disease spreads primarily through root contacts (MoF 2001). Treatments like avoidance 
planting to a 5m diameter around infected stumps (MoF 2001) may not be as effective as desired 
if basidiospores do play a larger role in the spread of this disease. 
 
Examination of the population genetics of I. tomentosus is necessary to understand its ecological 
role and epidemiology.  Genetic diversity studies have been carried out on other tree pathogenic 
fungi in order to understand and evaluate relationships within and between species, (eg. 
Garbelotto et al. 1999, Hamelin et. al 1995, Kim et al. 2000).  Information derived from these 
studies, such as clone size and genetic sequence data has advanced efforts to understand 
phylogenetic relationships, ecological roles and gene flow between and among species (eg. Kim 
et al. 2000, Stenlid 1986, Garbelotto et al. 1993, Farnet et al. 1999).  This project will use similar 
techniques to provide managers in the forest industry with important and relevant information on 
disease spread from which effective management strategies can be developed.  Pattern and mode 
of disease development (e.g., relative occurrence of secondary and primary infections) may be 
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explained through examination of genetic population structure and subsequently, inferences can 
be made concerning how, where and when initial infection occurs in host species (Garbelotto et 
al. 1999).   
 
An investigation into the diversity of genotypes within populations of I. tomentosus will enable a 
test of the hypothesis that there is a pattern of colonization common to infection by root contact 
or by basidiospores, or a combination of the two.  Disease that spreads by mycelium across root 
contacts would lead to a large area populated by few genotypes, while infection by basidiospores 
would create disease centers with multiple small genotypes, i.e. a higher level of genetic 
diversity (Hamelin et al. 1995).  
 
Specific objectives of this study were to: 
 

• Carry out a pilot study in which a protocol for SSCP analysis, specific to Inonotus 
tomentosus is established. 

• Examine the level of genetic variation of Inonotus tomentosus in natural old growth forests 
in BC.   

• Examine clone size and distribution of Inonotus tomentosus within mortality centers of old 
growth forests in BC. 

• Examine the level of genetic variation of Inonotus tomentosus in BC plantations.  
• Examine clone size and distribution of Inonotus tomentosus within mortality centers of BC 

plantations. 
• Compare patterns in genetic variation and clone size of I. tomentosus between natural old 

growth stands and plantations in BC, and from these patterns make inferences concerning 
the mode of disease spread and the impacts, if any, of forest management on this pathogen.   

 
METHODS 

 
Study Sites 
 
The oldest plantations in the sub-boreal spruce zone (SBS) in the Prince George Forest District 
were located using records from the Ministry of Forests. “Walk through” surveys were 
conducted in candidate stands and three stands were selected that had several putative disease 
centers. Three old growth stands1 in the same biogeoclimatic subzone, and relatively close to the 
plantation sites were selected based on species composition (spruce dominated) and presence of 
a high incidence of root disease. All six stands were approximately 80 km northeast of Prince 
George. 
 
Stand composition was mainly spruce or mixed spruce and sub-alpine fir. Twenty to thirty 
diseased trees from each stand were sampled. All trees over 10 cm in diameter within the 
diseased area were described (live, dead, crown symptoms) and stem mapped.  
 
 
 
                                                 
1 For this study, “Old growth” stands are seral, between the ages of 80-120 years old.  OG1 is in the true old growth 
phase, while stands OG2 and OG3 are in the understory reinitiation phase, as defined by Oliver and Larson (1996). 
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Sample Collection, Isolation and Culturing 
Roots of all trees were examined for signs of I. tomentosus. One cross section of infected root 
was excised from each diseased tree using a Pulaski.  Samples were brought back to the  lab for 
isolation of I. tomentosus. Each root was partially split with a surface sanitized hatchet, then 
pulled apart to reveal the infected core of the root. Three small chips of wood from the infected 
area were cut out and transferred to 3% malt extract agar plates using a sterile technique.  
Cultures were incubated at room temperature and checked every two to three days for 
contamination, and replated as necessary. To positively identify Inonotus tomentosus in culture, 
mycelia from cultures was examined for the presence of chlamydospore-like structures2. This 
will be done by preparing a squash mount for each isolate and observing the mycelia using a 
compound microscope at 400 x magnification. Suspect isolates were also plated on 
thiabendazole-amended media to ensure the culture was not Phellinus pini which is similar in 
decay appearance and colony morphology to I. tomentosus. Isolates were sub-sampled to ensure 
a pure sample. All isolates were transferred into 3% agar slants for long term storage.  
 
DNA extraction and amplification 
Extraction of DNA from hyphal material was performed using the methods adapted from Pukkila 
and Zolan (1986). Very small amounts of hyphal tissue were cut from cultures and placed in 1.5 
ml microcentrifuge tubes. Samples were suspended in 350 ul of 2x CTAB extraction buffer + 
.7% beta-mercapthenol, crushed manually using clean micro-pestles and incubated at 60° C for 
an hour, vortexing every 15 minutes. To emulsify the mixture, chloroform: isoamyl alcohol 
(24:1) was added to each sample, followed by centrifugation at 1300 rpm for ten minutes. The 
upper phase was transferred to a clean microcentrifuge tube and precipitated with cold 
isopropanol. DNA was washed with 70% ethanol and re-suspended in 50 ul of TE-8 buffer.  
Dilutions (1:10) were prepared for PCR.  Concentration of DNA was quantified using a 
spectrophotonics spectrophotometer. 
 
DNA was amplified using a 16μl volume containing 10x PCR buffer, 50 μM MgCl2; pH 8.3, 2 
μM of each of dNTP’s, 1 unit each of 25uM primers (see table 1), 1 unit of Platinum Taq 
polymerase and 5μl of DNA template.  DNA amplification was carried out on an MJ Research 
Programmable Thermocycler under the following conditions for the ITS primers: 35 cycles of 30 
sec. at 92 °C, 30 sec. at 50 °C, 30s at 72 °C, preceded by a 3 minute denaturation step (94 °C) 
and completed with a final extension time of 5 minutes (72 °C), with a hot start.  The presence of 
good PCR product was verified by running amplified samples through electrophoresis on a .7% 
agarose gel.  For the mitochondrial and nuclear markers, primer conditions are as follows: 36 
cycles of 30 sec. at 92° C, 45s. at the appropriate temperature (see Table 1), 1 minute at 72 °C, 
precluded by a 3 minute denaturation step (92 °C) and with a final extension time of 10 minutes 
(72 °C), with a hot start.  
 
Vegetative Compatibility analysis 
Sub samples from each culture obtained from infected roots were plated and paired in all 
combinations within each study area. Small (8 mm) plugs were placed 1 cm apart with the 
hyphal surface down.  The plates were incubated at room temperature and examined at 4, 6 and 8 
weeks for development of a reaction line and changes in morphology. Lines were rated as 0 (no 
                                                 
2 Chlamydospore-like structures are small globose hyphal swellings unique to I. tomentosus, distinguishing it from 
other fungi that have similar morphology in culture (Nobles, 1948) 
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reaction), .5 (no line, no intermingling of hyphae – uncertain reaction), 2 (light/raised line – not 
compatible), and 3 (definite raised/dark line – not compatible). Images of pairing in culture were 
captured using a scanner, and cultures were diagrammed and described throughout the 
incubation process. 
 
RAPD Analysis 
One kit consisting of 20 RAPD primers (Quiagen - Operon Technologies) was tested to obtain 3 
primers that produce repeatable banding patterns for a sub-set of 10 isolates. DNA amplification 
was performed using protocols adapted from Hamelin et al. (1995).  RAPD markers were 
selected only if they were repeatable distinct bands, and are scored as separate putative loci. 
Bands are scored as present (1) or absent (0) in a data matrix.   
 
SSCP analysis 
A screen for SSCP markers was performed by H. Germain and M.J. Bergeron at the Laurentien 
Forestry center in Quebec with PCR products generated by a series of primers already available.  
The first set of PCR primers found suitable for this analysis was ML 5 
(CTCGGCAAATTATCCTCATAAG) and ML 6 (CAGTAGAAGCTGCATAGGGTC) (White 
et al. 1990), coding for the large mitochondrial ribosomal sub-unit.  The second set of primers 
was MS 1 (CAGCAGTCAAGAATATTAGTCAATG) and MS 2 
(GCGGATTATCGAATTAAATAAC) (White et al. 1990), coding for the small mitochondrial 
ribosomal sub-unit. M. J. Bergeron in R. Hamelin’s lab developed primers for the gene coding 
for actin from the universal primer actin 2:  it112.31act2501f (GTGAAATTGTGCGCGACATC) 
and it112.31act2700rc (AACACGCCGCAAGTCAAC).    
 
High levels of variation were observed in the actin marker when tested with isolates of I. 
tomentosus, although lower levels were expected, as actin is a highly conserved “house-keeping” 
genes. The actin marker spans an intron of about 100 bp, which may explain this observed 
variation. The mitochondrial markers illustrate less variation than the nuclear markers, yet reveal 
sufficient variation to provide information regarding genetic patterns within the population.  
Mitochondrial genes are always found in the haploid state in fungi as mitochondria are assumed 
to be transmitted by only one parent. As a result of this characteristic, all individuals appear to be 
homozygous at all mitochondrial loci, complementing the information obtained from nuclear 
markers that detect individuals in the heterozygous state.  
 
We used two ITS primers for identification of Inonotus tomentosus on root samples (ITS209f, 
ITS700rc). To ensure that the primers are specific to Inonotus we performed PCR using DNA 
from a variety of reference samples of basidiomycetes and ascomycetes to illustrate negative 
results with these species.  Unexpected amplification of some reference samples did occur. This 
is being examined in more detail by researchers at the Laurentian Forestry Centre in Quebec. The 
ITS primers have been shown to be specific to I. tomentosus in relation to other closely related 
species and genera (Inonotus leporinus, Inonotus cuticulatus (Bull.:Fr.) P. Karst, Inonotus 
radiatus (Sowerby:Fries) Karsten, Inonotus rheades (Pers.) Bong & Singer, Inonotus. 
glomeratus (P.K.) Murr., and Phellinus pini). To avoid contamination from non target species in 
the genetic variation study we cultured isolates from root samples collected in the field and 
verified I. tomentosus using techniques described above. From these we extracted DNA and 
performed VC testing.   
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Table 1. Primers for SSCP analysis 
 
Primer Name Sequence (5’-3’) Length of amplified 

fragment (bp)  
Annealing Temp 

ITS209F GCTAAATCCACTCTTAACAC 
ITS700rc AGGAGCCGACCACAAAACAT 

450 50 
 

IT 112.31ACT2501F GTGAAATTGTGCGCGACATC 
IT112.31ACT2700RC AACACGCCGCAAGTCAAC 

199 65 
 

MS 1 CAGCAGTCAAGAATATTAGTCAATG 
MS 2 GCTGATTATCGAATTAAATAA 

600 55 

ML 5 CTCGGCAAATTATCCTCATAAG 
ML 6 CAGTAGAAGCTGCATAGGGTC 

800 55 

 
SSCP analysis 
Samples were prepared for loading by adding 2 ul of PCR product to 5ul of loading buffer 
containing 95% formamide, 0.05% xylene cyanol and 0.05% bromophenol blue.  Samples were 
heated at 95% for three minutes, quenched on ice and loaded. 
 
Polyacrylamide gels (5%) were used on a horizontal  gel electrophoresis unit with a cooling 
system to maintain a constant temperature of 4° C.  The gel was run under a variety of conditions 
for each marker to attain optimal conditions for each.  All runs were duplicated to ensure 
reproducible results.  SSCP were visualized using a silver stain kit (Bio-Rad Laboratories, 
Mississauga, Ont.)  Digitized images of the gels were captured using a Chemi-Imager 5500 
(Alpha-Innotech Corp.). 
 
Data Analysis 
Reactions of the pairings done for VC testing were scored in tabular format for each site. The 
number of vegetative compatibility groups within each site was calculated. This data was 
compared within and between stand types to obtain an average number of genetically distinct 
individuals based on compatibility at VC loci.  
 
For SSCP, variation between genotypes will be assessed visually using standards created from 
samples with known conformation.  Samples that show similar banding patterns across gels will 
be run together to confirm differences or similarities.  Bands will be scored as 1 (present) or 0 
(absent) in a data matrix (isolate x allele).   
 
RAPD data was scored in the same manner for all clear repeatable polymorphic bands.  
Following the method used by Hamelin et al. (1995), in which populations were examined using 
RAPD markers only, all loci were scored as separate putative loci, with a dominant allele (a band 
present), and a null allele (band not present).  Genetic distances between genotypes were 
determined by UPGMA (unweighted pair group method analysis) trees that were created in 
TFPGA (Tools for population genetic analysis 1.3) from RAPD markers. These trees are based 
on the proportion of markers shared by each pair of isolates.  
 
Stem mapping data was plotted using ArcView. To this data, data layers for tree description was 
added, as well as layers for genotyping data derived from each of the two types of completed 
analysis (VC, RAPD), and will be added for the SSCP analysis.  Clone size was calculated by 
measuring the area encompassed by each genetically distinct individual (the area covered by the 
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associated infected tree(s) to half way between an infected tree and the closest healthy tree), for 
all infected trees in the plot.  Clone size was calculated separately for each method of analysis for 
each site.  The number of clones at each site was standardized for stem density and tree size by 
expressing the number of unique genotypes per m2 of spruce basal area. 
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RESULTS  
 
Site summaries for all 6 sampling areas are provided in Table 2. Old-growth sites had lower stem 
densities, but higher diameters and basal area in spruce, than the plantations, as was expected. 
Infection levels ranged from 22% to 38% of spruce infected with I. tomentosus.  
 
Table 2. Site summaries for unmanaged old-growth forest sites (U1-U3), and plantation sites 
(P1-P3). 
 U1 U2 U3 P1 P2 P3 
Area sampled (m2) 1396.4 1455.3 1115.6 890.7 679.6 405.5
Stems/ha 824 1278 896 1010 1545 1800
Spruce/ha 350 735 722 1001 1452 1504
Spruce mean dbh 
(cm) 

35.3 21.9 25.9 14.6 14.6 9.0

Spruce mean basal 
area (m2/ha) 

34.2 27.6 38.0 16.7 24.3 9.6

Percent spruce 
infected 

36 22 38 26 26 28

Stumps/ha Na Na Na 960 1000 850
 
Table 3 shows the number of spruce identified as infected at each sampling site, and the 
frequency of isolation success at each site. Isolation success was over 80% for all sites except for 
U1 (old-growth forest), which also had one of the lowest infection rates. 
 
Table 3. Infection incidence and frequency of successful isolation of I. tomentosus from 
unmanaged old-growth forest sites (U1-U3), and plantation sites (P1-P3). 
 U1 U2 U3 P1 P2 P3 
Number of spruce infected 21 26 36 29 32 21 
Number successful 
isolations 

12 21 34 27 27 19 

% isolation success 57 81 94 93 84 90 
 
 
 
Within forest type (old-growth and plantation), all sites were similar to each other with the 
exception of old-growth stand 1 (U1). This stand had older, larger trees and a greater species 
diversity than the other old-growth sites. There were fewer spruce per hectare, and a lower rate 
of infection than the other old-growth sites. Isolation success was also lower in this stand. 
 
Vegetative compatibility (vc) reactions ranged from highly compatible to highly incompatible 
(e.g. Figure 1). Some of the vc reactions were difficult to categorize. These were recorded as 
uncertain reactions and were placed in the most likely category.  
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 Figure1. Examples of vegetative compatibility reactions. The left 
dual culture shows a compatible reaction (same vc group), and the 
right dual culture shows a strongly incompatible reaction (different 
vc group) between isolates 20 and 126. 

 
 
 
 

The RAPD primers all yielded strong, reproducible markers and were relatively easy to interpret 
because of this. Figure 2 is an example of a RAPD gel. 
 
 

Figure 2. RAPD gel from Opa-3 primer showing variability across a sub-sample of isolates. 
Only primers that produced repeatable and strong marker bands were selected for the 
analyses. 

 
 
For both vegetative compatibility analyses and RAPD analyses, the number of unique genotypes 
was higher in all the plantation stands than in the managed forests. Figures 3 and 4 show the data 
expressed on a basal area of spruce basis to account for the differences in stem density and tree 
size between the two forest types.  
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Figure 4. Number of clones as determined by 
vegetative compatibility groupings. Expressed as 
number per m2 sampling area. 

 
 
 

 
 

 

Figure 3. Number of clones as determined 
by vegetative compatibility groupings. U1-
U3 are the unmanaged old-growth forests 
and P1-P3 are the plantations. Expressed 
as a number per m2 of spruce basal area. 

RAPD analyses showed a higher number of unique individuals in all stand types compared to the 
vegetative compatibility groups. Figure 5 shows an averaged number of genets at each site, 
expressed as a proportion of m2 spruce basal area. Genetic similarity between isolates was 
determined by comparing marker profiles using UPGMA trees created in TFPGA.  These are 
shown for all 6 sites in Figure 6. Each separate branch represents a unique genotype as 
determined by RAPD analyses. The vegetative compatibility groups all tended to cluster around 
closely linked RAPD branches.  
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Figure 5. Number of unique 
individuals as determined by 
RAPD analysis. U1-U3 are the 
unmanaged old-growth forests, 
and P1-P3 are the plantations. 
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2c. Planted site 3 2b. Planted site 2 2a. Planted site 1 

1b. Undisturbed site 2 1c. Undisturbed Site 3 1a. Undisturbed site 1 

Figure 6. UPGMA trees created in TFPGA from RAPD markers illustrating 
variation and relatedness of Inonotus tomentosus isolates in undisturbed sites 
(1a-c) and planted sites (2a-c). 

 
DISCUSSION 
 
Results from the RAPD and vegetative compatibility analysis indicate that the number of unique 
genotypes, expressed per unit area or per unit basal area of spruce, is higher in plantation stands 
than in old-growth, unmanaged forests. There are several possible interpretations of this finding. 
The first, and the most likely interpretation, is that basidiospores cause more new infection 
centres in plantations than in old-growth forests. If spread of Inonotus tomentosus was 
predominantly by root contacts, we would expect to find that plantations had an equal number of 
genotypes compared to old-growth forests as the fungus would be transferred from infected 
stump to regeneration trees across root contacts (Lewis and Hansen 1991a). We might even 
expect to find fewer genotypes in plantations because regeneration tree roots may not come into 
contact with some colonized stumps before the inoculum in the stump declines to where no 
transmission can occur. Root contact transmission results spread of the same genotype by hyphal 
growth (vegetative reproduction) to new trees. Basidiospores are the product of meiosis in the 
sporophore (fruiting body or mushroom), and therefore are genetically unique from their parent. 
Frequent infection of regeneration trees by basidiospores explains the higher frequency of unique 
genotypes in regeneration forests. 
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A second explanation for our results is that we inadvertently selected plantation stands that were 
established on harvested sites that had a very high level of root disease, and consequently a high 
level of unique genotypes already existed before the plantation was established. We know from 
previous work (Lewis and Hansen 1991b) that individual clones of I. tomentosus in old-growth 
forests tend to be quite small (fewer than 5 infected trees in a clone). Therefore, this high level of 
genetic variability could have transferred to the second growth forests across root contacts. There 
are several lines of evidence that refute this explanation. First, it is unlikely that all three 
plantation stands happened to be established this way. Second, we selected old-growth forests, 
and areas to sample within them, that had a high incidence of root disease. Therefore, we would 
expect to find a high level of genetic variation – similar to that of the plantation forests that were 
established on sites with a high incidence of root disease. Disease incidence in the old-growth 
forests ranged from 22 to 38% of spruce infected by I. tomentosus, and in the plantations, disease 
incidence ranged from 26 to 28%. Finally, we have demonstrated in a separate study, that more 
than one genotype of I. tomentosus can be found in a stump, and that in plantation forests, 
infected regeneration trees that surround colonized stumps frequently have a different genotype 
of the fungus in their roots than that in the stump (Cutts 2004). This is further evidence that I. 
tomentosus infection sites are established by basidiospores.  
 
We found that the RAPD analysis showed a higher number of unique genotypes than the 
vegetative compatibility groups. This is expected as vegetative compatibility in Heterobasidion 
annosum, a root disease fungus that is similar to I. tomentosus in several ways is determined by 
3-4 genes that are multi-allelic (Hansen and Stenlid). If the same is true for I. tomentosus, two 
isolates would be considered in the same genotype as long as the vc loci have the same alleles, 
even if there was variation at other loci. RAPD analyses are not specific to any genes, and enable 
examination of a wider range of the fungal genome. In our results, unique clones as determined 
by vc analyses sometimes were composed of more than one genotype as determined by RAPD 
analysis. We never found the reverse situation. Therefore, we suspect that some of the vc groups 
are composed of sib-related heterokaryons that resulted from basidiospores from the same 
sporophore. These would have a higher frequency of compatible vc alleles than basidiospores 
from different sporophores, but would still be unique genotypes because they are products of 
meiosis. The results from the SSCP analysis will help determine this as SSCP enable 
examination of individual alleles at specific loci.  
 
We are confident that our results show a higher frequency of establishment of unique genotypes 
due to basidiospore infections in plantations compared to old-growth forests. What is unknown, 
is how those infections become established and why the process of harvest and artificial 
regeneration promotes spread by basidiospores. It is possible that roots of trees produced in the 
nursery are more susceptible to infection by I. tomentosus. It is well established that planted trees 
are more susceptible to root-infecting fungi and root-feeding insects compared to naturally 
established trees. Another possible explanation is that there is an increase in sporophore 
production following harvest because of an increase in fungal biomass in roots of harvested trees 
due to the sudden loss of defense responses. However, other studies suggest that if there is an 
inoculum flush following harvest, it is relatively minor compared to other root disease fungi such 
as Armillaria ostoyae (Newbery Year, Lewis unpublished data). 
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RECOMMENDATIONS 
 
Our results suggest that root disease management strategies aimed at reducing the chance of 
spread by root contacts, are inadequate to limit disease spread. This is especially true in 
moderately to severely infected stands (greater than 10% of trees infected). Avoidance planting 
(not planting susceptible species within a designated distance of colonized stumps) is an example 
of this strategy. While this may reduce the chance of root contact spread of the pathogen, it will 
not substantially reduce spread by basidiospores. Establishment of non-susceptible species, or 
non-harvest of severely infected strata, are two management strategies that will address spread 
both by root contacts and basidiospores. The latter strategy requires pre-harvest identification of 
root disease and stratification of the harvest block, whereas the former strategy can be 
implemented post-harvest using a stump top survey.  
 
Tomentosus root disease occurs in clumps that are themselves patchily distributed in spruce 
forests (Lewis and Hansen 1991a). One of the most effective, but under-utilized, management 
strategies, is stratification of areas proposed for harvest. This enables areas with a high incidence 
of disease to be separated from areas with no to low incidence. Prescriptions that are aimed at 
disease management but are less commercially desirable (e.g. use of alternative and less 
desirable species for regeneration), can then be implemented on identified strata rather than the 
entire block.  
 
Additional management strategies, that address both mechanisms of disease spread, may be 
developed once the means of infection in regeneration trees is identified. More research is 
required to identify factors that make plantations more susceptible to spread by basidiospores 
than old-growth forests. 
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