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ABSTRACT

The genus Heterobasidion includes some of the most important pathogens of conifers in the
world, and as such it is one of the most intensely studied genera of fungi. Because of the
remarkable paucity of distinguishing morphological traits, the taxonomy of species within
this genus has always been problematic. A partial resolution of the taxonomic issues re-
garding this genus was achieved by defining the most important and first described species
within it, Heterobasidion annosum, as a species complex containing at least two partially in-
tersterile biological species defined as intersterility groups (ISGs). With time, the number of
ISGs has increased to include at least two distinct North American and three distinct Eur-
asian ISGs. Two additional, yet unnamed, taxonomic groups within Heterobasidion have
been recently described in Japan. ISGs are distinguishable either by minor morphological
differences, by partial intersterility, by ecological traits including host preference, and/or
by their geographic range. Several studies employing a variety of molecular tools and anal-
yses have confirmed the distinct genetic divergence among ISGs, identifying each of them
as a monophyletic group. Using genetic markers, genotypes can always be unambiguously
assigned to one ISG, and very few inter-ISG hybrids have been identified. In this paper, we
summarize the available information, both genetic and ecological, that differentiates the
two North American ISGs from each other and from other taxonomic units within the ge-
nus. We demonstrate that morphometric characteristics such as pore density and pore
shape differentiate the two ISGs. Based on the cumulative genetic, ecological, and morpho-
logical evidence, we propose a disposition of ISGs of the North American H. annosum by re-
placing the P ISG with Heterobasidion irregulare, and the S ISG with Heterobasidion occidentale.

© 2009 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

(Korhonen & Stenlid 1998). Heterobasidion has a worldwide
negative impact on conifers, both ecologically and economi-

The genus Heterobasidion (Stalpers 1979) is a global complex of cally, by reducing site productivity and the amount of harvest-
woody plant pathogens and saprobes whose host range com- able timber (Woodward et al. 1998). On the other hand, this
prises over 200 plant taxa, the majority of which are conifers organism is also responsible for creating forest conditions
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conducive to regeneration, nutrient cycling, and succession
(Garbelotto 2004). In either case, it is a significant ecological
force directly or indirectly affecting natural processes and an-
thropogenic activities.

Until about 30 Y ago, Heterobasidion and its pathology were
generally considered as monolithic, with the single species
Heterobasidion annosum (Fr.) Bref. sensu lato (s.l.) regarded as
one of the major pathogens worldwide, both in terms of dam-
ages and geographic range (Otrosina & Cobb 1989; Woodward
et al. 1998). Via mating studies, Korhonen (1978) delimited two
intersterility groups (ISGs) of the pathogen in Europe, desig-
nating the S and P group for isolates attacking spruce (Picea
sp.) and pine (Pinus sp.), respectively. Later, Capretti et al.
(1990) delimited the host specific F ISG for Heterobasidion
attacking the true fir, Abies alba Mill., in Italy. Subsequently,
the F and S ISGs in Europe have been designated as separate
taxonomic species, Heterobasidion abietinum and Heterobasidion
parviporum, respectively (Niemela & Korhonen 1998). The
Eurasian pine-associated species is currently referred to as
H. annosum sensu stricto (s.s.).

Chase & Ullrich (19903, b) conducted mating experiments
using H. annosum s. 1. isolates from North America utilizing S
and P ISG testers from Korhonen (1978) and showed North
American S and P groups to have a higher degree of interfertil-
ity between them than the Finnish S and P groups. However,
host associations with the North American S group were
highly correlated with Abies and Tsuga and the P group was
correlated with Pinus hosts. Later, Otrosina et al. (1993) used
isozyme analyses to study population structure of European
and North American Heterobasidion ISGs. They found the North
American S and P ISGs to be widely divergent from the Euro-
pean S, P, and F ISGs. These findings were corroborated in a se-
ries of subsequent genetic studies employing a variety of
fungal isolates, genetic markers, and analyses (Asiegbu et al.
2005; Harrington et al. 1998; Johanneson & Stenlid 2003; Linzer
et al. 2008; Ota et al. 2006). All studies have identified the pres-
ence of at least five Operative Taxonomic Units (OTUs) within
the H. annosum s.l. species complex, each characterized by
unique genetic and phenotypic traits. The five OTUs include
the three Eurasian species and the two North American
ISGs. From an evolutionary and phylogenetic perspective,
the five OTUs can be separated into two distinct clades. One,
which we here call the fir/spruce clade, includes the Eurasian
H. parviporum, H. abietinum, the North American H. annosum S
ISG, and possibly two recently described taxa from Japan
(Tokuda et al. 2009). The other, which we call the pine clade,
includes the Eurasian H. annosum s.s. and the North American
H. annosum P ISG. While the taxonomic relationships among
OTUs within the fir-spruce clade are not completely resolved,
as highlighted by the fact that the OTUs place differently using
different molecular markers (Harrington et al. 1998; Johanne-
son & Stenlid 2003; Linzer et al. 2008; Ota et al. 2006; Otrosina
et al. 1993), the relationship between the two taxa within the
pine clade seems clear. A detailed phylogeographic study of
the H. annosum s.l. complex that employed a large worldwide
representation of Heterobasidion genotypes of the pine clade
found the Eurasian H. annosum s.s. and the North American
P ISG to have attained reciprocal monophyly at the three loci
present in both taxa (Linzer et al. 2008). The fourth locus was
a mitochondrial DNA insertion absent in Eurasia. The North

American P ISG and the Eurasian H. annosum s.s. represent
two clearly distinct sister OTUs in an overall monophyletic
clade.

Mating compatibility among the five taxa is highly variable,
with the general trend of stronger mating barriers observed
for non-conspecific genotypes found in sympatry (Stenlid &
Karlsson 1991). Thus mating compatibility ranges from 4 %
for sympatric H. annosum s.s. and H. parviporum individuals
(Korhonen 1978), to almost 100 % for the allopatric H. annosum
s.s. from Eurasia and the North American P ISG (Chase &
Ullrich 1990b).

Notwithstanding the biological distinctions between Heter-
obasidion ISGs and species, globalization of economies and
more efficient and rapid international transportation of goods
add to the importance of clear taxonomic definitions of an or-
ganism known to be an extremely aggressive pathogen of co-
niferous tree species. This is of obvious importance for efforts
directed toward prevention of unwanted introductions of ex-
otic pathogens and genetic transfers worldwide. With the
delimitation of the three European Heterobasidion species, the
unresolved nomenclature of the North American S and P
ISGs is source of significant confusion. Lack of official taxo-
nomic designation is a serious problem, not only for scientists
but also for those involved in formulating regulatory policies
for prevention and detection of pathogen introductions. Based
upon some differentiating morphological traits strongly sup-
ported by genetic and ecological evidence, we propose naming
the North American H. annosum S and P ISGs as two new
species.

Materials and methods
Field collections

During October and November 2007, we collected basidiomata
of Heterobasidion in the Modoc National Forest in Northern Cal-
ifornia from both pine and true fir habitats, in Southern Cali-
fornia from true fir habitats, and in the southeastern United
States from pine habitat. We made an effort to collect speci-
mens from geographically distant locations in order to include
possible effects of geography on the morphological variation
of basidiomata. Site characteristics and GPS coordinates are
reported in Table 1.

In California habitats, basidiomata collections predicted to
be the P ISG were accomplished via excavations of pine
stumps. Evidence of Annosum root disease (ARD) symptoms
in surrounding trees was noted. All pine isolates in California
were obtained from ponderosa pine (Pinus ponderosa Douglas
ex P. Laws. & C. Laws) stumps within the residual stands of
this species. Stump diameters ranged from 50 to 100 cm.
Stands from these pine collections were approximately
70-100Y old and elevation ranged from 1536 m to 1600 m.

Collections of the S ISG from Abies concolor (Gordon &
Glend.) Lindl. ex Hildebr. were carried out in both the Modoc
National Forest in northern California and in the San Bernar-
dino National Forest in southern California. Collections of
basidiomata in northern and southern California true fir
stumps were obtained via searching hollow decay columns
in stump sapwood or heartwood. Stump diameters ranged
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Table 1 - Sites where basidiomata of Heterobasidion annosum sensu lato were collected.

Site® GPS coordinates Dominant forest cover Stump sp. disease +/— N samples®

1. MNF N41° 38.506 W120° 58.936 P. ponderosa 95 % P. ponderosa + 2

2. MNF N41° 58.768 W120° 52.600 P. ponderosa 95 % P. ponderosa + 1

3. MNF N41° 58.868 W120° 50.429 P. ponderosa 95 % P. ponderosa + 2

4. MNF N41° 58.873 W120° 50.506 P. ponderosa 95 % P. ponderosa + 4

5. MNF N41° 33.024 W120° 18.026 A. concolor 95 % A. concolor — 3

6. MNF N41° 30.444 W120° 17.633 A. concolor 95 % A. concolor + 1

7. SBNF N34° 13.733 W116° 56.045 A. concolor 80 % A. concolor — 1
P. jeffreyi 20 %

8. SBNF N34° 13.506 W116° 55.372 P. jeffreyi 60 % A. concolor — 2
A. concolor 40 %

9. SBNF N34° 13.454 W116° 55.096 P. jeffreyi 70 % A. concolor — 1
A. concolor 30 %

10. SBNF N34° 12.961 W116° 57.547 P. jeffreyi 60 % A. concolor + 2
A. concolor 40 %

11. SBNF N34° 12.810 W116° 58.366 P. jeffreyi 60 % A. concolor + 1
A. concolor 40 %

12. GA N32° 15.758 W81° 43.320 P. taeda 100 % P. taeda tree + 9

a MNF =Modoc National Forest, CA; SBNF = San Bernardino National Forest, CA; GA = Central Georgia.
b Not all samples were employed for morphological and DNA analyses (see Table 2).

from 20 cm diameter to 70 cm in northern California and 100
to 230 cm in southern California. Elevation approached or
exceeded 2000 m at all true fir sites.

In the southeastern USA, one multiple basidiomata collec-
tion was made in an ARD diseased 25 Y old loblolly pine (Pinus
taeda L.) plantation. Basidiomata were collected from the base
of symptomatic trees, just beneath the current-year needle
fall.

Laboratory analyses

All collections were transported to the laboratory at U.C. Ber-
keley, California, in an ice chest and processed. Analyses were
performed on a total of 26 basidiomata from 11 sites. Tissue
from the context of the basidiomata was obtained and DNA
analyses were performed to determine ISG using taxon spe-
cific competitive priming PCR and direct sequencing of the
ITS as described in Garbelotto et al. (1996). Sequences were
aligned in Sequencher 4.5 (Gene Codes Corporation, Ann Ar-
bor, MI, USA), and manually corrected before being compared
to multiple ITS sequences of both the P and S ISGs of the North
American Heterobasidion. Pore size measurements were made
on specimens after photographing the hymenial layer using
a camera fixed and standardized to obtain uniform distance
to object (hymenial layer). Pore density was measured via ran-
domly selecting 3-16 1.0 mm? fields on the hymenial layer of
each basidiocarp, using the program Image Pro Plus® (Media
Cybernetics, Inc., Bethesda, MD, USA). For two small samples,
only two observations were possible. Shape of pores was not
regular, but ranged from circular to extremely elongated
(rarely quasi-daedaloid). In order to compare frequency of ir-
regular vs. regular pores, 40 pores per basidiome were ran-
domly selected and analyzed both quantitatively and
qualitatively. For each pore, the longest (LB) and the shortest
perpendicular bisects (SB) were measured, and it was noted
whether: a) LB/SB > 2, and b) the pore was regular in shape,

e.g. circular or ovoid, or irregular (sinuous or contorted). This
second observation is a visually intuitive trait, more restrictive
than the first one, as many pores for which LB/SB>2 have
arather regular ovoid shape and would not be classified as “ir-
regular”. Additionally, an intermediate bisect (MB) was also
measured to represent the average width of the pores and
used to calculate the approximate area of the pores.

All statistical analyses were done with the program JMP,
Version 7 (SAS Institute Inc., Cary, NC, USA). Pore density
was compared among basidiomata using nested ANOVA in
the “test model” function in JMP, selecting for the LSD model.
This analysis allows the nesting of multiple pore density mea-
surements within each basidiomata sample, thus avoiding
pseudo-replication, and determines effect significance both
for ISG and isolates. Analysis on the shape of pores was per-
formed as follows: for each ISG number of pores with LB/
SB > 2 and number of irregular pores were independently tab-
ulated, and Fisher’s exact tests were run on each dataset to de-
termine significant differences in frequencies of elongated
and irregular pores between the two ISGs. Analysis on size
of pores was done using an estimate of the area obtained by
multiplying LB/2 x MD/2 x 7, and performing a nested ANOVA
as described for pore density analyses.

After morphometric and DNA analyses, basidiomata of
representative holotypical and epitypical specimens for each
ISG were freeze-dried and deposited in the herbarium at the
University of California, Berkeley. Vouchers’s identification
numbers are UC1935442 and UC1935443.

Results

Habitat and macroscopic characteristics of basidiomata

P ISG
In three drier sites of the Modoc National Forest (CA), charac-
terized by the presence of pine and juniper, all nine
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basidiomata recovered from pine stumps were typed as P ISG
through DNA analyses. Not all nine were employed for the
morphological study, as at least two were small “popcorn”
basidiomata (see below). In western North America, ecological
habitat itself cannot be relied upon to classify the P ISG, be-
cause pine stumps are routinely infected by S ISG as well
(Otrosina et al. 1992), depending upon the density and proxim-
ity of Abies sp. On the other hand, where symptomatic pine
and western juniper (Juniperus occidentalis Hook) occur near
pine-thinning stumps, our experience and observations over
the years indicate a high probability that recovered basidio-
mata will be of the P ISG (Otrosina et al. 1993). In the southeast-
ern, southern and midwestern states of the USA, only the P
ISG has ever been reported. As expected, all nine collections
from that region belonged to that ISG.

Our observations indicate the ecological situation governs
where basidiomata are produced. In the western United
States, the P ISG is generally found inside pine stumps, often
close to the interior, where sufficient moisture is likely to be
present during the long, hot, and dry periods in some of the in-
terior western states and on the semiarid east sides of the Si-
erra Nevada, Cascades and Transversal mountain ranges from
eastern Washington and Oregon through southern California.
Notably, the P ISG in western North America produces both
large (up to 30 cm in length) shelf-shaped basidiomata that
may be alive for several years and small (0.5-1 cm in diameter)
incipient basidiomata referred to as “popcorns” because of
their appearance (Fig 1). These smaller annual basidiomata
are often found under the bark of decaying stumps or under
the bark of roots in stumps or dead trees. East of the Rocky
Mountains, P ISG basidiomata are mostly found fruiting near
ground level just beneath the fresh, undecomposed duff on
the bases of symptomatic, diseased trees and infected stumps
(Fig 2). The climate there is moist and humid, particularly dur-
ing late fall through early spring when fruiting is abundant.
Generally, the P ISG basidiomata for both western and eastern
United States are smaller in size than those of the S ISG, but
exceptions do occur. Resupinate forms are possible for both
ISGs.

Fig 1 - These small Heterobasidion irregulare basidiomata
can be found under the bark at the base or in the primary
roots of dead trees and stumps. They are referred to as
“popcorns” because of their appearance.

Fig 2 - Fruiting by. Heterobasidion irregulare is greatly
influenced by environmental conditions. While it mostly
fruits inside stumps in the dry western part of North
America, it fruits in the duff at the base of dead trees and
stumps in the more mesic Eastern states, as shown in this
picture.

North American S ISG

Generally, the habitat for basidiomata of the S ISG is within
Abies sp., particularly Abies concolor, stumps. While it is very
rare to find P ISG infecting stumps of true fir (Abies sp.), S ISG
basidiomata are frequently found in pine stumps (Garbelotto
et al. 1999; Otrosina et al. 1992, 1993). All ten basidiomata col-
lected for this study in true fir stumps were typed as S ISG
through DNA analyses. True firs typically occur at higher ele-
vations where there is more moisture and the temperatures
are cooler. Fruiting is frequently found within decay columns,
often refereed to as chimneys, within the sapwood of cut
stumps (Fig 3). These decay columns indicate infection by
the fungus prior to tree-felling, and therefore active pathogen-
esis (Otrosina & Cobb 1989). The basidiomata are long-lived
(Fig 4), often larger than those of the P ISG and can frequently

Fig 3 — Most basidiomata of Heterobasidion occidentale are
found in stumps, either under an intact top layer, if infec-
tion by the pathogen occurred on the stump surface, or
within decay columns as the one shown here, if infection
occurred on standing trees.
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Fig 4 - Both North American Heterobasidion species can form
multilayered basidiocarps that will be productive for several
years. Here, a section of a Heterobasidion occidentale basi-
diocarp, showing the stratification of annual hymenial
layers.

attain sizes of 0.4 m x 0.3 min length x width (Fig5). In true fir
and pine stumps infected post tree-felling, i.e. through the
stump surface, basidiomata are often resupinate or semi-re-
supinate and produced beneath the intact stump surface.

Microscopic analyses

Of the 26 basidiomata analyzed, 13 from 7 sites were assigned
to the SISG, and 13 from 4 sites were assigned to the P ISG. Av-
erage pore density was 7.3 +0.12 and 8.6 +0.07 pores mm 2
(mean + SE) for the P and S ISGs, respectively. Average pore
density was significantly lower for PISG than for S ISG basidio-
mata, with ISG and basidioma both having a significant
(P <0.0001) effect on the overall difference (Table 2). If only
California populations were analyzed, average pore density
for P basidiomata was 5.8+ 0.2 pores mm 2 (mean + SE). The
more marked difference in average pore density between

Fig 5 - The pore surface of a sporophore of Heterobasidion
occidentale.

sympatric S and P ISG individuals makes this trait more useful
for the differentiation between the two species in areas where
they co-exist. Lower pore density may be determined either by
larger pores or by larger spaces among pores. A nested ANOVA
using approximate area values obtained by multiplying LB/
2 xMB/2 x II indicated there were significant differences
among basidiomata but not between ISGs in pore area. How-
ever, Fisher exact tests indicated that P ISG basidiomata
were characterized by a significantly larger percentage of: a)
irregular pores as visually determined, and, b) elongated pores
determined as number of pores for which LB/SB > 2 (Table 2).

Differences in pore density, size and shape cannot be dis-
cerned by looking at a single specimen or even at multiple
specimens with the naked eye. However, we found it possible
to notice these differences by comparing images of the pore
surface taken under the dissecting scope at 10x magnifica-
tion, side by side (Fig 6).

Taxonomy

Heterobasidion irregulare nom. nov. Garbelotto & Otrosina

MB 515278

Synonym Polyporus irregularis Underwood, Torrey Bot Club.

Bull. 24: 85, 1987.

Replacing the reference to the North American Heterobasi-
dion annosum P ISG.

Lectotype: New York Botanical Garden, Voucher ID: NY
730756. Collected under a pine login 1896 in Auburn, Alabama,
USA.

Epitype selected here: U.C. Herbarium, University of
California, Berkeley, Voucher ID: UC1935442. Collected in
this study from a Pinus ponderosa stump in the Modoc National
Forest (CA, USA), site 3 (Table 1).

Basidiomata ranging in size from 0.5 to 30 cm in length.
Morphologically variable, ranging from resupinate to appla-
nate, depending upon age and habitat. Pore density
7.3+0.12 poresmm 2 (mean + SE). Approximately 11 % of
pores are distinctively not circular or elliptical, bur rather
elongated, rarely quasi-daedaloid. The fresh pore surface is
cream-colored becoming yellow-brown with age. Found
with some effort within interior of pine stumps >40 cm in di-
ameter in the western United States and fruiting outside
symptomatic pine and pine stumps >25 cm in the southeast-
ern United States. Hymenial layer usually one to few strata in
cross section. Broad host range including conifers and angio-
sperms, but notably found on trees of the genera Pinus, Junipe-
rus, and Libocedrus. It causes a deadly root rot of conifers by
attacking the cambium of roots and root collars; excellent sap-
robe, it causes a white stringy dry decay of wood. Genetically
distinguishable from the Eurasian H. annosum s.s. for the diag-
nostic presence of a large intron of variable size, but over
1500 bp, in the 5’ (ML5-ML6) region of the mitochondrial large
subunit rDNA.

Heterobasidion occidentale sp. nov. Otrosina & Garbelotto MB
515277

Etym: Referring to its occurrence limited to western North
America.

Replacing the reference to the North American Heterobasi-
dion annosum S ISG.
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Table 2 - Morphometric measurements and comparative statistics of pore layers of S and P ISG basidiomata of North

American Heterobasidion annosum.

Sample Site? ISG Pore density® Elongated pores® (%) Irregular pores® (%)
Mean (SE)

1 7 S 6.1 (0.1) 34 19

2 8 S 6.8 (0.2) 64 11

3 8 S 7.4 (0.4) 65 11

4 9 S 9.0 (0.3) 80 2

5 9 S 9.3(0.2) 81 0

6 9 S 11.1 (0.3) 23 0

7 10 S 8.7 (0.2) 48 6

8 10 S 8.3(0.2) 28 3

9 11 S 8.6 (0.4) 27 0

17 5 S 10.3 (0.3) 88 9

18 5 S 7.3(0.2) na na

19 5 S} 10.6 (0.3) na na

20 6 S 9.6 (0.4) 66

All S basidiomata 8.6 (0.07) 53 6

11 1 P 5.7 (0.2) 74 o

12 3 P 4.6 (0.2) na na

13 4 P 7.5 (0.3) 82 0

15 4 P 6.1 (0.6) 80 7

16 4 P 5.2 (0.1) 85 9

22 12 P 6.7 (0.2) 50 3

23 12 P 6.9 (0.5) 68 30

24 12 P 10 (0.5) 44 12

25 12 P 9.4 (0.3) 71 13

27 12 P 8.9 (0.2) 65 19

28 12 P 9.7 (0.6) na na

29 12 P 8.4 (0.3) 25 0

31 12 P 9.0 (0.5) 51 15

All P basidiomata 7.2 (0.1) 64 9.7

Nested ANOVA DF F P Fisher’s exact Fisher’s exact

Effect of sample [ISG] 17 24.6 <0.0001 test test

ISG 1 190.3 <0.0001 P=0.001 P=0.03

(PISG>S) (PISG>S)

a See Table 1 for description of study sites.
b See Materials and Methods.

Holotype: U.C. University of California, Berkeley. Voucher
ID: UC1935443. Collected in an Abies concolor stump in the
San Bernardino National Forest (CA, USA), site 7 (Table 1).

Latin Description: Sicut Heterobasidion irregulare, sed
dissimile per maiorem numerum pororum et per minorem
numerum pororum irregularium. [Similar to H. irregulare, dis-
tinguishable by its higher average pore density, and by the
lower frequency of irregular pores.]

Basidiomata generally >5.0 cm often up to 0.4m x 0.3 m
(length x width) within sapwood decay columns of larger
(>30.0 cm diameter) true fir stumps. When fresh, the pore sur-
face is slightly off-white, somewhat brighter than H. irregulare.
Pore density is 8.6 + 0.07 poresmm 2. Approximately 6 % of
pores are distinctively not circular or elliptical, bur rather
elongated and rarely quasi-daedaloid. Basidiomata perennial
having several strata visible in cross section, most commonly
applanate, but also resupinate, in particular if found under the
intact top layer of a stump. Broad host range, but limited to co-
nifers, notably found on trees belonging to the genera Abies,
Sequoiadendron, Tsuga, Pseudotsuga, and Picea. It causes a sap

rot disease in infected trees that reduces tree vigor, and
a heartrot in larger trees that weakens the stability of infected
trees. An excellent saprobe, it causes a white stringy dry decay
of wood. Genetically distinguishable from congeneric species
by a variety of methods including isozyme, RAPDs and DNA
sequence analysis of part of the glyceraldehyde 3-phosphate
dehydrogenase gene.

The taxonomic etymology and discussion of other species
of Heterobasidion are reviewed by Niemela & Korhonen
(1998). There are currently 10 named species of Heterobasidion,
including the two new species we propose.

Discussion

There is considerable morphological plasticity among Hetero-
basidion irregulare and Heterobasidion occidentale basidiomata.
The morphological feature that seems to be most consistent
relative to distinguishing between the two is pore density.
Our pore density measurements are consistent with those of
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Fig 6 - These images show side by side the pore surface of two Heterobasidion irregulare (left column) and two Heterobasidion

occidentale (right column) basidiomata at 10x magnification.

Heterobasidion basidiomata collected from Tsuga heterophylla
((Raf.) Sarg.) in British Columbia, which all evidence indicates
are H. occidentale (Hood 1985). Pore shape and size may be less
dependable, as both are greatly affected by the angle at which
the hymenium is growing. Even with experience, it is difficult
to distinguish between the species via morphology alone,
even when found on hosts they are known to be specialized
on. This is especially true when finding basidiomata in pine
stumps in western North America, as both H. irregulare and
H. occidentale may occur in this situation (Filip & Morrison
1998; Harrington et al. 1989; Otrosina et al. 1992, 1993; Garbe-
lotto et al. 1996). On the other hand, these studies also showed
that when the fungus was found in association with symp-
tomatic intact pine trees (Pinus jeffreyi E. Murray, Pinus ponder-
osa Douglas ex P. Laws. & C. Laws, Pinus coulteri D. Don, Pinus
monophylla Torr. & Frem.), true fir (Abies concolor (Gordon &
Glend.) Lindl. Ex Hildebr., Abies magnifica Andr. Murray,) giant
sequoia (Sequoiadendron giganteum (Lindl.) Buckholz), as well as
other conifer species, they correspond to either H. irregulare
(pines, junipers, incense cedars) or Heterobasidion occidentale
(true firs. giant sequoias, hemlocks). This strong specificity
between Heterobasidion irregulare and H. occidentale and their
respective host taxa may be one driver of their genetic
differentiation. Our H. irregulare collections were associated
with symptomatic ponderosa pine, western juniper (Juniperus
occidentalis Hook.), and loblolly pine (Pinus taeda L.). The H. occi-
dentale collections were associated with symptomatic A. con-
color trees or decadent stands.

As stated in the descriptions, the location of basidiomata
on the tree or stump is apparently governed by ecological cir-
cumstances as much as any inherent host-pathogen influ-
ence. In the southeastern USA, basidiomata of H. irregulare

are usually found external to symptomatic pine trees, fruiting
in the duff at the base of the tree or stump. In contrast, it is
rare for basidiomata of H. irregulare to be found fruiting
external to stumps or hosts in western North America. To
our experience and knowledge, H. irregulare rarely occurs as
a saprotrophic, secondary colonizer of true fir stumps (Otro-
sina et al. 1992), and has never been reported as a primary
pathogen of true firs (Garbelotto et al. 1996, 1997, 1999). The
known natural range of H. irregulare includes Canada (Quebec
and Ontario), most of the USA and Mexico where pine hosts
are present, Cuba, and the Dominican Republic (Anonymous
1980).

H. occidentale does not occur in eastern North America, but
in western North America it can colonize and fruit within pine
stumps where it virtually resembles H. irregulare in gross mor-
phology and habit. This is generally thought to be a product of
the drier habitat where stumps of pine species can remain in-
tact for over 50'Y after felling and support fruiting deep within
(Filip & Morrison 1998; Otrosina & Cobb 1989). In true fir stands
at higher elevation, where the climate is cool and moist rela-
tive to ponderosa and Jeffrey pine habitat, H. occidentale basi-
diomata can attain considerable size within decay columns
of larger stumps. The known natural range of H. occidentale is
limited to western North America from Alaska to Southern
Mexico, spreading East as far as the Rocky Mountains (Anon-
ymous 1980).

Otrosina et al. (1993) presented evidence for considerable
genetic divergence between the North American S and P
ISGs. Laboratory pairings have shown that interfertility be-
tween them is approximately only 18 % (Chase & Ullrich
1990a; Harrington et al. 1989). In all published studies (Asiegbu
et al. 2005; Harrington et al. 1998; Johanneson & Stenlid 2003;

j.mycres.2009.09.001

Please cite this article in press as: William ] Otrosina, Garbelotto M, Heterobasidion occidentale sp. nov. and Heterobasidion irregulare
nom. nov.: A disposition of North American Heterobasidion biological species, Mycological Research (2009), doi:10.1016/




W. J. Otrosina, M. Garbelotto

Linzer et al. 2008; Otrosina et al. 1993), the two North America
ISGs belong to two very distinct clades within the species com-
plex. As a result, the taxa currently designated Heterobasidion
annosum s.l. represent a paraphyletic group. Despite compre-
hensive surveys in California, where both ISGs are sympatric,
anatural hybrid has been described only once (Garbelotto et al.
1996). Thus, taking into consideration the ecology, type of dis-
ease, host preference, low interfertility, and abundant genetic
information, there is ample support for the designation of the
two North American ISGs as distinct species. Based on our
morphological observations, a specimen preserved at the
New York botanical garden under the name of Polyporus irreg-
ularis (Underwood 1897; Overholts 1953) fits the description of
the North American H. annosum P ISG. We attempted the DNA
sequencing of several nuclear and mitochondrial loci from
this specimen, including the multicopy ITS of the nuclear ribo-
somal operon, without success. Nonetheless, the specimen
was collected from pine in Alabama (USA), where only the P
ISG has ever been reported. Thus, we accept the priority of
P. irregularis as the first name ever applied to this taxon in
North America and designated the binomial H. irregulare as
the new species name for the former H. annosum P ISG.

Not only are the two North American ISGs clearly distinct
from one another, but there is sufficient evidence to deem
them distinct from the already described and related Eur-
asian species. The North American H. occidentale is consid-
ered to be closely related to the Eurasian Heterobasidion
parviporum and Heterobasidion abietinum, but it is clearly ge-
netically distinct from both (Garbelotto et al. 1998; Harrington

et al. 1998; Johanneson & Stenlid 2003; Ota et al. 2006). The
North American H. irregulare is closely related to the Eurasian
H. annosum s. s. and is almost 100 % interfertile with it (Chase
& Ullrich 1990a). Likewise, H. irregulare and H. annosum s.s.
both have a broad host range and an affinity for Pinus spp,
on which they both cause a cambium disease of roots and
root collars. However, two studies of representative world-
wide samples of isolates clearly indicated these to be closely
related sister taxa which have attained reciprocal monophyly
and diverged considerably, presumably because of allopatric
separation (Linzer et al. 2008; Otrosina et al. 1993). In particu-
lar, Linzer et al. (2008) provide a convincing framework to ex-
plain the evolution of the two taxa into distinct species, and
show that all studied genotypes clearly fall into one of the
two species without ambiguity. Because the two taxa have
been long confined to separate continents, direct selection
pressure to reduce fertility between them is unlikely. Genetic
isolation often precedes both morphological differentiation
and full reproductive isolation in fungi and other microbes
(Taylor et al. 2006). We emphasize that the three Eurasian
and the two North American taxa are morphologically simi-
lar to one another, and when in sympatry they can be differ-
entiated by their ecology (see Table 3 for a summary of field
diagnostic features) or more certainly by means of the ge-
netic analyses mentioned throughout this manuscript.

The reported introduction of H. irregulare into Italy during
World War II (Gonthier et al. 2004, 2007), where the native H.
annosum s.s is present, provides an excellent opportunity to
highlight more significant differences between the two

Table 3 - Some diagnostic differences among the 5 taxa formerly included in the Heterobasidion annosum species complex

that may be of use in the field where basidiocarps are found.

H. annosum H. irregulare H. parviporum H. abietinum H. occidentale
Natural range Eurasia North America Europe Central, Southern, Western North America
& Eastern Europe
Exotic range na Central Italy na na na
Major hosts Pinus spp. Pinus spp, Libocedrus, Picea spp. or Abies  Abies spp. Abies spp., Tsuga spp.,
Juniperus spp in Eastern Russia Pseudotsuga spp.
& Sequoiadendron
Secondary Stumps of Picea na Saplings of na Stumps of Juniperus
significant hosts Pinus spp. and Pinus spp.

Location of
sporocarps

Length of
sporocarps

Mean pore density
in mm? (SD) and
% of irregular pores

Root collar
and primary
roots of dead
trees

Up to 30 cm

8(0.3)

(no data available)

Root collar (Eastern
North America, Italy),
underbark of buttress
and under

intact stump surface
(Western USA)

Up to 30 cm in North
America. In Central
Italy sporocarps

can be 30-40 cm,
and larger than

H. annosum

7.3(0.12) 11 %

Root collar
and decay
pockets
within boles

Up to 30 cm

13.4 (0.4)

(no data available)

Root collar,
along roots,
and in decay pockets

In colder areas

(Central-Eastern Europe)

up to 30 cm, in mesic
warm areas
up to 40-45 cm

12.5 (0.3)
(no data available)

Decay pockets in
stumps and fallen
trees, under intact
surface of pine stumps

Up to 40 cm

8.6 (0.07) 6 %

na = not applicable.
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taxa. In the zone of invasion, pine mortality is more elevated
in association with the exotic, than with the native species
(D’Amico et al. 2007; Gonthier et al. 2007). A recent study
has shown that in areas of sympatry, the exotic H. irregulare
is characterized by constant and high basidiospore produc-
tion, while the native H. annosum s.s is characterized by fluc-
tuations between high basidiospore production in the winter
and low or absent release of basidiospores in the summer
(Garbelotto et al. 2008). Thus, there are significant ecological
differences between the two taxa that further support their
designation as two distinct species. Delimiting the two North
American species of Heterobasidion is thus critical for policy
development for those charged with regulating and limiting
introductions of plant pathogens, as underscored by the re-
cent discovery of the H. irregulare introduction into Italy
(Gonthier et al. 2004). With increasing globalization of econo-
mies and increasing transport of raw wood and plant prod-
ucts, clarifying taxonomic positions of taxa such as the
Heterobasidion complex is an important step in regulatory
processes.

H. annosum s.1. has become a model system for the study of
fungi and plant-pathogen interactions. The genetics of inter-
sterility between species (Chase & Ullrich 1990a, b), somatic
compatibility among individuals of the same species (Hansen
et al. 19934, b), interspecific hybridization (Garbelotto et al.
1996, 2004, 2007; Olson & Stenlid 2001), di-mon mating (Garbe-
lotto et al. 1999; Johanneson & Stenlid 2004), nuclear ratios
(James et al. 2008; Ramsdale & Rayner 1994, 1996), and plant re-
sponse to pathogen infection (Abu et al. 2004; Fossdal et al.
2006; Karlsson et al. 2003) are just some of the topics that
have been studied in depth using this organism. Because of
its importance, the entire genome of a Heterobasidion homo-
karyon is currently being sequenced (Stenlid et al. 2008).
That homokaryon belongs to the North American H. annosum
P ISG, a designation that is obscure to all scientists except for
a handful of specialists. A resolution of the nomenclature
within the Heterobasidion complex and the designation of all
OTUs within it as species will be a significant advancement
clarifying the scope of research focused on Heterobasidion
spp., strengthening all communication efforts related to
such research.
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