
 
 

ABSTRACT 

MCCORMICK, MEGHAN ALISON. Geographic Distribution, Phylogenetic Relatedness, and 
Phenotypic Characterization of Fomes fasciatus and Fomes fomentarius in the United 
States. (Under the direction of Marc A. Cubeta and Larry F. Grand.) 

The wood decay fungi Fomes fasciatus (Sw.) Cooke and F. fomentarius (L.) J. Kickx f. 

play essential roles in forest ecology and management throughout the United States. 

However, little is known about their genetic relatedness, phenotypic variability, and 

geographic distribution at a fine spatial scale. The objectives of this study were to: (i) 

develop comprehensive United States distribution maps for F. fasciatus and F fomentarius 

resolved to the county level, (ii) use distribution maps to select various geographic locations 

to sample for basidiocarps for a broad geographical representation of both species, (iii) 

examine the variability and genetic relatedness of these two species based on: basidiocarp 

morphology, basidiospore size, phylogenetic analysis of molecular sequence data, and the 

growth response of both species to temperature in vitro. Comprehensive United States 

distribution maps for F. fasciatus and F. fomentarius were developed based on a synthesis 

of records from 26 mycological herbaria, publications, and collections made for this study. 

In support of previous distribution studies, F. fomentarius was delimited to northern forests 

and F. fasciatus to southern forests. However, after record analysis the geographic 

distribution was expanded for both species to include South Carolina for F. fasciatus and 

Indiana, Kentucky, and Missouri for F. fomentarius. Eleven and 17 previously unpublished 

host plant species associations were identified from herbaria records for F. fasciatus and F. 

fomentarius, respectively. Examples are given of several host distributions that extend 

beyond the known range for each fungus suggesting that other delimiting factors may 

contribute to the distribution and occurrence of these fungal species. Distribution maps 

provided a priori information for sampling basidiocarps of F. fasciatus and F. fomentarius 

from 13 states to examine their morphological characters and obtain pure cultures for 

molecular phylogenetic and temperature response experiments. Of the four morphological 

characters used to distinguishing each species, mean basidiospore size was the most 

consistent and reliable character. Basidiocarp and pore surface shape were also useful for 



 
 

distinguishing the two species, but some overlap in these characters was observed. 

Genomic DNA extracted directly from basidiocarp context tissue or pure cultures obtained 

from mycelium comprising the basidiocarp or single basidiospores was used to amplify and 

sequence the internal transcribed spacer region (ITS) of the nuclear ribosomal DNA (rDNA) 

and a portion of the RNA polymerase II gene (RPB2) from each species. Maximum 

parsimony and likelihood analysis of molecular sequence data suggest that F. fasciatus and 

F. fomentarius represent distinct evolutionary lineages (clades). Limited intraspecific 

sequence variation (≥ 99% similarity) was observed for both ITS rDNA and RPB2 regions. 

Experiments were conducted to examine the hyphal growth of five isolates each of F. 

fasciatus and F. fomentarius on malt extract agar (MEA) for 9 days of incubation at 12 to 36 

C in 4 C increments. Quadratic response curves were developed to estimate the optimum 

temperature for growth of each isolate over the range of temperatures after 3, 6, and 9 

days. The optimum temperature for hyphal growth varied and was significantly different 

between species and among isolates within each species. The optimum temperature for 

growth of F. fasciatus isolates on MEA was higher than F. fomentarius isolates and ranged 

from 32 to 36 C and 25 to 26 C, respectively. The disjunct geographic distributions, host 

plant species, morphology (mean basidiospore size, basidiocarp and pore surface shape), 

ITS and RPB2 sequence data, and optimum temperature for hyphal growth in vitro support 

the separation of F. fasciatus and F. fomentarius into two distinct species. 
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CHAPTER 1: 

Introduction 

 Fomes fasciatus (Sw.) Cooke and F. fomentarius (L.) J. Kickx f. are wood decay fungi 

that cause a white heart rot of numerous tree host species. In the United States, F. fasciatus 

occurs on at least 17 hosts in 11 genera and F. fomentarius occurs on at least 27 hosts in 11 

genera (Farr and Rossman 2012). Host genera common to both fungi include species of 

maple (Acer spp.), plum (Prunus spp.), oak (Quercus spp.), and willow (Salix spp.). Farr and 

Rossman (2012) list only one common host, red maple (Acer rubrum L.) for both species of 

Fomes. 

Fomes fasciatus occurs throughout southeastern United States and Arizona to South 

America. The distribution of Fomes fomentarius is circumboreal throughout Europe, Asia, 

and North America, south to northern areas of Africa and in the United States as far south 

as the southern Appalachian Mountains in North Carolina and Tennessee (Gilbertson and 

Ryvarden 1986, Ryvarden and Gilbertson 1993). The northernmost range of F. fasciatus and 

southernmost range of F. fomentarius are North Carolina and Tennessee and may represent 

an overlap in the distributions of these fungi (Gilbertson and Ryvarden 1986). 

Basidiocarps of F. fasciatus and F. fomentarius are perennial and comprised of 

generative, skeletal, and binding hyphae (Gilbertson and Ryvarden 1986). These hyphae 

form distinct types of tissue; the tube layers where basidiospores are formed, the mycelial 

core tissue that consists of a mixture of hyphae and plant cells where the basidiocarp is 

attached to the wood, and context tissue located between the pileus surface and tube 

layers (Gilbertson and Ryvarden 1986). New tube and spore-bearing layers (hymenia) 

develop below older layers when the fungus produces basidiospores. Tube layers exhibit 

gravitropism and form so that the pores are positioned vertically to aid in spore dispersal. 

 Fomes fasciatus and F. fomentarius are currently recognized as the only two species 

in the genus being distinguished from other related genera by their basidiospores, perennial 

basidiocarps, trimitic hyphal system, and presence of thick-walled hyphae (sclerids) in the 
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core tissue (Ryvarden 1991). Both species are morphologically similar and are distinguished 

by basidiocarp and pore surface shape, and basidiospore size (Gilbertson and Ryvarden 

1986). Typically, F. fasciatus basidiocarps are applanate, with a convex pore surface, and 

basidiospores that are 15–20 µm long. Fomes fomentarius basidiocarps are typically 

ungulate, with a concave pore surface, and basidiospores that are 10–14 µm long 

(Gilbertson and Ryvarden 1986). There is some overlap of these characteristics, which can 

make distinguishing these species challenging. 

Historical Significance  

Fragments of a F. fasciatus basidiocarp were discovered in an archaeological wet site 

in Hontoon Island, Volusia Co. Florida, USA. These specimens were radiocarbon dated to be 

approximately 750 years old based on wood materials found at the same zone of the site 

(Purdy and Purdy 1982). The basidiocarps represent the first record of American polypores 

from an archaeological wet site and are unique because unlike fossils they have been 

preserved in a way that provides an opportunity to examine their morphological 

characteristics (Purdy and Purdy 1982). 

Several common names of F. fomentarius are hoof polypore, which describes the 

ungulate shape of basidiocarp, as well as tinder conk, amadou, or surgeon’s agaric which 

describes several ethnomycological uses of this fungus. In 1991, the 5000 year-old natural 

mummy of a Neolithic man was discovered approximately 92 m from the Austrian/Italian 

border in the Ötztal Alps of South Tyrol, Italy. Among his possessions were several polypore 

fungi including context tissue of F. fomentarius that had been prepared for tinder (Peintner 

et al. 1998). The mechanically separated mycelium of the F. fomentarius context tissue had 

traces of pyrite and was in a leather pouch containing a drill, piece of flint, and slender bone 

tool (Peintner et al. 1998). 

 Peintner et al. (1998) summarized many of the historical and ethnomycological uses 

of F. fomentarius. Basidiocarps of F. fomentarius have been discovered in archeological sites 

approximately 11000 year-old, which have provided evidence of human use. In fifth century 
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BC Hippocrates suggested that F. fomentarius be used for cauterizing wounds. The 

absorbent and insulating properties of F. fomentarius context tissue were used as a styptic, 

made into a felt like material to make clothing, pin cushions, and more recently to make 

pads for drying fly-fishing flies. Context tissue was used for tinder and dried basidiocarps 

were burned in smoking rituals, hollowed for use in transporting fire, or ground to powder 

for use as snuff. Fomes fomentarius has been used for treating a wide range of aliments 

from cramps associated with menstruation, hemorrhoids, bladder disorders, to various 

types of cancer. Researchers have examined compounds isolated from F. fomentarius for 

their potential use in treating human diseases. Chen et al. (2008) found that certain 

polysaccharides produced by F. fomentarius inhibited the growth of human gastric cancer 

cells in vitro. β-glucans are polysaccharides thought to act on immune receptors and trigger 

macrophages and other immune cells, however these molecules can have a variable 

immune response and clinical trials are needed to verify their efficacy (Chan et al. 2009). 

Wood Decay, Heart Rot, and White Rot Fungi 

 Wood decay organisms decompose cellular components of plants. Heart rot is a type 

of wood decay that occurs in the center non-conducting secondary xylem tissues 

(heartwood) of living trees: trunks, roots, and stems, which provide mechanical support 

(Tainter and Baker 1996, Sinclair and Lyon 2005). Not all trees [e.g. birch (Betula spp.), 

beech (Fagus spp.), maple (Acer spp.), and aspen (Populus spp.)] produce a true heartwood 

(Tainter and Baker 1996, Sinclair and Lyon 2005). The heartwood of trees is composed of 

cellulose, lignin, and secondary compounds such as phenols and tannins. Several tree 

species produce antifungal compounds in their heartwood and resist decay. However, some 

heart rot fungi have evolved to overcome these chemical plant defense mechanisms 

(Hennon 1995). 

White rot fungi have the ability to degrade lignin, hemicelluloses, and cellulose, 

while brown rot fungi degrade cellulose and hemicellulose, but typically do not breakdown 

lignin (Manion 1991, Tainter and Baker 1996, Agrios 2005). White rot fungi degrade lignin to 
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CO2 and H2O, but use cellulose and hemicellulose as a source of carbon (Ward et al. 2004). 

White rot fungi often form pockets of decay surrounded by structurally intact wood 

(Hennon 1995). Mottled and stringy rots are other types of white rot that can occur (Sinclair 

and Lyon 2005). Wood decayed by white rot fungi appears lighter in color than wood 

decayed by brown rot fungi due to lignin being quickly decomposed (Agrios 2005). 

However, color is not always an indicator of lignin or cellulose being left behind because the 

bleaching effect can also be attributed to the destruction of the pigments in wood (Boyce 

1961). Boyce (1961) described three stages of wood decay: incipient decay where wood 

appears sound, but may be stained or decay is visible upon close inspection; intermediate 

decay where decay is clearly observable; and advanced decay where wood is drastically 

altered and can be easily crumbled. 

Fomes fasciatus and F. fomentarius occur primarily on dead trees and are 

occasionally found decaying wounded living trees (Overholts 1953). Wood decay organisms, 

gain access to host trees chiefly through wounds in the protective bark that expose 

heartwood (Tainter and Baker 1996, Agrios 2005). Trees defend themselves against these 

organisms through a process called compartmentalization; where chemicals are produced 

at the time of injury followed by the production of chemical and physical barriers to form a 

barrier zone (Shigo 1984). Barrier zones consist of callus tissue, vessel tyloses, and 

chemicals (e.g. phenolic compounds, resins, etc.) which may or may not seal the wound and 

prevent infection from spreading to tissues surrounding the wound (Shigo 1984, Manion 

1991, Agrios 2005). The effectiveness of the barrier zone is determined by the ability of the 

host tree to withstand attack and the aggressiveness of the invading microorganisms. 

Fomes fasciatus and F. fomentarius, like many wood decay fungi cannot invade living 

sapwood until bacteria and ascomycete fungi have altered the composition of the wood 

(Sinclair and Lyon 2005). There is some evidence to support a latent period for F. 

fomentarius where the fungus remains in the stem and larger diameter branches as an 

endophyte (Baum et al. 2003). 



5 

 

Decay fungi can weaken the structural support of the tree and may ultimately cause 

death by bole breakage (Tainter and Baker 1996). Bole breakage can be very dangerous 

when the location of the structurally unsound tree could result in personal injury or 

property damage from the tree falling over. Falling trees also damage other trees around 

them and could potentially create sites of infection. However, removal of trees with heart 

rot has no effect on the probability of surrounding trees becoming infected (Manion 1991). 

Ecological Importance 

Wood decay fungi provide a variety of ecological benefits including: nutrient 

recycling, improving soil fertility, the natural culling of old or diseased trees, and providing 

habitats for insects and nesting wildlife (Manion 1991, Hennon 1995). The breakdown of 

wood releases nutrients (e.g. nitrogen and carbon) that can be used by other organisms. 

Soil chemical and physical characteristics are improved by the addition of mineral nutrients 

(e.g. nitrogen, phosphorus, and potassium) and organic matter of various sizes that improve 

cation exchange capacity and aeration (Manion 1991). 

Fungivorous beetles and other insects use basidiocarps of F. fasciatus, F. 

fomentarius, and other wood decay fungi as habitats for food and breeding (Jonsell and 

Nordlander 2004, Podėnienė et al. 2010). Basidiocarps of F. fomentarius are associated with 

a wide range of insect species from several orders: wood boring beetles 

(Coleoptera:Anobiidae), minute tree-fungus beetles (Coleoptera: Ciidae), and other 

Coleoptera beetles (Tenebrionidae, Tetratomidae, Melandryidae); true flies like fungus 

gnats (Diptera: Sciaroidea), crane flies (Diptera: Limoniidae), and Hairy-eyed craneflies 

(Diptera: Pediciidae): and fungus moths (Lepidoptera: Tineidae) (Jonsell and Nordlander 

2004, Podėnienė et al. 2010). 

Heart rot is a natural process that can create habitat and nesting areas for wildlife. 

There are several species of birds that use tree cavities for nesting (Conner et al. 1976, 

Jackson et al. 1979, Daily 1993). Red-naped sapsuckers (Sphyrapicus nuchalis Baird) 

preferentially nest in trees that have heart rot and trees with previously made cavities (Daily 
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1993). Cavities used by the endangered red-cockaded woodpeckers (Picoides borealis 

Vieillot) form in loblolly and longleaf pines averaging 75 and 85 years of age and indicates 

the importance of decisions made by foresters who must make management decisions that 

have long term effects for endangered species (Jackson et al. 1979). Woodpeckers are very 

important species in forests where wood decay processes are limited because they can 

excavate cavities that are utilized by other animals (Remm and Lõhmus 2011). 

Economic Importance 

White rot wood decay fungi are of economic importance due to the compounds 

they produce, value of wood products, and their potential use in biotechnology. Historically, 

the economic importance of heart rot fungi has been described in terms of loss in the 

timber industry due to the destruction of usable product that can be harvested (Boyce 

1961, Manion 1991, Tainter and Baker 1996). Decayed wood or cull is usually of low value 

due to discoloration or deterioration of trees before harvest and in cut timber that is 

improperly processed or stored (Tainter and Baker 1996). In the southern United States, 

heart rot is the largest cause of loss in mixed hardwood forests likely due to careless logging 

and forest management practices (Tainter and Baker 1996). A specific example of economic 

losses is with timber used as veneer bolts (Tainter and Baker 1996) where the machine 

cannot hold onto the log securely or when the mechanical strength of the timber is 

compromised (Boyce 1961). These same decay processes can also increase the values of 

wood. For example, spalting is the formation of wood with unique patterns and coloration 

by three types of fungi: pigment fungi, zone line fungi, and most commonly white rot fungi 

(Robinson et al. 2007). Spalted wood is used by woodworkers to increase the aesthetic 

value of decorative wood products. Wood that is inadequate for woodworking can be 

bleached and used for plywood or pulp for paper products (Tainter and Baker 1996). 

Cellulose, hemicellulose, and lignin constitute a large part of many agricultural, 

forestry, and municipal wastes. Using microorganisms that can degrade these organic 

compounds can yield useful products (e.g. protein, ethanol, lactic acid, acetic acid, and 
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antibiotics) from what was once considered a waste product (Naimke and Wang 2004). 

Wood decay fungi can be utilized for biodegradation of wastes and bioremediation of 

pollutants. The lignin, hemicellulose, and cellulose degrading enzymes produced by white 

rot fungi have many potential biotechnological applications including: bioremediation, 

reducing agriculture wastes (e.g. converting agriculture residues into digestible animal 

feed), and lowering energy inputs and environmental pollutants created from various 

industries (e.g. pulp and paper, food, alcohol production, textile, dye, and cosmetics). 

There are several lignin degrading enzymes produced by fungi (lignin peroxidase, 

manganese peroxidase, and laccase) that have potential applications in society if they can 

be produced reliably, in large quantity, and for a low cost. The model organisms for studying 

these enzymes have traditionally been the white rot fungi Phanerodontia chrysosporium 

(Burds.) Hjortstam & Ryvarden, in which lignin and manganese peroxidase were first 

discovered, and Trametes versicolor (L.) Lloyd which produces large amounts of laccase 

enzymes (Ikehata et al. 2004). Interestingly, a strain of F. fasciatus exhibited higher laccase 

and manganese peroxidase activity than a strain of P. chrysosporium (Papinutti et al. 2006). 

Also, a strain of F. fomentarius had higher manganese peroxidase activity than a strain of T. 

versicolor under submerged fermentation with seven different waste residues (Elisashvili et 

al. 2009). Increased laccase activity with residue of ethanol production from wheat grains, 

wheat bran, and apple pomace was also reported. 

Objectives 

Comprehensive distributions of wood decay fungi on a fine spatial scale are not well 

known. A substantial amount of information, including specific fungal distribution 

information, has been collected throughout the years and housed in mycological herbaria. 

Currently, information from collections of wood decay fungi in herbaria have not been 

compiled and synthesized into a large publically accessible database. Many herbaria often 

do not have electronic access to their collection information. 
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Gilbertson and Ryvarden (1986) compiled United States distribution maps by state 

for wood decay fungi. While these maps provide excellent examples of critical information 

that can be gleaned from herbaria records, they can be further resolved by the addition of 

new herbarium records and more specific information related to geographic location and 

plant host and fungal species distributions. Understanding the geographic distribution and 

occurrence of wood decay fungi provides a foundation of knowledge for examining their 

ecology. The possible overlap of F. fasciatus and F. fomentarius in North Carolina and 

Tennessee provides a unique opportunity to examine interactions between the two species. 

Resolving the distributions of these two species to the county level may provide useful 

information for examining host interactions, delimiting factors of their geographical range, 

and examining genetic and phenotypic variability within each species. 

 Fomes fasciatus and F. fomentarius have similar morphological characteristics that 

can make distinguishing the two species challenging. Basidiocarps of both species are 

variable in color ranging from light brown or gray to dark gray or black (Overholts 1953, 

Gilbertson and Ryvarden 1986). F. fomentarius appears to exhibit some degree of host 

preference and morphological variation that may be dependent on geography (Schwarze 

1994, Sinclair and Lyon 2005). Examining a large number of representative samples from 

widely separated geographical areas may more accurately reflect the variation of 

morphological characteristics of these two species. 

 Although F. fasciatus and F. fomentarius are the only species recognized in the genus 

and overlap in many of their morphological characteristics, the phylogenetic relatedness of 

F. fasciatus and F. fomentarius has remained largely unexplored. The genetic relatedness of 

F. fomentarius to other fungal species has been inferred using the internal transcribed 

spacer (ITS) regions and/or the large and small subunits of the nuclear ribosomal DNA 

(rDNA) repeat in several phylogenetic studies (Hibbett 1996, Hibbett et al. 1997, Wagner 

and Fischer 2001, Weiß and Oberwinkler 2001, Binder and Hibbett 2002, Moncalvo et al. 

2002). Recently, a study examined the variability of ITS region of the rDNA of F. fomentarius 

collected from multiple hosts and geographic areas throughout Europe and one collection 
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from China and found that the species appeared to separate into two distinct genotypes 

(Judova et al. 2012). The genetic variation of F. fasciatus and F. fomentarius sampled from 

within the United States has not been examined previously. In our study, we conducted a 

comprehensive investigation of the ITS and a portion of the RNA polymerase subunit II 

(RPB2) gene, which have been shown in previous studies to improve bootstrap support 

values for phylogenetic analysis in other species of basidiomycete fungi (Frøslev et al. 2005, 

Mathany 2005, Matheny et al. 2007). 

Temperature, precipitation, and the presence of the wood decay substrate have 

been hypothesized to represent the major factors that affect the distribution of wood decay 

fungi (Gilbertson 1980). Studies examining the temperature response of multiple isolates of 

F. fasciatus and F. fomentarius from a wide geographical area have not been conducted. 

Temperature studies involving a single strain of F. fomentarius have reported temperature 

optima ranging from 25–32 C (Martin and Dale 1979, Chen et al. 2008). Martin and Dale 

(1979) found that a F. fomentarius strain grown on malt extract and potato dextrose agar 

had temperature optima of 28 C and 32 C, respectively. A Fomes sp. strain was found to 

have a temperature optima of 30.1 C and was identified using a BLAST search with the ITS 

sequence, but was only 90 percent similar to the Fomes strains deposited in GenBank 

(Ordaz et al. 2011). Combined analysis of morphological, physiological and molecular data 

may provide valuable insight into understanding the ecology of F. fasciatus and F. 

fomentarius in the context of geographic distribution. 

The objectives of this study were to: (i) provide United States distribution maps of F. 

fasciatus and F. fomentarius resolved to the county level, (ii) sample basidiocarps from 

various locations of their range to provide cultures and material with a broad geographical 

representation of both species, (iii) examine the interspecific variability and relatedness of 

these two species using: the morphology of basidiocarps and basidiospores, the growth 

response of pure cultures of both species to temperature in vitro, and by inferring 

phylogenies using molecular sequencing.  
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Abstract: United States distribution maps of Fomes fasciatus and F. fomentarius by county 

were developed based on publications, records from 21 mycological herbaria, and 

collections made for this study. The geographic distribution was expanded for both species 

to include a total of six counties in four states not included in previous publications. North 

Carolina and Tennessee are the only states where both species occur, however their 

distributions did not overlap when resolved to the county level. Both fungi are associated 

with a diverse range of hardwood tree hosts. Previously unpublished hosts species of F. 

fasciatus (11) and F. fomentarius (17) in the United States are given. Several host 

distributions extend beyond the known range for each fungus suggesting that other 

delimiting factors may contribute to the distribution of these fungi. 

Key words:  polypores, fungus distribution, wood decay, white rot 

Introduction 

 The wood decay fungi Fomes fasciatus (Sw.) Cooke and F. fomentarius (L.) J. Kickx f. 

(commonly known as the Tinder Conk, Hoof Fungus, Touchwood, or Ice Man Fungus) cause 

white heart rot in multiple species of trees and play important roles in forest ecology. These 

fungi are endemic to the United States, and occur in other areas of the world. Both species 

are associated with a wide range of plant hosts and produce basidiocarps on at least 23 tree 

species in more than 10 different genera in the United States (Farr and Rossman 2012, Farr 

et al. 1989, Gilbertson and Ryvarden 1986, Overholts 1953). In the United States, F. 

fasciatus has been reported to occur predominantly on species of oak (Quercus spp.) and 

hickory (Carya spp.), while F. fomentarius typically occurs on birch (Betula spp.), beech 

(Fagus spp.), and maple (Acer spp.) (Farr and Rossman 2012). 

 Previous taxonomic treatments of F. fomentarius often did not include comprehensive 

descriptions of F. fasciatus (Bondartsev 1971, Hilborn 1942, Murrill 1914, Ryvarden and 

Gilbertson 1993, Schwarze 1994). Due to the similarity in morphology, authors of early 

taxonomic treatments were not convinced these two fungi represented morphologically 
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distinct species (Lloyd 1915, Murrill 1915). Basidiospore size and basidiocarp shape are 

frequently used to distinguish the two species; however, these characters often overlap. 

Lowe (1957) described F. fasciatus under the synonym F. sclerodermeus (Lév.) Cooke (CABI 

et al. 2012) as having smaller pores (4–6 per mm) and basidiospores (8–13 × 3–4 μm) than 

F. fomentarius pores (3 per mm) and basidiospores (17–20 × 5–6 μm). Lowe (1957) also 

mentioned that the basidiospores of F. sclerodermeus were “inadequately known.” 

Gilbertson and Ryvarden (1986) reported F. fasciatus as having smaller basidiospores (12–

14 × 4–4.5 μm) than F. fomentarius (12–20 × 4–7 μm). Both species were distinguished 

based on distinctive sclerids in the granular core of the basidiocarps, basidiocarp shape, 

species of tree host, and geographic location within the United States (Gilbertson and 

Ryvarden 1986, Ryvarden 1991, Ryvarden and Gilbertson 1993). 

 Geographic distributions by state provided evidence for the possible occurrence of 

these two species together in North Carolina and Tennessee (Gilbertson and Ryvarden 

1986). However, distributions by county for North Carolina did not overlap (Grand and 

Vernia 2006). Resolving the distribution to the county level for both species of Fomes in the 

United States would more accurately reflect the distribution of these fungi, allow for 

comparisons with host distributions, and provide a foundation of knowledge that could be 

utilized in future studies to understand genotypic and phenotypic influences. 

Materials and Methods 

 United States distribution maps were compiled by county for F. fasciatus (Fig. 1) and F. 

fomentarius (Fig. 2) based on a critical assessment of records from online databases (BPI, 

CFMR, CUP, CUW, ILL, MICH, MIN, NY, TENN, UBC, and WSP), consultation with curators or 

staff at mycological herbaria (ARIZ, CORT, DEWV, F, FLAS, GAM, ILLS, NCSC, NCU, and WTU), 

and examination of publications (Bates 2006, Gilbertson and Ryvarden 1986, Grand and 

Vernia 2006, Popp and Lindquist 2006, Purdy and Purdy 1982). Species lists of host plants 

associated with both fungi were also compiled from herbaria records and publications. 
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County information was inferred from location information (e.g., state park or city) if 

counties were not listed in herbaria records. 

 In addition to the published and unpublished sources, specimens were collected from 

spring 2010 to fall 2011 and used in compiling distributions. Volunteers contributed 26 

basidiocarps of F. fasciatus and 152 basidiocarps of F. fomentarius, which were examined in 

the laboratory, identified using taxonomic treatments of Gilbertson and Ryvarden (1986) 

and Overholts (1953), and deposited into the Larry F. Grand Mycological Herbarium at 

North Carolina State University (NCSC). Nomenclature and authorities are from Index 

Fungorum (CABI et al. 2012) for fungi and The Plant List (2010) for trees. Herbaria 

abbreviations are from Thiers (2012). By county distribution maps of the tree species most 

commonly associated with F. fasciatus in the United States and F. fomentarius in North 

Carolina are from previous published studies (Kartesz 2011, Lichvar and Kartesz 2009). 

Results and Discussion 

 North Carolina is a unique geographic transition area for these species because it 

represents the northern limit for F. fasciatus and the southern limit for F. fomentarius 

(Gilbertson and Ryvarden 1986). While both species are found in North Carolina, they do 

not occur together within the same county or physiographic region of the state (Grand and 

Vernia 2006). 

 In support of the findings of Grand and Vernia (2006), the United States distribution of 

F. fasciatus and F. fomentarius when resolved to the county level was not found to occur 

within the same county or region (Figs.1 and 2). Fomes fasciatus occurs in the Coastal Plain 

and F. fomentarius in the Blue Ridge Mountains of North Carolina. Only one record of F. 

fasciatus was found in Tennessee (BPI 231792), but county information could not be 

inferred from the location information provided with this collection. 

 The geographic distribution for F. fasciatus was expanded to include new reports of 

counties in one state (South Carolina—Anderson, Darlington) and for F. fomentarius to 

include counties in three states (Indiana—Clark, Marshal; Kentucky—Fayette; Missouri—St. 
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Louis) not published previously. Specimens collected for this study added three counties 

(South Carolina—Anderson; Georgia—Bleckley, Twiggs) for F. fasciatus and 11 counties 

(Pennsylvania—Clinton, Union; Michigan—Alger, Grand Traverse, Leelanau; Minnesota—

Lake; New York—Cortland, Oneida; Virginia—Floyd; Wisconsin—Bayfield, Burnett) for F. 

fomentarius not reported from herbaria or publications cited in this study. 

 Eleven host species of F. fasciatus and 17 host species of F. fomentarius, not currently 

listed by the USDA Systematic Mycology and Microbiology Laboratory Fungus-Host 

Database (Farr and Rossman 2012) were obtained from herbaria. The F. fasciatus host 

species were: Carya illinoinensis (Wangenh.) K. Koch (Pecan), Casuarina glauca Siebold ex 

Spreng. (Swamp She-oak), Celtis mississippiensis Bosc (Dwarf Hackberry), Citrus sinensis 

Osbeck (Sweet Orange), Gleditsia aquatica Marshall (Water Locust), Gordonia lasianthus L. 

(Loblolly Bay), Magnolia virginiana L. (Sweetbay), Persea borbonia Spreng. (Redbay), Prunus 

domestica L. (European Plum), Quercus arizonica Sarg. (Arizona White Oak), and Quercus 

falcata Michx. (Southern Red Oak). The F. fomentarius host species were: Acer 

macrophyllum Pursh (Bigleaf Maple), Aesculus sylvatica W.Bartram (Painted Buckeye), Alnus 

incana (L.) Moench (Gray Alder), Alnus oregona Nutt. (Red Alder), Alnus sinuata (Regel) 

Rydb. (Sitka Alder), Alnus tenuifolia Nutt. (Thinleaf Alder), Betula lenta L. (Sweet Birch), 

Betula nigra L. (River Birch), Carpinus caroliniana Walter (American Hornbeam), Fraxinus 

americana L. (White Ash), Fraxinus nigra Marsh. (Black Ash), Populus balsamifera L. (Balsam 

Poplar), Populus deltoides W.Bartram ex Marshall (Cottonwood), Populus grandidentata 

Michx. (Bigtooth Aspen), Quercus velutina Lam. (Black Oak), and Ulmus americana L. 

(American Elm). A collection made for this study, of F. fasciatus on Quercus acutissima 

Carruthers (Sawtooth Oak), was a host species not reported from publications or herbarium 

sources. 

 Host range, latitude, and climate determine the distribution of wood decay fungi with 

the most important environmental factors being temperature and precipitation (Gilbertson 

1980, Overholts 1939). Gilbertson (1980) and Overholts (1939) provided several examples 

of wood decay fungi with distributions that do not follow their associated host tree species 
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distribution. The distribution of several common tree species associated with F. fasciatus 

and F. fomentarius extends beyond the fungal distributions reported in this study 

suggesting that other delimiting factors may contribute to the occurrence of these fungi. 

The distribution of three tree species most commonly associated with F. fasciatus in the 

United States extend north along the east coast into New Jersey for Quercus nigra L. (Water 

Oak) and Southern Red Oak and west into Kansas, Iowa, and several Californian counties for 

Pecan. The distribution of the three tree species most commonly associated with F. 

fomentarius in North Carolina extend south into the northern counties of South Carolina 

and Georgia for Betula alleghaniensis Britton (Yellow Birch), northern Alabama for Sweet 

Birch, and into counties bordering the gulf coast of the United States for Fagus grandifolia 

Ehrh. (American Beech). Acer rubrum L. (Red Maple), a host for both fungal species, is 

widely distributed throughout the Eastern United States as far south as southern Florida 

and eastern Texas and north into Quebec and Ontario, Canada. 

 Detailed distribution maps for most species of wood decay fungi in the United States do 

not exist. This study provides the most comprehensive assessment of the distribution of 

wood decay fungi and may serve as a guide for more definitive distribution maps of other 

fungi. Establishing fungal distributions in detail will make it possible to monitor these 

species in the future and study their responses to changes in the environment. 
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Figure 1: County distribution of Fomes fasciatus in the United States 
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Figure 2: County distribution of Fomes fomentarius in the United States 
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Abstract: The white rot wood decay fungi Fomes fasciatus and F. fomentarius play essential 

roles in forest ecology and management throughout the United States. However, little is 

known about their interspecific variation, genetic relatedness, and phenotypic diversity. For 

this study, basidiocarps of F. fasciatus and F. fomentarius were collected from 13 states and 

examined morphologically. Basidiocarps of F. fasciatus and F. fomentarius were 

morphologically variable within each species and also overlapped in many characteristics. 

The most reliable morphological characteristic for distinguishing the two species was 

average basidiospore size. Basidiocarp and pore surface shape were also useful for 

distinguishing the two species, but some overlap in these characters was observed. 

Genomic DNA extracted directly from basidiocarp context tissue or pure cultures obtained 

from mycelium comprising the basidiocarp or single basidiospores was used to amplify and 

sequence the internal transcribed spacer region (ITS) of the nuclear ribosomal DNA (rDNA) 

and a portion of the RNA polymerase II gene (RPB2) from each species. Maximum 

parsimony and likelihood analysis of molecular sequence data suggest that F. fasciatus and 

F. fomentarius represent distinct evolutionary lineages (clades). Limited intraspecific 

sequence variation (≥99% similarity) was observed for both ITS rDNA and RPB2 regions. 

Experiments were conducted to examine the hyphal growth of five isolates each of F. 

fasciatus and F. fomentarius on malt extract agar (MEA) for 9 days of incubation at 12 to 36 

C in 4 C increments. Quadratic response curves were developed to estimate the optimum 

temperature for growth of each isolate over the range of temperatures. Hyphal growth was 

significantly different (P=<0.0001) between species and the temperature optima of F. 

fasciatus and F. fomentarius ranged from 32 to 36 C and 25 to 26 C, respectively. 

Basidiocarp morphology, mean basidiospore size, ITS and RPB2 sequence data, and 

optimum temperature for hyphal growth in vitro support the separation of F. fasciatus and 

F. fomentarius into two distinct species. 

Key words: polypore, ecophysiology 
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Introduction 

Fomes fasciatus (Sw.) Cooke and Fomes fomentarius (L.) J. Kickx f. are ecologically 

important polypore wood decay fungi which cause white rot due to the degradation of 

cellulose, hemicellulose, and lignin. The ecological roles of these species of fungi in natural 

ecosystems include nutrient recycling, the creation of canopy gaps in tree stands, as well as 

providing nesting cavities and shelter for animals and insects (Gilbertson 1980). F. fasciatus 

and F. fomentarius are important economically because they can reduce the quality of 

harvestable timber and for their potential use in a wide range of biotechnological 

applications. 

Fomes fasciatus occurs throughout the southeastern United States and Arizona to South 

America and Fomes fomentarius occurs from the southern Appalachian mountains 

northward throughout the northern United States, Alaska, and Canada; as well as in Europe, 

Asia, and North Africa (Farr et al. 1989, Gilbertson and Ryvarden 1986). Both fungi are 

found on numerous tree species in at least 11 genera (Farr and Rossman 2012). In the 

United States, Fomes fasciatus commonly occurs on species of hackberry (Celtis spp.), 

hickory (Carya spp.), maple (Acer spp.), and oak (Quercus spp.) and F. fomentarius 

commonly occurs on species of alder (Alnus spp.), beech (Fagus spp.), birch (Betula spp.), 

maple, and poplar (Populus spp.) (Farr and Rossman 2012). 

Basidiocarps of F. fasciatus are typically applanate in shape, with a convex pore surface, 

pores 4–5 per mm, and basidiospores 12–14 × 4–4.5 µm compared to basidiocarps of F. 

fomentarius which are typically ungulate, with a concave pore surface, pores 3–4 per mm, 

and basidiospores 12–18 × 4–7 µm (Gilbertson and Ryvarden 1986). Several authors have 

discussed the morphological similarity and questioned the separation of these species 

(Lloyd 1915, Murrill 1915). The most recent narrow concept of the genus Fomes retains only 

these two morphological species (Ryvarden 1991). However, there is little information on 

the separation of the species based on molecular sequence and physiological data. 

Phylogenetic inferences using the large and small subunits (LSU and SSU) of the nuclear 

ribosomal DNA (rDNA) of many Basidiomycota fungi grouped Fomes fomentarius with other 
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polypore fungi which had trimitic hyphal systems, but there appeared to be conflict 

between the LSU and SSU data partitions for this species (Binder and Hibbett 2002). 

Recently, a study found evidence that suggests the presence of two variable groups within 

European isolates of F. fomentarius (Judova et al. 2012). To our knowledge, no definitive 

studies have examined the interspecific variability and phylogenetic relatedness of F. 

fasciatus and F. fomentarius sampled from North America. 

Examining the physiological response of F. fasciatus and F. fomentarius to 

environmental factors may aid in a better understanding of how the ecophysiology of these 

species contributes to activity, distribution, and occurrence in a phylogenetic context. With 

the exception of thermophilic wood decay fungi, most tropical species have temperature 

optima in the range of 30–40 C compared to 20–30 C for temperate species (Magan 2008). 

Previous research conducted on a unidentified species of Fomes (EUM1 GenBank Accession 

number HM136871) for its potential use in fermenting agro-industrial wastes found that the 

temperature optima of the thermo-tolerant strain was 30 C (Ordaz et al. 2011). Chen et al. 

(2007) found that the temperature optimum of F. fomentarius ranged from 25–32 C and the 

most mycelia biomass was recovered when it was grown at 25 C. Another study examining 

the usefulness of a F. fomentarius strain in degradation of turfgrass thatch found that the 

temperature optimum of a F. fomentarius strain was 28 C and 32 C (Martin and Dale 1979). 

The primary objective of this study was to examine the interspecific variability and 

relatedness of F. fasciatus and F. fomentarius using phylogenetic analysis, morphology, and 

physiology. Experiments were conducted to test the hypotheses that 1) F. fasciatus and F. 

fomentarius will represent distinct morphological and phylogenetic species and 2) F. 

fasciatus will have a higher temperature optimum than F. fomentarius. 

Materials and Methods 

Sampling, isolation, and storage of fungi.—Twenty-six basidiocarps of Fomes fasciatus were 

collected from June 2010 to November 2011 from 13 trees located in Florida, Georgia, 

Louisiana, Mississippi, and South Carolina. One-hundred-fifty-two F. fomentarius 
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basidiocarps were collected from May 2010 to August 2011 from 56 trees located in Alaska, 

Michigan, Minnesota, New York, North Carolina, Pennsylvania, Virginia, West Virginia, and 

Wisconsin. All basidiocarps collected in this study were submitted to the Larry F. Grand 

Mycological Herbarium at North Carolina State University (NCSC) as voucher specimens. 

Vouchers were numbered 18632–18651 for F. fasciatus and 18652–18674, 18677–18679, 

18680–18693, 18696–18737, 18739–18805, 19694–19695, and 19738 for F. fomentarius. In 

addition to basidiocarps collected for this study, seven herbaria specimens of F. fasciatus 

from the Field museum in Chicago (C0068937F, C0068938F, C0068941F, C0068942F, and 

C0068943F), one F. fasciatus specimen reported under the synonym Fomes marmoratus 

(Berk. & M.A. Curtis) Cooke from University of North Carolina, and one F. fomentarius from 

State University of New York College at Cortland (10317TJB) were examined. 

Pure cultures were obtained from the context tissue or granular core of F. fasciatus 

and F. fomentarius basidiocarps using sterile technique. Three small pieces of context tissue 

(<2.0 mm3) were excised from each basidiocarp, plated on 1.5% Difco malt extract agar (BD, 

Sparks, MD, USA), and incubated at 26 C for 7 to 14 d. A 1.0 mm dia mycelial plug was taken 

from the advancing edge of each colony and transferred to a new malt extract agar (MEA) 

plate to establish pure cultures of each isolate. 

Twenty single spore isolates (SSI) of F. fomentarius were obtained from a 

basidiocarp collected in Clinton Co., Pennsylvania on Betula alleghaniensis Britton and 22 

SSI were sampled from basidiocarps collected from two Betula neoalaskana Sarg. in 

Fairbanks North Star Borough, Alaska. Basidiospore prints were obtained on glass slides or 

paper. Using a sterile inoculating loop basidiospores were transferred to 2.5% MEA plates 

amended with 100 μg/ml streptomycin sulphate, and 50 μg/ml tetracycline (Sigma, St. 

Louis, MO, USA) and incubated for 24 h. Hyphae from each germinating basidiospore was 

excised and transferred to a new MEA plate to establish pure single basidiospore derived 

cultures. 

Isolates were stored at −80 C in a 50% glycerol (Sigma) and Difco malt extract broth 

(BD, Sparks, MD, USA) solution (MEB), on MEA slants at 4 C, and as lyophilized mycelium at 



30 

 

−20 C. Three pieces of context tissue (< 0.5 cm3) were excised from each basidiocarp and 

stored in 1.5 ml plastic microcentrifuge tubes (VWR, Radnor, PA, USA) at −20 C. Two strains 

of F. fasciatus and four strains of F. fomentarius acquired from the Forest Products 

Laboratory, Center for Forest Mycology Research (FPL-CFMR) and a strain of F. fomentarius 

acquired from the Agriculture and Agri-Food Canada National Mycological Herbarium 

(DAOM) were included in the study as controls. Four strains of F. fomentarius made from 

basidiocarp context tissue by S Fiza (SF), North Carolina State University were acquired from 

MAC. Diverse representative subsets of cultures and basidiocarp context tissue were 

identified using molecular sequencing and used in this study (TABLE 1). Herbaria 

abbreviations follow the designations outlined by Theirs (2012). 

Morphological observations.—For all basidiocarps collected four distinguishing 

morphological characteristics (pileus shape, pore surface shape, basidiospore dimensions, 

and number of pores per mm) were assessed and compared to descriptions by Gilbertson 

and Ryvarden (1986). A solution of 3% KOH was used for preparing slides of specimens for 

microscopic observations. The length and width of 10 basidiospores (or as many as could be 

found within the limit of preparing six slides) were measured for each basidiocarp unless 

basidiospores were plentiful, in which case 20 basidiospores were measured. The mean and 

standard error were calculated for the length and width of basidiospores using Excel 

(Microsoft, Redmond, WA, USA). Colors of pileus from top to bottom, pore surface, context 

tissue, and tube layers were compared to Ridgway color standards (1912). 

DNA extraction and amplification.—Genomic DNA was extracted from lyophilized mycelium 

from 75 cultures or frozen context tissue from 13 F. fasciatus and 8 F. fomentarius 

basidiocarps using a modified CTAB extraction protocol (Cubero et al. 1999). Briefly, the 

procedure involved grinding 5 µg of lyophilized mycelium in 300 µL of 2 XCTAB extraction 

buffer: 0.1M TRIS tris(hydroxymethyl)aminomethane (Sigma), 25mM disodium EDTA 

(ethylenediaminetetracetic acid) (Sigma), 1.4M NaCl (Sigma), 2% CTAB 

(hexadecyltrimethylammonium bromide) (Fisher Scientific, Fair Lawn, New Jersey, USA) 
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adjusted to pH 8.0 with 1M HCl (Fisher Scientific). A freeze (−80 C) thaw (65 C) cycle, 

repeated three times, was used to aid in lysis of fungal cells. Chloroform (300 µL) (Fisher 

Scientific) was added and centrifuged at 9,391 × g for 15 min. Supernate was transferred to 

a new 1.5 ml centrifuge tube and ice-cold isopropanol (300 µL) (Sigma) was added to 

precipitate DNA. After waiting 10 min and then centrifuging at 9,391 × g for 10 minutes the 

supernatant was discarded. The pellet was washed at least twice with ice-cold 70% ethanol 

(Decon Labs Inc., King of Prussia, PA, USA) and the DNA was resuspended in RNase/DNase 

free distilled H2O. The resuspended DNA was diluted in water [1:10] or [1:100] and stored at 

−20 C. 

The internal transcribed spacer region (ITS) of the nuclear ribosomal DNA (rDNA) 

and the portion of the second largest subunit of the RNA polymerase II (RPB2) gene 

between domains 6 and 11 were amplified using the polymerase chain reaction (PCR). 

Reactions were prepared in a final volume of 25 µl containing 12.5 µl master mix (#K0172, 

Fermentas Inc., Glen Burnie, MD, USA), 9.5 µl RNase/DNase free H2O, 1 µl each of 10µM 

forward and reverse primers, and 1 µl of diluted extracted DNA. The following primers and 

reaction conditions were used for amplification of the ITS region: ITS1/ITS4, ITS1f/ITS4b, 

and ITS1-OF/ITS4-OF (White et al. 1990, Gardes and Bruns 1993, Taylor and McCormick 

2008). The following thermocycler (Eppendorf mastercycler epgradient, Hamburg, 

Germany) parameters were followed for amplification of the ITS rDNA region: 96 C for 5 min 

preheating; (96 C for 1 min denaturation, 55 C for 1 min annealing, 72 C for 2 min extension) 

for 35 cycles; 72 C for 7 min extension; and held at 4 C until product was removed from 

thermocycler. For the RPB2 locus, the following primers and reaction conditions were used 

for amplification; RPB2-980F/RPB23053, fRPB2-5F/bRPB2-7.1R, and bRPB2-6.9F/bRPB2-

11R1 (Liu et al. 1999, Reeb et al. 2004, Matheny 2005, Matheny et al. 2007); 95 C for 5 min; 

(96 C for 1 min, 60 C for 1min 30 seconds, 72 C for 2 min) for 35 cycles; followed by 72 C for 

7 min and 4 C. In a few instances a lower annealing temperature (55 C) and a shorter 

duration of preheating time (95 C for 2 min) were used with the primers fRPB2-5F/bRPB2-

7.1R and bRPB2-6.9F/bRPB2-11R1 (Liu et al. 1999, Matheny 2005, Matheny et al. 2007). 
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DNA quantification and purification.—PCR products were quantified on a 1.5% agarose gel 

with Fast Ruler Middle range DNA ladder, 100–5000 bp (Fermentas). Purification reactions 

were performed to create a final volume of 8.5 µl: containing 1.0 µl [10µ/µl] exonuclease 1 

(New England Biolabs, Ipswich, MA, USA), 0.85 µl exonuclease buffer, 0.5 µl [1µ/µl] 

Antarctic phosphatase (New England Biolabs), 0.85 µl phosphatase buffer, 0.3 µl 

RNase/DNase free distilled H2O, and 5 µl PCR product per reaction. The reaction parameters 

were: 37 C for 30 min, 80 C for 20 min and held at 8 C until product was removed from 

thermocycler. 

DNA sequencing.—Dye-terminator reactions were performed to create a final reaction 

volume of 10 µl: containing 6.5 µl RNase/DNase free distilled H2O, 1 µl Big Dye buffer, 1 µl 

[10 µM] primer, 0.5 µl Big Dye, and 1 µl of exonuclease/Antarctic phosphatase purified PCR 

product. Additional primers were used for sequencing reactions, including the primers used 

for PCR. For the ITS rDNA region ITS2 and ITS3 (White et al. 1990) were used. For the RPB2 

gene RPB2-7cR, RPB2-7cF (Liu et al. 1999), RPB2-1554F, RPB2-2492R, and RPB2-2568R 

(Reeb et al. 2004) were used. Sequencing data were generated at the Institute for Genome 

Sciences and Policy Genome Sequencing and Analysis Core Resource at Duke University or 

at Genomic Sciences Laboratory at North Carolina State University on Applied Biosystems 

3730xl’s. 

Phylogenetic analysis.—ITS rDNA and RPB2 sequence contigs were assembled with 

Sequencher 4.6 sequence analysis software (Gene Code Corporation, Ann Arbor, MI, USA), 

trimmed to the same length with CLC Sequence Viewer 6 (CLC bio, Cambridge, MA, USA), 

and aligned using the MUSCLE (Edgar 2004) alignment tool on the European Molecular 

Biology Laboratory’s European Bioinformatics Institute web server (http://www.ebi.ac.uk/). 

RPB2 alignments were manually adjusted using MacClade 4 (Maddison 2000). Identical 

sequences with were collapsed using ALTER (Glez-Peña et al. 2010) and converted to nexus 

format. RPB2 sequences with ≥ 99% identity were collapsed. Sequence contigs and 
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alignments were submitted respectively to GenBank and TreeBASE. Alignments can be 

accessed from TreeBASE at  http://purl.org/phylo/treebase/phylows/study/TB2:S12840 . 

Parsimony analyses with 1000 full heuristic bootstrap replicates using PAUP* 

4.0a122 (Swofford 2003) were performed on the ITS data set using the default settings with 

the following exceptions: multistate taxa treated as polymorphisms, gaps treated as new 

state, and heuristic search using random stepwise addition with 1,000 replications. 

Parsimony analysis of RPB2 data set was the same as ITS except multistate taxa were 

treated as unknown. Consensus trees with strict and 50% majority rule were constructed. 

Maximum likelihood analyses for ITS rDNA with 1000 “fast” stepwise addition and RPB2 

with 1000 full heuristic bootstrap replicates were ran with parameters determined by 

jModelTest0.1.1 package (Posada 2008, Guindon and Gascuel 2003). Phylogenetic trees for 

both RPB2 and ITS were rooted with Polyporus squamosus (AFTOL-ID 704: DQ267123 and 

DQ408120) sequences. Additional outgroup sequences were included for ITS (Fomitopsis 

meliae HQ248221 and Hexagonia hydnoides AF163576) and for RPB2 (Ganoderma tsugae 

DQ408116).  

Hyphal growth temperature experiments.—Three isolates of F. fasciatus (10FA_FPL, 

11FA_FPL, and 109FA_SMS) and five isolates of F. fomentarius (1FT_SF, 44FT_LG, 124FT_JM, 

195FT_MM, and 200FT_AK) were taken from cryogenic storage at −80 C and grown on 

plates containing 25 ml of MEA. After 14 d, four mycelia plugs (5mm dia) were taken 1 cm 

from the leading edge of the colony and transferred to the middle of 9 cm dia plates 

containing 25 ml of MEA. Plates were randomly assigned to a plastic box lined with 

aluminum foil, a location within each box, and each box to each incubator set at 

temperatures ranging from 12 to 36 C in 4 C increments. Mean colony dia (mm) was 

measured every 3 d for 9 d. The experiment was conducted twice using all parameters 

described above. Two additional isolates of F. fasciatus (52FA_PS/RB and 262FA_MM) were 

included in the second experiment. 

http://purl.org/phylo/treebase/phylows/study/TB2:S12840
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 Data were analyzed using “proc mixed” in SAS, version 9.2 (SAS Institute Inc., Cary, 

NC, USA). Data were initially analyzed using a mixed model. In order to adhere to the 

constant variance assumption, the logarithm base e of the mean of the two diameter 

measurements were used as the response variable. The fixed effect factors analyzed were 

temperature, day, species, isolate nested in species, and all higher order interactions. The 

magnitude of treatment effects varied slightly across experimental runs so random effects 

for experiment and experiment by temperature by day by isolate nested in species were 

also included in the model. Contrasts between simple effects of interest were analyzed 

using p-values adjusted by the Tukey-Kramer multiple comparison test. 

A test was performed to determine if the effect of temperature and all interactions 

with temperature was quadratic. To obtain equations for prediction, a second model was fit 

using temperature as a continuous variable that included a linear and quadratic term for 

temperature and all possible interactions with those terms. Using these quadratic 

equations, given generically by a × temp2 + b × temp + c, the maximum growth was found 

using the formula for the maximum of a quadratic, −b ∕ (2 × a). Standard errors for these 

estimates were found using 1000 bootstrap replications. All diagnostic plots showed 

adherence to the analysis of variance assumptions. 

Results 

Assessment of morphological characters.—Basidiocarps of F. fasciatus and F. fomentarius 

examined in this study agreed with published descriptions (Gilbertson and Ryvarden 1986, 

Overholts 1953, Lowe 1915). Basidiocarps of F. fasciatus (n=26) were applanate (62%), 

ungulate (27%), or undetermined (12%) due to their atypical shape, using definitions by 

Gilbertson and Ryvarden (1986). Pore surfaces were convex (69%) or concave (31%). Pores 

ranged from four to five per mm except for three basidiocarps (< 12%) with pores three per 

mm. The basidiospores (n=230) measured 11.00 ± 0.10 × 4.00 ± 0.07 µm (mean ± SE) and 

ranged from 8.8–12.5 × 3.8–5.0 μm.  
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Basidiocarps of F. fomentarius (n=152) were typically ungulate (92%); but 

occasionally applanate (6%) or triquetrous (2%) in shape. Pore surfaces were concave (90%), 

flat to slightly concave (4%), convex (5%), or undetermined due to insect damage (1%). 

Pores ranged from two to four per mm except for 13 basidiocarps (8.6%) with pores five per 

mm. Basidiospores (n=806) measured 17.54 ± 0.05 × 5.27 ± 0.03 μm (mean ± SE) and ranged 

from 10.0–21.25 × 2.5–7.5 μm.  

Colors of external portions (i.e. pileus and pore surface) of F. fasciatus and F. 

fomentarius basidiocarps were variable within species and for each basidiocarp. Briefly, F. 

fasciatus pileus colors were: (i) zonate—pale pinkish buff, raw umber, or cinnamon to 

blackish brown, drab gray, or gray; (ii) slightly zonate—pale pinkish buff, seashell pink, or 

mouse gray; (iii) no zonation—bone brown, buffy brown, olive brown, or Rood’s brown. 

Colors of F. fasciatus pore surface were: bay, burnt umber, chocolate, drab, Mikado brown, 

mouse gray, Rood’s brown, sepia, or wood brown. In comparison, F. fomentarius pileus 

colors were: (i) zonate—blackish mouse gray, slate-gray, gray, pallid brownish drab, or pallid 

mouse gray; to wood brown, cinnamon, or orange cinnamon; to light pinkish cinnamon, 

tilleul-buff, light ocharous buff, or avellaneous; with or without the presence of blackish 

brown or natal brown bands; (ii) slightly zonate—drab to tilleul buff, light pinkish cinnamon 

to cinnamon, lighter than pale drab gray to pale olive buff; pallid mouse gray to drab gray 

with a pinkish cinnamon or sepia edge near the pores; or wood brown, bone brown, Mikado 

brown, and sepia; (iii) no zonation—Cinnamon-Rufous, seashell pink, light buff, tilleul buff, 

sayal brown, wood brown, light pinkish cinnamon, cinnamon, natal brown, mouse gray, or 

olive gray. Pore surface colors were: vivacious-buff, wood brown, avellaneous, cinnamon-

brown, cinnamon-drab, light drab, light pinkish cinnamon, sayal brown, or wood brown. 

Colors of internal portions of the basidiocarps (i.e. context and tube layers) were less 

variable than external portions. Context tissue colors for both species were: russet or bone 

brown just below the pileus surface and predominately cinnamon-brown, chestnut, hazel, 

Sanford’s brown, tawny, or ochraceous-tawny throughout. Tube layer colors for both 

species were: cinnamon-brown, Mikado brown, Verona brown, Rood’s brown, or wood 
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brown. In 12% of the F. fomentarius basidiocarps the pores were filled with white 

mycelium. 

Molecular sequencing.—The ITS1/ITS4 (White et al. 1990) and ITS1F/ITS4B (Gardes and 

Bruns 1993) PCR primer pairs successfully amplified the 600 bp ITS region of the rDNA from 

83 isolates. The PCR primers and the internal ITS2 and ITS3 (White et al. 1990) sequencing 

primers were used to successfully sequence the ITS1, 5.8S, and ITS2 region for all amplicons. 

The degenerate RPB2 f5F/ b7.1R and b6.9F/b11R1 (Liu et al. 1999, Matheny 2005; 2007) 

primer pairs successfully amplified respectively the 1 kb each 5–7.1 and 6.9–11 regions of 

RPB2 from 48 of 75 cultures and were used to sequence the 2 kb 5–11 region of RPB2 for all 

amplicons.  

Phylogenetic analysis of ITS rDNA.—Maximum parsimony (MP) and maximum likelihood 

(ML) analysis of the ITS rDNA region supported the separation of F. fasciatus and F. 

fomentarius (FIG. 1). Isolates of F. fomentarius separated into three distinct clades with the 

isolates from the United States sequenced in this study (clade II) forming a sister clade to 

the European isolates in clade I. The sister F. fomentarius clades I and II separated from the 

European and Asian isolates in clade III. Bootstrap support for MP analysis of the ITS data 

set was greater than 82 percent for all nodes except those at the tips of branches. Bootstrap 

values for ML analysis supported the monophyly of the F. fomentarius clade and F. fasciatus 

isolates from the United States. The Fomes sp. EUM1 isolate from Mexico (HM136871) 

grouped with, but was basal to the F. fasciatus isolates from the United States.  

Except for a single nucleotide polymorphism (SNP) located at position 214 in the 

ITS2 region; the ITS rDNA was identical for eight of nine F. fasciatus isolates and were 

collapsed into two representative sequences. Sixty-six of 74 isolates of F. fomentarius had 

identical ITS rDNS sequences except for a SNP located at position 16 in the ITS2 region and 

were collapsed into three representative sequences. The following F. fasciatus isolates were 

identical with a cytosine at the SNP position—11FA_FPL (CFMR FP-57054-T), 109FA_SMS, 

and 262FA_MM or had both a cytosine and guanine at the SNP position—10FA_FPL (CFMR 
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FP-50332-T), 47FA_PSRB, 48FA_PSRB, 49FA_PSRB, and 52FA_PSRB. The following 14 F. 

fomentarius isolates were identical and had a thiamine in the SNP position: 60FT_MM, 

64FT_MM, 77FT_KB, 137FT_JM, 184FT_MAC, 186FT_MAC, 195FT_MM, 202FT_AK, 

208FT_AK, 213FT_AK, 245FT_SSI, 250FT_SSI, 252FT_SSI, and b3FT_JJRB. The following 28 F. 

fomentarius isolates were identical with a cytosine in the SNP position: 13FT_FPL (CFMR FP-

59100-T), 14FT_FPL (CFMR TJV-93-7-R), 15FT_FPL (CFMR TJV-93-7-T), 24FT_SSI, 26FT_SSI, 

36FT_SSI, 38FT_SSI, 42FT_SSI, 43FT_LG, 44FT_LG, 55FT_MM, 56FT_MM, 75FT_KB, 76FT_KB, 

81FT_KB, 84FT_KB, 99FT_CV, 121FT_JM, 123FT_JM, 124FT_JM, 134FT_JM, 142FT_JM, 

143FT_JM, 144FT_JM, 167FT_JM, 187FT_DAOM (DAOM129034), 189FT_LG, 230FT_CV, 

b11FT_JM, and b2dFT_MM. The following 22 F. fomentarius isolates were identical with 

both a cytosine and a thiamine (Y) in the SNP position: 1FT_SF (CFMR FP-59100-T), 2FT_SF, 

6FT_SF, 7FT_SF, 12FT_FPL (CMFR FP-100947-Sp), 39FT_LG, 40FT_LG, 80FT_KB, 86FT_DM, 

104FT_CV, 145FT_JM, 159FT_JM, 173FT_JM, 180FT_MAC, 182FT_MAC, b2FT_MAC, 

197FT_JJRB, 232FT_CV, 234FT_CV, 238FT_CV, b2aFT_JJRB, and b2bFT_JJRB. At least two 

representatives for each identical group of sequences were submitted to GenBank (TABLE 1). 

The ITS data set was composed of 587 sites. The MP analysis of the ITS data set 

produced 4896 MP trees (CI= 0.500–0.667), for which there were 155 parsimony-

informative sites. One hundred thirty nine sites were variable but parsimony-uninformative. 

The ML analysis used the best-fit model (TIM2+G) for the ITS data set selected by AIC using 

jModelTest (Posada 2008). Maximum likelihood analysis of the ITS data set was aborted 

after 48972 rearrangements. The ML tree (score = 2531.582) topology was that same as 

consensus tree from MP analysis except for two incongruencies; the node of F. fomentarius 

group II was not supported and the tree could not be rooted with Polyporus squamosus 

(DQ267123) or Ganoderma tsugae (DQ206985) so that in-group was monophyletic (data 

not shown). Bootstrap percentages from ML analysis are given on MP tree and 

incongruencies are noted with asterisks. 
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Phylogenetic analysis of RPB2.—Maximum parsimony and ML analysis of the partial RPB2 

sequence data supported the separation of F. fasciatus and F. fomentarius into two distinct 

clades with 100 percent bootstrap support (FIG. 2). Analysis of RPB2 was congruent with ITS 

rDNA analysis in supporting F. fasciatus as being the ancestral species. Bootstrap support of 

nodes within each clade was below 80% with the exception of a group of three isolates 

64FT_MM, 104FT_CV, and 90FT_DM that had MP and ML values of 88 and 90 percent, 

respectively.  

Thirty three isolates of F. fomentarius were ≥ 99% similar at the RPB2 locus and were 

collapsed into a single representative sequence. These isolates were: 1FT_SF (CFMR FP-

59100-T), 7FT_SF, 14FT_FPL (CFMR TJV-93-7-R), 15FT_FPL (CFMR TJV-93-7-T), 26FT_SSI, 

36FT_SSI, 38FT_SSI, 40FT_LG, 43FT_LG, 44FT_LG, 55FT_MM, 56FT_MM, 60FT_MM, 

77FT_KB, 81FT_KB, 86FT_DM, 90FT_DM, 99FT_CV, 116FT_DM, 124FT_JM, 132FT_JM, 

142FT_JM, 143FT_JM, 182FT_MAC, 184FT_MAC, 186FT_MAC, 187FT_DAOM 

(DAOM129034), 197FT_JJRB, 200FT_KB, 230FT_CV, 234FT_CV, 238FT_CV, 255FT_SSI, and 

260FT_SSI which are represented in the phylogenetic analysis by the sequence data from 

99FT_CV. Four isolates of F. fasciatus were ≥ 99% similar at the RPB2 locus and were 

collapsed into a single representative sequence. These isolates were: 47FA_PSRB, 

48FA_PSRB, 49FA_PSRB, and 52FA_PSRB and are represented in the phylogenetic analysis 

by the sequence data from isolate 52FA_PSRB.  

Phylogram topology was identical in analyses of RPB2 with and without intron 

however bootstrap support values were the same or 1–13 percent higher with the intron 

removed (data not shown). The RPB2 data set that included the intron was composed of 

1921 sites. The intron was from position 916 to 989 of the alignment. The MP analysis of 

the RPB2 data set produced 42 MP trees (CI= 0.75–1.00), for which there were 319 

parsimony-informative sites. Three hundred and nine sites were variable but parsimony-

uninformative. Maximum likelihood analysis used the best-fit model (TrN+G) for the RPB2 

data set selected by AIC using jModelTest (Posada 2008). Maximum likelihood analysis of 

the RPB2 data set was completed after 1322 rearrangements. The ML tree (score = 
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6456.627) topology was that same as consensus tree from MP analysis except for 

incongruencies in the branching structure within the F. fasciatus clade (data not shown). 

Bootstrap percentages from ML analysis are given on MP tree and incongruencies are noted 

with asterisks.  

Hyphal growth temperature experiments.—Response to temperature in terms of hyphal 

growth was significantly different (P=<0.0001) between the two species (FIG.3). Using the 

quadratic equations the d 6 temperature optima for five F. fasciatus isolates were: 31.5 C 

(SE ± 0.557) for 262FA_MM, 31.6 C (SE ± 0.567) for 52FA_PSRB, 33.6 C (SE ± 0.404) for 

10FA_FPL, 34.6 C (SE ± 0.921) for 11FA_FPL, and 36.2 C (SE ± 0.854) for 109FA_SMS and for 

five F. fomentarius isolates were: 24.7 C (SE ± 0.111) for 200FT_AK, 24.7 C (SE ± 0.212) for 

1FT_SF, 25.3 C (SE ± 0.243) for 44FT_LG, 25.5 C (SE ± 0.177) for 195FT_MM, and 25.6 C (SE ± 

0.168) for 124FT_JM (TABLE 2).  

For the first model, the interaction between day, temperature, and isolate nested in 

species was the only fixed effect factor that was not significant at the 0.05 level (P≈1.0). The 

quadratic effect of temperature by day by isolate nested in species was the only quadratic 

effect that was not significant at the 0.05 level (P=0.7856). 

Discussion 

Basidiocarps of F. fasciatus and F. fomentarius appear morphologically similar, and 

can overlap in several of their distinguishing characteristics. Several authors have discussed 

the morphological similarity and questioned the separation of these species (Lloyd 1915, 

Murrill 1915). In this study, mean basidiospore size provided the most consistent and useful 

morphological character for separating the two species if spores were present. Mean 

basidiospore size of F. fasciatus (11.0 × 4.0 µm) was smaller than those of F. fomentarius 

(17.5 × 5.3 µm). Basidiocarp and pore surface shape for F. fasciatus (62% applanate and 

69% convex) was less reliable as a distinguishing characteristic than for F. fomentarius (92% 

ungulate and 90% concave). Other morphological characteristics used by taxonomists to 

distinguish F. fasciatus and F. fomentarius such as the number of pores per mm and 
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basidiospore size range were examined but found to overlap and were not as reliable for 

distinguishing the two species. In instances where basidiocarp and pore surface shape did 

not distinguish between the two species or where spores were not present in the field 

sample, plant host and/or geographic location were useful for separating them. There are 

only five genera of host trees; Acer, Prunus, Quercus, Salix (Farr and Rossman 2012), and 

Fraxinus (this study) on which both species of Fomes are reported. North Carolina and 

Tennessee are the only two states where both fungi have been reported (Gilbertson and 

Ryvarden 1986).  

Basidiocarps of F. fomentarius are variable and may show variation depending on 

host or geographic location (Schwarze 1994, Sinclair and Lyon 2005). In our study, the colors 

of the external portions of the basidiocarp were variable within each species and for each 

basidiocarp. The basidiospores were more variable in length and width for F. fasciatus (SE= 

0.10 and 0.07) than those of F. fomentarius (SE= 0.05 and 0.03), but this may have been due 

to the smaller sample size of F. fasciatus basidiospores. The smaller basidiospores of F. 

fasciatus and the larger basidiospores F. fomentarius may be related to geography and 

more specifically to climate conditions. Kauserud et al. (2011) observed that basidiomycete 

fungi with smaller basidiospores were more frequent in oceanic areas and those with larger 

basidiospores were more frequent in continental areas of Norway. There was an increase in 

spore size with higher temperatures, but higher precipitation lessened the effect of 

temperature and decreased spore size (Kauserud et al. 2011).   

Sequence analysis of ITS rDNA region and the 5–11 regions of the RPB2 gene were 

informative for separation of the two species into distinct clades. Prior to initiating our 

study, there were no comprehensive investigations of the phylogenetic relationships 

between F. fasciatus and F. fomentarius samples from within the United States. Using BLAST 

searches, the ITS region was useful for the identification of isolates of both species. For the 

ITS region there were 40 National Center for Biotechnology Information (NCBI) GenBank 

submissions of F. fomentarius strains, one submission for a F. fasciatus strain, one 

unidentified species of Fomes (EUM1), and one uncultured environmental sequence. There 
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were no submissions of RPB2 for either species of Fomes in the NCBI International 

Nucleotide Sequence Database Collaboration. Maximum parsimony and likelihood analysis 

of ITS supported grouping the unidentified species of Fomes (EUM1) from Yucatan, Mexico 

with other isolates in the F. fasciatus clade and was basal to the isolates sampled from the 

United States.  

Within each species, there was limited resolution over the representative sample of 

isolates using ITS rDNA and RPB2. The recent publication of Judova et al. (2012) provided 

support of intraspecific diversity within F. fomentarius sampled from Europe and Asia using 

ITS rDNA. However, results from our study found very little intraspecific sequence variation 

within the ITS for isolates of F. fomentarius and F. fasciatus sampled from the United States 

(US). Phylogenetic analysis of the ITS sequences from the US to those published in GenBank 

support the US isolates as a sister group to the A genotype isolates of F. fomentarius from 

Europe and Asia reported by Judova (2012). Further inspection of the alignment of these 

sequences showed that the US isolates shared all variable positions with Genotype A (GA 

deletion at sites 82 and 86; C/T transitions at sites 107, 109, 381, 458, and 482; A/G 

transition at site 411; G/C transversion at site 402; A/C transversion at site 409; and a 6 bp 

deletion at site 433–439 of alignment) and with an additional three variable positions (A/G 

transition at site 518, A/C transversion at site 519, and A/T transversion at site 531 of 

alignment) not reported by Judova et al. (2012) that were shared between the US isolates 

and those of genotype B. The results of our study did not support those of Judova et al. 

(2012) in regards to linking genotypes with host preference. A more comprehensive 

investigation that deploys a stratified field based experimental strategy may better 

ascertain these relationships. RPB2 was more variable that the ITS region in US isolates and 

may be helpful linking genotype with host preference or geography in European and Asian 

isolates.  

Previous phylogenetic inferences made using the large and small subunits (LSU and 

SSU) of the nuclear ribosomal DNA (rDNA) of many Basidiomycota fungi grouped F. 

fomentarius with other polypore fungi which had trimitic hyphal systems, but there 
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appeared to be conflicts between the LSU and SSU data partitions for this species (Binder 

and Hibbett 2002). Phylogenetic inferences were improved by combining portions of the 

rDNA with variable regions of the gene encoding the two largest subunits of the RNA 

polymerase II (RPB1 and RPB2) in other basidiomycetes (Frøslev et al. 2005, Matheny 2005). 

In our study, the RPB2 region was more variable than the ITS region for both species, but 

four of seven F. fasciatus and 33 of 41 F. fomentarius isolates shared ≥ 99% identity. The 

data sets from ITS and RPB2 were not concatenated for maximum parsimony and likelihood 

analysis due to the high sequence similarity and different evolutionary models that were 

selected. Additional genetic markers that provide greater resolution or somatic 

incompatibility pairings among isolates of F. fasciatus and F. fomentarius will be needed to 

better assess intraspecific variation and diversity within and among field populations.  

In support of our hypothesis, F. fasciatus and F. fomentarius represent distinct 

morphological and phylogenetic species. There is partial support for the morphological 

species based on quantitative measurements of basidiospore size and to some extent based 

on qualitative assessments of basidiocarp and pore surface shape. Phylogenetic analysis 

confirmed the separation of these two species based on molecular sequence analysis of ITS 

rDNA and RPB2 with high bootstrap support. It remains to be determined whether F. 

fasciatus and F. fomentarius represent biological species based on mating experiments with 

single basidiospore derived progeny.  

There was a significant difference in hyphal growth response to temperature 

between the two species. In support of our hypothesis, the temperature optima of isolates 

of F. fasciatus were ≥ 6.9 C higher than for isolates of F. fomentarius. The temperature 

optima of F. fasciatus and F. fomentarius were consistent with the ranges reported 

previously by Magan (2008) who suggested that tropical wood decay fungi have 

temperature optima between 30–40 C compared to temperate wood decay fungi with 

optima between 20–30 C. Plant host distribution, temperature and precipitation are 

important factors that contribute to the distribution of wood decay fungi (Gilbertson 1980). 

The geographic distribution of several tree hosts of F. fasciatus and F. fomentarius extends 
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beyond the fungal distributions, suggesting that other factors may be delimiting the 

distribution of these fungi. The differences in optimum temperatures for growth are a likely 

contributing factor to the distribution of these fungi. Understanding response to 

temperature of these two species may provide information for additional ecological studies. 

There were also significant differences in temperature response among isolates 

within each species. Larger sample size and methods that incorporate the measurement of 

temperatures within the wood environment and ambient air temperature may be useful for 

exploring the factors that are associated with these differences in response to temperature 

and perhaps find a correlation with the geographic origin or hosts associations.  
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Table 1. Geographic origin, plant host substrate, collection number and source, herbarium 
or publication source, and GenBank accession numbers for isolates of Fomes used in this 
study  

Species Geographic Origin Substrate 
Collection No.

a
 

and (Source
b
) 

GenBank Accession Numbers 

ITS RPB2 

Fomes fasciatus     

 Alachua Co., Florida, 
USA 

undetermined 262FA_MM 
(NCSC18639) 

JX126902 JX163058 

 Bleckley Co. line, 
Georgia, USA 

Quercus sp. 109FA_SMS 
(NCSC18645) 

JX126901 ― 

 East Baton Rouge parish, 
Louisiana, USA 

Platanus 
occidentalis 

Basidiocarp 18643 
(NCSC) 

JX126900 ― 

 Tallulah Co., Louisiana, 
USA 

Celtis sp.  11FA_FPL 
(CFMR_FP-57054-
T) 

JX126903 JX163060 

 Tallulah Co., Louisiana, 
USA 

Celtis sp. 10FA_FPL  (CFMR 
FP-500332-T) 

JX126904 JX163059 

 Oktibbeha, Mississippi, 
USA 

Carya 
illinoinensis 

47FA_PS/RB 
(NCSC18632) 

JX126907 JX163063 

 Oktibbeha, Mississippi, 
USA 

Carya 
illinoinensis 

48FA_PS/RB 
(NCSC18632) 

JX126906 JX163061 

 Oktibbeha, Mississippi, 
USA 

Carya 
illinoinensis 

49FA_PS/RB 
(NCSC18633) 

JX126908 JX163062 

 Oktibbeha, Mississippi, 
USA 

Carya 
illinoinensis 

52FA_PS/RB 
(NCSC18635) 

JX126905 JX163064 

 Mississippi, USA Carya sp. FP-1061048-T 
(Guglielmo et al. 
2007)  

AM269766
c
 — 

Fomes fomentarius     

 British Columbia, 
Canada 

undetermined 129034 (DAOM) JX183713 JX163082 

 Changbai Shan, China undetermined ZJU-FM (Chen et al. 
2008) 

DQ513402
c
 — 

 Germany Betula sp. 5 (Schmidt et al. 
2012) 

FR686552
c
 — 
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Table 1 (continued)     

Fomes fomentarius     

 Germany Fagus sylvatica BO104 (Volkenant 
2007) 

EF155491
c
 — 

 Germany Fagus sylvatica BO204 (Volkenant 
2007) 

EF155495
c
 — 

 Germany Fagus sylvatica BO137 (Volkenant 
2007) 

EF155494
c
 — 

 Germany Fagus sylvatica BO24 (Volkenant 
2007) 

EF155492
c
 — 

 Germany Fagus sylvatica Z25 (Volkenant 
2007) 

EF155497
c
 — 

 Germany Fagus sylvatica Z27 (Volkenant 
2007) 

EF155498
c
 — 

 Italy Platanus × 
acerifolia 

FF-TdQ-br (Pilotti 
et al. 2005) 

AY849305
c
 — 

 Italy Platanus × 
acerifolia 

FF-TdQ-gr (Pilotti 
et al. 2005) 

AY849306
c
 — 

 Latvia Alnus incana I23 (Arhipova et al. 
2011) 

GU062198
c
 ― 

 Lithuania Betula pendula olrim145 (Lygis et 
al. 2004) 

AY354213
c
 ― 

 Slovakia Aesculus 
hippocastanum 

ITS8 (Judova et al. 
2012) 

GQ184601
c
 ― 

 Slovakia Aesculus 
hippocastanum 

9 (Judova et al. 
2012) 

FJ865441
c
 ― 

 Slovakia Acer negundo 7 (Gaper in Judova 
et al. 2012) 

FJ865440
c
 ― 

 Slovakia Acer platanoides 1 (Gaper in Judova 
et al. 2012) 

FJ865438
c
 ― 

 Slovakia Acer platanoides ITS2 (Gaper in 
Judova et al. 2012) 

GQ184597
c
 ― 
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Table 1 (continued) 

Fomes fomentarius     

 Slovakia Cerasus avium 
(syn. Prunus 
avium) 

KYJ2 (Judova et al. 
2012) 

HQ189535
c
 ― 

 Slovakia Fagus sylvatica 10 (Gaper in 
Judova et al. 2012) 

FJ865442
c
 ― 

 Slovakia Fagus sylvatica ITS11 (Gaper in 
Judova et al. 2012) 

GQ184602
c
 ― 

 Slovakia Fagus sylvatica ITS12 (Gaper in 
Judova et al. 2012) 

GQ184603
c
 ― 

 Slovakia Fagus sylvatica KYJ3 (Judova et al. 
2012) 

HQ189534
c
 ― 

 Slovakia Populus alba ITS14 (Gaper in 
Judova et al. 2012) 

GQ184604
c
 ― 

 Slovakia Populus tremula ITS6 (Gaper in 
Judova et al. 2012) 

GQ184600
c
 ― 

 Slovakia Populus sp. 5 (Gaper in Judova 
et al. 2012) 

FJ865439
c
 ― 

 Slovakia Tilia sp. 13 (Gaper in 
Judova et al. 2012) 

FJ865443
c
 ― 

 Slovakia Tilia sp. ITS14 (Gaper in 
Judova et al. 2012) 

GQ184599
c
 ― 

 Slovakia Tilia sp. ITS3 (Gaper in 
Judova et al. 2012) 

GQ184598
c
 ― 

 United Kingdom undetermined st58 (Partfitt et al. 
2010) 

FN539045
c
 — 

 United Kingdom undetermined st17 (Partfitt et al. 
2010) 

FN539043
c
 — 

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

202FT_AK 
(NCSC18757) 

T
d
 — 

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

208FT_AK 
(NCSC18772) 

T
d
 — 
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Table 1 (continued) 

Fomes fomentarius     

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

213FT_AK 
(NCSC18746) 

T
d
 — 

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

245FT_SSI 
(NCSC18746) 

T
d
 — 

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

250FT_SSI 
(NCSC18773) 

T
d
 — 

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

252FT_SSI 
(NCSC18774) 

T
d
 — 

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

200FT_KB 
(NCSC18768) 

JX126889 JX163094 

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

255FT_SSI 
(NCSC18775) 

JX126890 JX163081 

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

260FT_SSI 
(NCSC18775) 

JX126891 JX163102 

 Fairbanks North Star 
borough, Alaska, USA 

Betula 
neoalaskana 

209FT_AK 
(NCSC18773) 

JX126886 — 

 Waldo Co., Maine, USA Betula 
papyrifera 

1FT_SF (CFMR FP-
59100-T)  

JX126894 JX163087 

 Alger Co., Michigan, USA Fagus 
grandifolia 

232FT_CV 
(NCSC18805) 

Y
d
 — 

 Alger Co., Michigan, USA Fagus 
grandifolia 

234FT_CV 
(NCSC18769) 

JX126895 JX163078 

 Carlton Co., Michigan, 
USA 

Betula 
papyrifera 

12FT_FPL (CFMR 
FP-100947-Sp) 

JX183716 — 

 Chippewa Co., Michigan, 
USA 

Betula 
papyrifera 

230FT_CV 
(NCSC18698) 

C
d
 JX163083 

 Grand Traverse Co., 
Michigan, USA 

Fagus 
grandifolia 

99FT_CV 
(NCSC18729) 

JX183710 JX163101 

 Leelanau Co., Michigan, 
USA 

Betula 
alleghaniensis 

104FT_CV 
(NCSC18754) 

JX183717 JX163073 
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Table 1 (continued) 

Fomes fomentarius     

 Michigan, USA undetermined 238FT_CV 
(NCSC18760) 

Y
d
 — 

 Cook Co., Minnesota, 
USA 

Betula 
papyrifera 

137FT_JM 
(NCSC18725) 

T
d
 — 

 Cook Co., Minnesota, 
USA 

Betula 
papyrifera 

173FT_JM 
(NCSC18765) 

Y
d
 — 

 Cook Co., Minnesota, 
USA 

Betula sp. 124FT_JM 
(NCSC18736) 

JX183719 JX163080 

 Cook Co., Minnesota, 
USA 

Betula sp. 167FT_JM 
(NCSC18717) 

JX183712 JX163067 

 Lake Co., Minnesota, 
USA 

Betula 
papyrifera 

143FT_JM 
(NCSC18739) 

C
d
 JX163085 

 Lake Co., Minnesota, 
USA 

Betula 
papyrifera 

144FT_JM 
(NCSC18777) 

C
d
 — 

 Lake Co., Minnesota, 
USA 

Betula 
papyrifera 

145FT_JM 
(NCSC18663) 

Y
d
 — 

 Lake Co., Minnesota, 
USA 

Betula 
papyrifera 

116FT_JM 
(NCSC18671) 

JX126892 — 

 Lake Co., Minnesota, 
USA 

Betula 
papyrifera 

132FT_JM 
(NCSC18708) 

JX126893 JX163100 

 Lake Co., Minnesota, 
USA 

Betula 
papyrifera 

134FT_JM 
(NCSC18678) 

JX183711 JX163076 

 Lake Co., Minnesota, 
USA 

Betula sp. 159FT_JM 
(NCSC18704) 

Y
d
 — 

 St. Louis Co., Minnisota, 
USA 

Betula 
papyrifera 

123FT_JM 
(NCSC18712) 

C
d
 — 

 St. Louis Co., Minnisota, 
USA 

Betula 
papyrifera 

142FT_JM 
(NCSC18713) 

C
d
 — 

 Cortland Co., New York, 
USA 

Fagus grandifolia 
(living) 

84FT_KB 
(NCSC18802) 

JX126897 JX163075 
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Table 1 (continued) 

Fomes fomentarius     

 Cortland Co., New York, 
USA 

Betula 
alleghaniensis 

77FT_KB 
(NCSC18799) 

JX183714 JX163086 

 Oneida Co., New York, 
USA 

Betula 
papyrifera 

81FT_KB 
(NCSC18801) 

C
d
 JX163091 

 Oneida Co., New York, 
USA 

Betula 
papyrifera 

80FT_KB 
(NCSC18800) 

Y
d
 — 

 Onondaga Co., New 
York, USA 

undetermined 75FT_KB 
(NCSC18797) 

C
d
 — 

 Onondaga Co., New 
York, USA 

undetermined 76FT_KB 
(NCSC18798) 

C
d
 — 

 Avery Co., North 
Carolina, USA 

Betula 
alleghaniensis 

60FT_MM 
(NCSC18688) 

T
d
 JX163096 

 Avery Co., North 
Carolina, USA 

Betula 
alleghaniensis 

64FT_MM 
(NCSC18783) 

JX126898 JX163072 

 Avery Co., North 
Carolina, USA 

undetermined 2FT_SF 
(NCSC17258) 

Y
d
 — 

 Macon Co., North 
Carolina, USA 

Betula 
alleghaniensis 

195FT_MM 
(NCSC18674) 

JX183720 — 

 Macon Co., North 
Carolina, USA 

Fagus 
grandifolia 

Basidiocarp 
NCSC18699 

T
d
 — 

 Swain Co., North 
Carolina, USA 

Betula 
alleghaniensis 

197FT_JJRB 
(NCSC18753) 

Y
d
 JX163095 

 Swain Co., North 
Carolina, USA 

Betula 
alleghaniensis 

Basidiocarp 
NCSC18700 

Y
d
 — 

 Swain Co., North 
Carolina, USA 

Betula 
alleghaniensis 

Basidiocarp 
NCSC18701 

Y
d
 — 

 Watauga Co., North 
Carolina, USA 

Betula 
alleghaniensis 

56FT_MM 
(NCSC18743) 

C
d
 JX163097 

 Watauga Co., North 
Carolina, USA 

Betula 
alleghaniensis 

55FT_MM 
(NCSC18741) 

C
d
 JX163077 
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Table 1 (continued) 

Fomes fomentarius     

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

24FT_SSI 
(NCSC18686) 

JX183709 JX163074 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

26FT_SSI 
(NCSC18686) 

C
d
 JX163088 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

36FT_SSI 
(NCSC18686) 

C
d
 JX163079 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

38FT_SSI 
(NCSC18686) 

C
d
 JX163090 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

42FT_SSI 
(NCSC18686) 

C
d
 — 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

39FT_LG 
(NCSC18781) 

Y
d
 — 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

40FT_LG 
(NCSC18782) 

Y
d
 JX163092 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

43FT_LG 
(NCSC18710) 

C
d
 JX163093 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

44FT_LG 
(NCSC18686) 

JX183718 JX163098 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

Basidiocarp 
(NCSC18752) 

JX126888 — 

 Union Co., Pennsylvania, 
USA 

Betula 
alleghaniensis 

189FT_LG 
(NCSC18696) 

C
d
 — 

 Floyd Co., Virginia, USA Betula lenta 184FT_MAC 
(NCSC18763) 

T
d
 JX163069 

 Floyd Co., Virginia, USA Betula lenta 186FT_MAC 
(NCSC18681) 

JX126899 JX163099 

 Floyd Co., Virginia, USA Betula lenta 180FT_MAC 
(NCSC18761) 

Y
d
 — 

 Floyd Co., Virginia, USA Betula lenta 182FT_MAC 
(NCSC18762) 

Y
d
 JX163066 
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Table 1 (continued) 

Fomes fomentarius     

 Floyd Co., Virginia, USA Betula lenta Basidocarp 
(NCSC18762) 

Y
d
 — 

 Randolph Co., West 
Virginia, USA 

Betula 
alleghaniensis 

86FT_DM 
(NCSC18795) 

Y
d
 JX163070 

 Randolph Co., West 
Virginia, USA 

Betula 
alleghaniensis 

90FT_DM 
(NCSC18734) 

JX126887 JX163068 

 Burnett Co., Wisconsin, 
USA 

Betula sp. 121FT_JM 
(NCSC18660) 

C
d
 — 

 Dane Co., Wisconsin, 
USA 

Betula papyrifera 
(living) 

 15FT_FPL 
(CFMR_TJV-93-7-T) 

JX183708 JX163071 

 Wisconsin, USA Betula papyrifera 
(living) 

 14FT_FPL 
(CFMR_TJV-93-7-R) 

JX126896 JX163084 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

6FT_SF 
(NCSC17623) 

JX183715 JX163065 

 Clinton Co., 
Pennsylvania, USA 

Betula 
alleghaniensis 

7FT_SF 
(NCSC17624) 

Y
d
 JX163089 

Fomes sp. 

    

 Yucatan, Mexico undetermined EUM1 (Ordaz et al. 
2011) 

HM136871
c
 — 

a
 FA, Fomes fasciatus; FT, Fomes fomentarius; MM, MA McCormick; SMS, Sharon Mosley-Standridge; PSRB, 

Paul Scott and Rich Baird; JM, John Menge; KB, Kathleen Burchhardt; CV, Caroline Vernia; AK, Larry Grand, 
Marc Cubeta, and Kathleen Burchhardt; JJRB, Jay Justice and Rich Baird; LG, Larry Grand; MAC, Marc Cubeta: 
DM Donna Mitchel; SF Shah Fiza; SSI, single basidiospore isolations 

b 
Herbarium abbreviations follow Theirs (2012) 

c
 Sequences not generated in this study 

d 
Isolates without ITS GenBank numbers had identical sequences to representatives deposited with the same 

nucleotide in the SNP region. Those with a cytosine (C) were represented by JX126896, JX126897, JX183708, 
JX183709, JX183710, JX183711, JX183712, JX183713, JX183718, and JX183719. Those with a thiamine (T) 
were represented by JX126898, JX126899, JX183714, and JX183720. Those with both a cytosine and thiamine 
(Y) were represented by JX126894, JX126895, JX183715, JX183716, and JX183717. 
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Table 2. Quadratic equations for the growth response of five isolates each of Fomes 
fasciatus and Fomes fomentarius to temperature 
 

  Equations
a
 Estimated 

temperature 
optimum (C) 

Standard 
Error Day Species Isolate Quadratic Slope Intercept 

3 

Fomes fasciatus           

 10FA_FPL −1.979E−03 0.155 −0.085 39.05 1.622 

 11FA_FPL −1.842E−03 0.146 −0.046 39.52 2.449 

 52FA_JJRB −3.138E−03 0.206 −0.424 32.89 0.395 

 109FA_SMS −1.929E−03 0.152 −0.007 39.37 1.752 

 262FA_MM −3.088E−03 0.204 −0.428 33.08 1.081 

Fomes fomentarius        

 1FT_SF −1.858E−03 0.104 −0.578 27.95 0.514 

 44FT_LG −1.208E−03 0.062 −0.997 25.46 0.491 

 124FT_JM −2.730E−03 0.151 −0.100 27.56 0.424 

 195FT_MM −3.168E−03 0.174 −0.150 27.54 0.506 

  200FT_AK −3.502E−03 0.181 −0.191 25.86 0.222 

6 

Fomes fasciatus           

 10FA_FPL −4.241E−03 0.285 −1.208 33.63 0.404 

 11FA_FPL −3.697E−03 0.256 −0.826 34.61 0.921 

 52FA_JJRB −4.645E−03 0.293 −1.015 31.59 0.567 

 109FA_SMS −3.596E−03 0.260 −0.891 36.20 0.854 

 262FA_MM −4.472E−03 0.282 −0.821 31.51 0.557 

Fomes fomentarius        

 1FT_SF −4.345E−03 0.215 −0.245 24.70 0.212 

 44FT_LG −4.215E−03 0.213 −0.419 25.29 0.243 

 124FT_JM −6.636E−03 0.340 −1.458 25.61 0.168 

 195FT_MM −7.415E−03 0.378 −1.740 25.49 0.177 

  200FT_AK −7.663E−03 0.378 −1.930 24.66 0.111 

9 

Fomes fasciatus           
 10FA_FPL −5.650E−03 0.366 −1.869 32.37 0.279 
 11FA_FPL −5.191E−03 0.338 −1.465 32.56 0.557 

 52FA_JJRB −5.620E−03 0.352 −1.364 31.33 0.477 
 109FA_SMS −3.811E−03 0.283 −0.850 37.13 1.053 
 262FA_MM −5.910E−03 0.357 −1.306 30.20 0.462 
Fomes fomentarius        
 1FT_SF −5.930E−03 0.275 −0.403 23.19 0.232 
 44FT_LG −5.860E−03 0.293 −1.031 24.97 0.155 
 124FT_JM −9.040E−03 0.451 −2.238 24.92 0.163 
 195FT_MM −8.930E−03 0.439 −1.863 24.56 0.141 
  200FT_AK −1.057E−02 0.509 −2.912 24.06 0.104 

a
log growth = aX

2
 + bX + c, where a = Quadratic, b= Slope, and c=intercept  
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FIG. 1. Phylogeny inferred from ITS rDNA data set of 49 isolates showing the most 
parsimonious tree with maximum parsimony and maximum likelihood bootstrap 
percentages based on 1000 replications. Asterisks indicate missing bootstrap values for 
branch nodes that were not supported by maximum likelihood analysis. Sequences 
generated in this study are indicated in bold. Letters in parentheses following group of 
collapsed isolates indicate the nucleotide(s) in SNP position.  
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FIG. 2. Phylogeny inferred from RPB2 data set of 15 isolates showing the most 
parsimonious tree with maximum parsimony and maximum likelihood 
bootstrap percentages based on 1000 replications. Asterisk indicates missing 
bootstrap value for branch node that was not supported by maximum likelihood 
analysis. Isolates that were ≥99 percent similar were collapsed into a single 
representative group and are indicated in bold.  
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FIG 3. Temperature response after six days of growth for Fomes fasciatus isolates 
(10FA_FPL, 11FA_FPL, 52FA_PSRB, 109FA_SMS, and 262FA_MM) depicted in 
black and Fomes fomentarius isolates (1FT_SF, 44FT_LG, 124FT_JM, 195FT_MM, 
and 200FT_AK) depicted in gray.  
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