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Abstract

Fungi in the basidiomycete species complex Heterobasidion annosum are significant root-rot pathogens of conifers throughout the
northern hemisphere. We utilize a multilocus phylogenetic approach to examine hypotheses regarding the evolution and divergence
of two Heterobasidion taxa associated with pines: the Eurasian H. annosum sensu stricto and the North American H. annosum P inter-
sterility group (ISG). Using DNA sequence information from portions of two nuclear and two mitochondrial loci, we infer phylogenetic
relationships via parsimony, Bayesian and median-joining network analysis. Analysis of isolates representative of the entire known geo-
graphic range of the two taxa results in monophyletic sister Eurasian and North American lineages, with North America further sub-
divided into eastern and western clades. Genetically anomalous isolates from the Italian presidential estate of Castelporziano are
always part of a North American clade and group with eastern North America, upholding the hypothesis of recent, anthropogenically
mediated dispersal. P ISG isolates from Mexico have phylogenetic affinity with both eastern and western North America. Results for an
insertion in the mitochondrial rDNA suggest this molecule was obtained from the Heterobasidion S ISG, a taxon sympatric with the P
ISG in western North America. These data are compatible with an eastern Eurasian origin of the species, followed by dispersal of two
sister taxa into western Eurasia and into eastern North America over a Beringean land bridge, a pattern echoed in the phylogeography of
other conifer-associated basidiomycetes.
� 2008 Published by Elsevier Inc.
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1. Introduction

Positioned at the intersection of traditional cladistics
and microevolutionary approaches, intraspecific phyloge-
ography can be used to understand forces shaping genetic
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lineages from ancient to recent time (Avise, 2000). The cur-
rent proliferation of studies that apply phylogeographic
methods to explain the histories of closely related fungal
lineages has yielded evolutionary data at both recent and
ancient temporal scales. Phylogeographic approaches have
uncovered distinct continental groupings within fungal spe-
cies due to ancient vicariance or dispersal events (Johan-
nesson and Stenlid, 2003; Oda et al., 2004; Petersen and
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Hughes, 2003). Intraspecific fungal phylogeography can
also be used to uncover recent events that shape fungal lin-
eages, such as long-distance, human-mediated dispersal of
fungi (Coetzee et al., 2001; Fisher et al., 2001; Kauserud
et al., 2004; Methven et al., 2000; Vilgalys and Sun, 1994;
Zervakis et al., 2004). Moreover, straightforward biologi-
cal and morphological species recognition is often insuffi-
cient for fungal classification. Fungal phylogeographic
studies may assist in a systematic reevaluation of evolution-
ary relationships within and among previously designated
taxonomic groups (Crouch et al., 2006; Kasuga et al.,
2003; Wu et al., 2000).

The forest pathogen Heterobasidion annosum (Fr.) Bref.
sensu lato (s.l.) has become an important model system for
the analysis of fungal-lineage diversification (Kohn, 2005).
H. annosum s.l. is among the most significant pathogens in
northern temperate coniferous forests worldwide. This
basidiomycete is widely distributed and causes root- and
heart-rot of more than 200 woody plant taxa, primarily
coniferous trees (Korhonen and Stenlid, 1998). The fungus
is indigenous in many areas and is an important ecological
factor involved in nutrient cycling, forest regeneration and
forest succession (Garbelotto, 2004). Heterobasidion root
disease, however, can be exacerbated by some forest man-
agement practices including precommercial thinning, log-
ging and plantation forestry (Pratt and Greig, 1988;
Stenlid and Swedjemark, 1988).

Although H. annosum s.l. was originally classified as a
single species, fungi formerly grouped under this name
are now characterized as a complex of genetically and phe-
notypically distinct taxa. Mating studies revealed three H.

annosum intersterility groups (ISGs): S, F and P (Capretti
et al., 1990; Korhonen, 1978). These taxa are characterized
by partial morphological differentiation and host prefer-
ence, with some overlap among ISGs. Intersterility among
groups is incomplete, with success of inter-ISG crosses
ranging between 0% and 72% (Korhonen et al., 1992; Sten-
lid and Karlsson, 1991). While mating barriers are weak
between allopatric populations belonging to different ISGs,
they are strong between sympatric ISGs, suggesting inter-
sterility can be subject to selection to reinforce genetic iso-
lation between diverging lineages (Korhonen et al., 1992;
Stenlid and Karlsson, 1991).

Using molecular methods, at least five taxa have been
delimited within the H. annosum species complex: Eur-
asian F, S and P ISGs and North American S and P
ISGs (Garbelotto et al., 1996; Harrington et al., 1998;
Johannesson and Stenlid, 2003; Karlsson and Stenlid,
1991; Korhonen and Dai, 2005; Otrosina et al., 1993).
The Eurasian P ISG is currently referred to as Heterobas-

idion annosum sensu stricto (s.s.). The F and S ISG lin-
eages from Europe have been designated as separate
taxonomic species—H. abietinum Niemelä and Korhonen
and H. parviporum Niemelä and Korhonen, respectively
(Niemelä and Korhonen, 1998). Several evolutionary
hypotheses have been formulated regarding the global
history of Heterobasidion. A Eurasian origin for the com-
plex has been suggested, followed by either ancient spread
into North American during the late Tertiary or more
recent colonization (Korhonen and Dai, 2005; Otrosina
et al., 1993).

Although there have been numerous studies examining
population substructure and relationships among taxa
within the H. annosum (s.l.) species complex, an in-depth
study of the most widespread group, the P ISG which
generally attacks pines in Eurasia and North America,
is still lacking. Although accumulating evidence suggests
that the North American P ISG and H. annosum s.s. rep-
resent distinct taxa, they nevertheless share more similar-
ities than exist between other ISGs. They are both
predominantly found on pines, although they also infect
a broad range of hosts, and in vitro crosses between iso-
lates of the two taxa are almost entirely interfertile (Chase
and Ullrich, 1990; Stenlid and Karlsson, 1991). They
share a similar mode of pathogenicity, as P ISG geno-
types in both continents kill the cambium and colonize
the outer sapwood of roots (Stenlid and Redfern, 1998).
The European H. annosum s.s. has been distinguished
from the North American P ISG by analysis of three dif-
ferent molecular markers: neutral allozymes, pectic
enzymes and ITS/IGS DNA sequences (Karlsson and
Stenlid, 1991; Otrosina et al., 1993; Harrington et al.,
1998). Sequences of a family of four paralogous manga-
nese peroxidase genes, a wood-degradation enzyme, show
no overlapping sequences between the two taxa, with two
paralogs belonging exclusively to one or the other (Maij-
ala et al., 2003). By contrast, molecular phylogenetic anal-
yses of the wood-degradation enzyme, laccase, do not
clearly differentiate the two taxa (Asiegbu et al., 2004).
Not only is the relationship between the two taxa and
their ancient evolutionary history unclear, but the taxo-
nomic status of the Heterobasidion P ISG lineages (Euro-
pean H. annosum s.s. and North American Heterobasidion

P ISG) remains an open question (Korhonen and Dai,
2005). The P ISG evolutionary history and distribution
may also have been affected by relatively recent events.
A natural, stable SP hybrid has been isolated in North
America (Garbelotto et al., 1996, 2004), and a phyloge-
netic study including several isolates from a pine forest
near Rome strongly suggested a North American origin
for those collections (Gonthier et al., 2004). Finally, there
is currently no information regarding phylogenetic rela-
tionships among P ISG populations from different intra-
continental regions.

In this study, we use a phylogeographic approach to
address evolutionary and ecological questions regarding
the H. annosum s.s. and the North American Heterobasidi-

on P ISG at both recent and ancient time scales. Our objec-
tives were: (1) to undertake a multilocus analysis of the P
ISG (H. annosum s.s. and North American Heterobasidion

P ISG) utilizing extensive worldwide samples to delimit
phylogeographic structure from the intra- to the intercon-
tinental scale, (2) to examine previous hypotheses about
the origin and biogeography of the P ISG in ancient evolu-
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tionary time, (3) to evaluate the possibility of inter-ISG
genetic exchanges among taxa within the Heterobasidion

complex, and (4) to examine the hypothesis of a recent
introduction from the US into Italy.

2. Materials and methods

2.1. Study sites and isolates

We analyzed 133 Heterobasidion isolates from 44 differ-
ent sites in North America and Eurasia. Among these are
seven putative North American isolates from Castelporzi-
ano, near Rome, four H. parviporum, four H. abietinum,
eight western US S ISG isolates (heretofore referred to as
‘‘S ISG”), and one H. insulare (Murr.) Ryv. isolate as the
outgroup. H. insulare was chosen as outgroup based on
previous results from ITS/IGS and laccase genes (Harring-
ton et al., 1998; Asiegbu et al., 2004). Detailed isolate infor-
mation is presented in Table 1; nomenclature is per
Niemelä and Korhonen (1998). This study includes isolates
from the entire known distribution of the pathogen in pine.
For the North American P ISG, this ranges from southern
Canada to central Mexico and from the Atlantic to the
Pacific coast. For the Eurasian H. annosum s.s., this ranges
from Italy to Scandinavia and from the United Kingdom
to the Altai region in southwestern Siberia. Notably, we
also included isolates from the US states of Missouri and
Wisconsin, a little-studied region of this pathogen’s
distribution.

2.2. DNA extraction

DNA was extracted by picking a few hyphal tips from
the edge of colonies growing on malt extract agar, suspend-
ing them in 0.1� Tris–EDTA buffer, and subjecting the sus-
pension to three consecutive freeze–thaw cycles, alternating
2 min in a metal block on dry ice and 2 min at 75 �C, with a
final incubation at 75 �C for 15 min. DNA from herbarium
specimens was obtained by excising 100–150 mg of the dry
basidiocarp with a sterile blade, excluding any tissue from
the outside surface of the sample to minimize contamina-
tion. Basidiocarp fragments were placed in individual
2 mL screw-top vials with two 6.35 mm sterile glass beads
and pulverized in a Mixer Mill MM 301 (Retsch, Inc., New-
town, PA) set at 30 beats per second. Basidiocarp tissue was
completely powdered after 0.5–2 min. Total DNA was then
extracted from the pulverized tissue using a modified cetyl-
trimethyl ammonium bromide (CTAB) protocol, as
described in Hayden et al. (2004).

2.3. PCR, sequencing and alignment

We sequenced PCR amplicons of two nuclear regions:
coding and non-coding portions of glyceraldehyde 3-phos-
phate dehydrogenase (GPD) and elongation factor 1-a
(EFA), and two mitochondrial loci: part of the ATP syn-
thase subunit 6 coding region (ATP) and a non-coding
insertion in the ML5–ML6 region of the mitochondrial
large rRNA gene. The rDNA insertion is present in two
non-homologous forms of approximately 1.6 or 1.8 kb in
length. Notably, all tested Eurasian H. annosum s.s. isolates
lack this insertion. Though these factors complicate the
analysis of this locus, both forms have the highest observed
genetic variability of any study locus and yield additional
information about relationships between isolates in which
the insertion is found. PCR primers for all loci are listed
in Table 2.

PCR was performed in the following 25 ll reaction mix-
ture: 1� buffer, 0.2 mM dNTPs, 1.25 U Taq (Promega
Corp. Madison, WI), 2.0 mM MgCl2 (Invitrogen Corp.
Carlsbad, CA), 0.50 lM each non-degenerate primer or
0.64 lM each degenerate primer (Table 2), and between
50 and 100 ng DNA or 7 ll hyphal tip-extracted DNA
(above). The PCR programs used were: 95 �C 3:00; 35
cycles of: 95 �C 0:40 (50 �C for ATP, 52 �C for GPD,
66 �C for EFA) 0:55, 72 �C 0:55; 72 �C 7:00. As the rDNA
insertion amplicons are 1.6 kb or greater in length, an
extended PCR was used as described in Gonthier et al.
(2001). When no PCR products were visible on an agarose
gel for herbarium specimens, we used the reaction pro-
grams above with a modified 25 ll PCR mix: 1� buffer,
1.25 U Platinum Taq, 2.0 mM MgCl2(all Invitrogen Corp.
Carlsbad, CA), 0.2 mM dNTPs, 0.50 lM each non-degen-
erate primer or 0.64 lM each degenerate primer and 5–
8 ll 1:10-diluted DNA. An identical second round of
PCR was then performed using 2.5 ll undiluted PCR prod-
uct as the template. PCR products were cleaned with the
QIAquick PCR clean-up kit (Qiagen Inc. Valencia, CA).
Both forward and reverse strands were sequenced using
the above PCR primers and BigDye Terminator (version
3.1) chemistry, according to manufacturer’s protocols,
but using 25% of the recommended reaction (ABI Foster
City, CA). Reactions were precipitated and products visu-
alized on an ABI 3100 Prism capillary sequencer, following
ABI protocols. Sequences were edited and aligned in
Sequencher (Gene Codes Corp., Ann Arbor, MI), and
alignments were manually refined using Se–Al where neces-
sary (Rambaut, 1996). The rDNA insertion could not be
sequenced through; 50 and 30 reads were concatenated for
further analysis.

Six heterokaryotic isolates that exhibited double peaks
in forward and reverse sequences were cloned before
sequencing using the TOPO TA cloning kit and manufac-
turer-provided protocols (Invitrogen Corp., Carlsbad,
CA). Not all putative heterozygotes could be cloned, so
we cloned those from areas with little geographic represen-
tation. Eight clones for each reaction were picked with a
sterile toothpick and touched to a PCR mix (above) with
sterile water in place of DNA template and using T7 and
M13 Reverse primers. To release plasmid DNA, each reac-
tion was incubated for 10 min at 95 �C before amplification
according to kit protocol. Products were sequenced as
above. Cloned alleles were chosen randomly for inclusion
in phylogenetic analysis.



Table 1
Isolates

Isolate Geographic origin Heterobasidion Collectora NCBI GenBank Accession No.

Taxon ATPb,c,d EFAc GPDc MRI seg1c MRI seg2c MRI size (kb)e

98007 Lac La Blanche, Québec, Canada H. annosum P GB&GL EU189963 EU189973 EU190083 EU190187 EU190188 1.8
98008 Lac La Blanche, Québec, Canada H. annosum P GB&GL EU189963 EU189974 EU190084 EU190189 EU190190 1.8
98011 Lac La Blanche, Québec, Canada H. annosum P GB&GL EU189963 EU189975 EU190085 EU190191 EU190192 1.8
98027 Lac La Blanche, Québec, Canada H. annosum P GB&GL EU189963 EU189976 EU190086 EU190193 EU190194 1.8
98028 Lac La Blanche, Québec, Canada H. annosum P GB&GL EU189963 EU189977 EU190087 EU190195 EU190196 1.8
98029 Lac La Blanche, Québec, Canada H. annosum P GB&GL EU189963 EU189978 EU190088 EU190197 EU190198 1.8
98034 Harrington, Québec, Canada H. annosum P GB&GL EU189963 EU189979 EU190089 EU190199 EU190200 1.8
98001 Cushing, Québec, Canada H. annosum P GB&GL EU189964 EU189980 EU190090 — — —
98002 Cushing, Québec, Canada H. annosum P GB&GL EU189964 EU189981 EU190091 EU190291 EU190292 1.6
98003 Cushing, Québec, Canada H. annosum P GB&GL EU189963 EU189982 EU190092 EU190201 EU190202 1.8
98004 Cushing, Québec, Canada H. annosum P GB&GL EU189963 — EU190093 EU190203 EU190204 1.8
98005 Cushing, Québec, Canada H. annosum P GB&GL EU189963 EU189983 EU190094 EU190205 EU190206 1.8
98006 Cushing, Québec, Canada H. annosum P GB&GL DQ916074 DQ916086 DQ916103 EU190293 EU190294 1.6
98035 Cushing, Québec, Canada H. annosum P GB&GL EU189963 EU189984 EU190095 EU190207 EU190208 1.8
98036 Cushing, Québec, Canada H. annosum P GB&GL EU189963 EU189985 EU190096 EU190209 EU190210 1.8
98038 Cushing, Québec, Canada H. annosum P GB&GL EU189963 EU189986 EU190097 EU190211 EU190212 1.8
98040 Cushing, Québec, Canada H. annosum P GB&GL EU189963 EU189987 EU190098 EU190213 EU190214 1.8
98041 Cushing, Québec, Canada H. annosum P GB&GL EU189964 EU189988 EU190099 EU190295 EU190296 1.6
98042 Cushing, Québec, Canada H. annosum P GB&GL EU189964 EU189989 EU190100 EU190297 EU190298 1.6
98012 Forêt Larose, Ontario, Canada H. annosum P GB&GL DQ916072 DQ916086 DQ916104 — — —
98014 Forêt Larose, Ontario, Canada H. annosum P GB&GL — EU189990 EU190101 EU190217 EU190218 1.8
98015 Forêt Larose, Ontario, Canada H. annosum P GB&GL EU189963 EU189991 EU190102 EU190219 EU190220 1.8
98016 Forêt Larose, Ontario, Canada H. annosum P GB&GL EU189963 EU189992 EU190103 EU190221 EU190222 1.8
98017 Forêt Larose, Ontario, Canada H. annosum P GB&GL EU189963 EU189993 EU190104 EU190223 EU190224 1.8
98018 Forêt Larose, Ontario, Canada H. annosum P GB&GL EU189963 EU189994 EU190105 EU190225 EU190226 1.8
2-1-3 Savannah River, SC, US H. annosum P WO EU189963 EU189995 EU190106 EU190227 EU190228 1.8
4-2-1 Savannah River, SC, US H. annosum P WO EU189965 EU189996 EU190107 EU190229 EU190230 1.8
351-1 Savannah River, SC, US H. annosum P WO EU189963 EU189997 EU190108 EU190231 EU190232 1.8
323 Savannah River, SC, US H. annosum P WO EU189963 EU189998 EU190109 — — —
365 Savannah River, SC, US H. annosum P WO DQ916072 DQ916088 DQ916103 EU190233 EU190234 1.8
366 Savannah River, SC, US H. annosum P WO EU189963 EU189999 — EU190235 EU190236 1.8
427 Savannah River, SC, US H. annosum P WO EU189963 EU190000 EU190110 EU190237 EU190238 1.8
1A LA, US H. annosum P NH DQ916073 DQ916086 DQ916102 EU190239 EU190240 1.8
1116-1 Georgia/Alabama, US H. annosum P WO EU189963 EU190001 EU190111 EU190299 EU190300 1.6
11063B Georgia/Alabama, US H. annosum P WO EU189963 EU190002 EU190112 EU190241 EU190242 1.8
11115A Georgia/Alabama, US H. annosum P WO EU189963 EU190003 EU190113 EU190301 EU190302 1.6
12023B-2 Georgia/Alabama, US H. annosum P WO EU189963 EU190004 EU190114 EU190303 EU190304 1.6
24086C Georgia/Alabama, US H. annosum P WO EU189963 EU190005 EU190115 EU190305 EU190306 1.6
Stop 1 Georgia/Alabama, US H. annosum P WO EU189963 EU190006 EU190116 EU190243 EU190244 1.8
93-19 Adams Co., WI, US H. annosum P GS EU189963 EU190007 EU190117 EU190245 EU190246 1.8
93-20 Adams Co., WI, US H. annosum P GS EU189966 EU190008 EU190118 EU190247 EU190248 1.8
93-21 Adams Co., WI, US H. annosum P GS EU189963 EU190009 EU190119 EU190249 EU190250 1.8
94-189 Iowa Co., WI, US H. annosum P GS EU189966 EU190010 EU190120 EU190251 EU190252 1.8
94-190 Iowa Co., WI, US H. annosum P GS EU189966 EU190011 EU190121 EU190253 EU190254 1.8
CL-3 Clear Lake, MO, US H. annosum P JB&MG DQ916072 DQ916092 DQ916099 EU190255 EU190256 1.8
CL-4 Clear Lake, MO, US H. annosum P JB&MG — EU190012 EU190122 EU190307 EU190308 1.6

(continued on next page)

R
.E

.
L

in
zer

et
a

l./M
o

lecu
la

r
P

h
y

lo
g

en
etics

a
n

d
E

vo
lu

tio
n

4
6

(
2

0
0

8
)

8
4

4
–

8
6

2
847



Table 1 (continued)

Isolate Geographic origin Heterobasidion Collectora NCBI GenBank Accession No.

Taxon ATPb,c,d EFAc GPDc MRI seg1c MRI seg2c MRI size (kb)e

CL-5 Clear Lake, MO, US H. annosum P JB&MG DQ916072 DQ916086 DQ916100 EU190309 EU190310 1.6
CL-6 Clear Lake, MO, US H. annosum P JB&MG EU189963 EU190013 EU190123 EU190311 EU190312 1.6
Conk1 De Soto National Forest, MS, US H. annosum P WO DQ916072 DQ916087 DQ916101 EU190257 EU190258 1.8
Conk2 De Soto National Forest, MS, US H. annosum P WO EU189963 — EU190124 EU190259 EU190260 1.8
Conk3 De Soto National Forest, MS, US H. annosum P WO EU189963 EU190014 EU190125 EU190261 EU190262 1.8
305-4 Lassen National Forest, CA, US H. annosum P WO DQ916075 DQ916090 DQ916102 EU190263 EU190264 1.8
310-7 Lassen National Forest, CA, US H. annosum P WO EU189967 EU190015 EU190126 EU190265 EU190266 1.8
327-5 Fremont National Forest, CA, US H. annosum P WO EU189967 EU190016 EU190127 — — —
340-3 Modoc National Forest, OR, US H. annosum P WO DQ916075 DQ916089 DQ916102 EU190267 EU190268 1.8
344-6 Modoc National Forest, CA, US H. annosum P WO EU189967 EU190017 EU190128 — — —
354-1 Modoc National Forest, CA, US H. annosum P WO EU189967 EU190018 EU190129 EU190269 EU190270 1.8
382-5 San Bernardino N.F., CA, US H. annosum P WO EU189967 EU190019 EU190130 EU190313 EU190314 1.6
390 San Bernardino N.F., CA, US H. annosum P WO EU189967 EU190020 EU190131 — — —
390-5 San Bernardino N.F., CA, US H. annosum P WO EU189967 EU190021 EU190132 — — —
398-2 San Bernardino N.F., CA, US H. annosum P WO EU189963 EU190022 EU190133 — — —
T338 Modoc National Forest, CA, US H. annosum P WO EU189967 EU190023 EU190134 EU190271 EU190272 1.8
9b2x1 CA, US H. annosum P MG EU189967 EU190024 — EU190315 EU190316 1.6
15a1x1 CA, US H. annosum P MG EU189967 — EU190135 — — —
15a3y2 CA, US H. annosum P MG — — EU190136 EU190273 EU190274 1.8
c1 San Diego, CA, US H. annosum P MG EU189967 EU190025 EU190137 EU190317 EU190318 1.6
a2 San Diego, CA, US H. annosum P MG EU189967 EU190026 EU190138 EU190275 EU190276 1.8
c3 San Diego, CA, US H. annosum P MG EU189967 EU190027 EU190139 EU190319 EU190320 1.6
c4 San Diego, CA, US H. annosum P MG EU189967 EU190028 EU190140 EU190321 EU190322 1.6
a5 San Diego, CA, US H. annosum P MG EU189967 EU190029 EU190141 — — —
c6 San Diego, CA, US H. annosum P MG DQ916075 DQ916089 DQ916103 EU190323 EU190324 1.6
c7 San Diego, CA, US H. annosum P MG EU189967 EU190030 EU190142 EU190325 EU190326 1.6
BBb WA, US H. annosum P MG EU189967 EU190031 EU190143 EU190277 EU190278 1.8
BBf WA, US H. annosum P MG EU189967 EU190032 — — — —
BBh WA, US H. annosum P MG DQ916075 DQ916089 DQ916103 — — —
BBi WA, US H. annosum P MG EU189967 EU190033 — — — —
LOP 43 Hidalgo, Mexico H. annosum P NHM — EU190034 — — — —
NAV 464 Hidalgo, Mexico H. annosum P NHM EU189963 EU190035 — EU196137 EU196138 1.6
REU 120 Michoacan, Mexico H. annosum P NHM EU189963 EU190036 EU190144 EU190279 EU190280 1.8
ROL 503 Mexico, Mexico H. annosum P NHM EU189963 EU190037 — EU190281 EU190282 1.8
CP0 Castelporziano, Italy H. annosum P PG EU189963 EU190038 EU190145 EU190327 EU190328 1.6
CP2 Castelporziano, Italy H. annosum P NA EU189963 EU190039 EU190146 EU190329 EU190330 1.6
CP3 Castelporziano, Italy H. annosum P NA DQ916072 DQ916083 DQ916098 EU190331 EU190332 1.6
CP7 Castelporziano, Italy H. annosum P NA EU189963 EU190040 EU190147 EU190333 EU190334 1.6
CP9 Castelporziano, Italy H. annosum P NA DQ916072 DQ916084 DQ916098 EU190335 EU190336 1.6
CP15 Castelporziano, Italy H. annosum P NA DQ916072 DQ916085 DQ916098 EU190337 EU190338 1.6
CP18 Castelporziano, Italy H. annosum P NA EU189963 EU190041 EU190148 EU190339 EU190340 1.6
417P Aymavilles, AO, Italy H. annosum P MG EU189968 EU190042 EU190149 N/A N/A N/A
A216r Aymavilles, AO, Italy H. annosum P PG EU189968 — EU190150 N/A N/A N/A
Cal1 Taverna, CZ, Italy H. annosum P NL EU189968 EU190043 EU190151 N/A N/A N/A
Cal2 Rogliano, CS, Italy H. annosum P NL EU189968 EU190044 EU190152 N/A N/A N/A
L1b Gressan, AO, Italy H. annosum P PG EU189969 EU190045 EU190153 N/A N/A N/A
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P12p Charvensod, AO, Italy H. annosum P PG EU189968 EU190046 EU190154 N/A N/A N/A
T5 Tuscany, Italy H. annosum P PC EU189968 EU190047 EU190155 N/A N/A N/A
95092 Podanin, Poland H. annosum P PL EU189968 EU190048 EU190156 N/A N/A N/A
98297 Karkonoski National Park, Poland H. annosum P PL EU189968 EU190049 EU190157 N/A N/A N/A
98307 Golabki, Poland H. annosum P PL EU189968 EU190050 EU190158 N/A N/A N/A
203005 Rembertòw, Poland H. annosum P PL EU189968 EU190051 EU190159 N/A N/A N/A
203006 Lipusz, Poland H. annosum P PL EU189968 EU190052 EU190160 N/A N/A N/A
791200-1-2 Finland H. annosum P KK DQ916071 DQ916077 DQ916093 N/A N/A N/A
810928-1-1 Finland H. annosum P KK DQ916071 DQ916078 DQ916094 N/A N/A N/A
00-070/1 Altai, Siberia, Russia H. annosum P KK EU189968 EU190053 EU190161 N/A N/A N/A
00-071/1 Altai, Siberia, Russia H. annosum P KK EU189968 EU190054 EU190162 N/A N/A N/A
00-072/9 Altai, Siberia, Russia H. annosum P KK EU189968 EU190055 — N/A N/A N/A
00-073/2 Altai, Siberia, Russia H. annosum P KK EU189968 EU190056 EU190163 N/A N/A N/A
02-022/3 Altai, Siberia, Russia H. annosum P KK EU189968 EU190057 EU190164 N/A N/A N/A
02-023/1 Altai, Siberia, Russia H. annosum P KK EU189968 EU190058 EU190165 N/A N/A N/A
02-030/5 Altai, Siberia, Russia H. annosum P KK EU189968 EU190059 EU190166 N/A N/A N/A
02-031/1 Altai, Siberia, Russia H. annosum P KK EU189968 EU190060 EU190167 N/A N/A N/A
E3.1 Co. Fermanagh, N. Ireland, UK H. annosum P WB EU189968 EU190061 EU190168 N/A N/A N/A
E14.2 Co. Fermanagh, N. Ireland, UK H. annosum P WB EU189968 EU190062 EU190169 N/A N/A N/A
E18.11.3 Co. Fermanagh, N. Ireland, UK H. annosum P WB EU189968 EU190063 EU190170 N/A N/A N/A
L58.1 Lael Forest, Scotland, UK H. annosum P WB EU189968 EU190064 EU190171 N/A N/A N/A
B13.4 Bennachie Forest, Scotland, UK H. annosum P WB EU189968 EU190065 EU190172 N/A N/A N/A
B20.1 Bennachie Forest, Scotland, UK H. annosum P WB EU189968 EU190066 EU190173 N/A N/A N/A
B3.22 Bennachie Forest, Scotland, UK H. annosum P WB EU189968 — EU190174 N/A N/A N/A
9a5z CA, US H. annosum S MG EU189970 EU190067 EU190175 EU190341 EU190342 1.6
9b4y CA, US H. annosum S MG EU189970 EU190068 EU190176 EU190343 EU190344 1.6
9c3y CA, US H. annosum S MG EU189970 EU190069 EU190177 EU190345 EU190346 1.6
11a2y1 CA, US H. annosum S MG EU189970 EU190070 EU190178 — — —
11b4x CA, US H. annosum S MG EU189970 EU190071 EU190179 EU190347 EU190348 1.6
15c5x CA, US H. annosum S MG EU189970 — — EU190349 EU190350 1.6
230-3 Plumas National Forest, CA, US H. annosum S WO EU189970 EU190073 EU190180 EU190283 EU190284 1.8
BBe WA, US H. annosum S MG EU189970 EU190074 EU190181 EU190351 EU190352 1.6
343F Italy H. abietinum MG EU189972 EU190075 — — — —
365F Italy H. abietinum MG EU189972 EU190076 EU190182 EU190353 EU190354 1.6
1010 Italy H. abietinum MG EU189972 EU190077 EU190183 EU190285 EU190286 1.8
1041 Italy H. abietinum MG EU189971 EU190078 EU190184 EU190287 EU190288 1.8
307S Italy H. parviporum MG EU189972 EU190079 — — — —
318S Italy H. parviporum MG EU189972 EU190080 — EU190355 EU190355 1.6
181-18 Finland H. parviporum EU189972 EU190081 EU190185 — — —
433-1 Germany H. parviporum EU189972 EU190082 EU190186 — — —
26719 American Type Culture Collection H. insulare DQ916076 DQ916091 DQ916105 EU190289 EU190290 1.8

a Collectors: NA, Naldo Anselmi; WB, William Bodles; JB, Johann Bruhn; GB, Guy Bussières; PC, Paolo Capretti; MG, Matteo Garbelotto; PG, Paolo Gonthier; NH, Nolan Hess; KK, Kari
Korhonen; GL, Gaston Laflamme; PL, Piotr Łakomy; NL, Nicola Luisi; WO, William Otrosina; GS, Glen Stanosz; NHM, the National Herbarium of Mexico (El Herbario ENCB).

b Due to the low genetic diversity at this locus, only one representative sequence of each haplotype was submitted. Identical sequences noted by same accession number.
c ATP, mitochondrial ATP synthase subunit 6 gene; EFA, portion of the nuclear elongation factor 1-a gene; GPD, portion of the nuclear glyceraldehyde 3-phosphate dehydrogenase gene; MRI,

portion of one of two non-homologous mitochondrial rDNA insertions in the ML5–ML6 region, two segments (seg1 and seg2) concatenated for analysis.
d Symbol ‘‘—”, not sequenced or sequence unsuccessful.
e The insertion is present in two non-homologous forms of approximately 1.6 or 1.8 kb.

R
.E

.
L

in
zer

et
a

l./M
o

lecu
la

r
P

h
y

lo
g

en
etics

a
n

d
E

vo
lu

tio
n

4
6

(
2

0
0

8
)

8
4

4
–

8
6

2
849



Table 2
PCR primers

Primer Primer sequence (50–30)a Reference Region

ATP6-2 TAATTCTANWGCATCTTTAATRTA Kretzer and Bruns (1999) ATP synthase, subunit 6
ATP6-3 TCTCCTTTAGAACAATTTGA Kretzer and Bruns (1999) ATP synthase, subunit 6
Elongation factor 1-a F TCAACGTGGTCGGTGAGCAGGTA Johannesson and Stenlid (2003) Elongation factor 1-a
Elongation factor 1-a R AAGTCACGATGTCCAGGAGCATC Johannesson and Stenlid (2003) Elongation factor 1-a
GPD 1 AGCCTCTGCCCAYTTGAARG This study Glyceraldehyde 3-phosphate dehydrogenase
Glyceraldehyde 3-phosphate

dehydrogenase R
RTANCCCCAYTCRTTRTCRTACCA Johannesson et al. (2000) Glyceraldehyde 3-phosphate dehydrogenase

Mito 7 GCCAATTTATTTTGCTACC Gonthier et al. (2001) Mitochondrial rDNA insertion
Mito f 212 ACTGTTACTAATCGAAAGTC This study Mitochondrial rDNA insertion

a Degeneracy codes: W = A or T, R = A or G, Y = C or T, N = A or T or C or G.

850 R.E. Linzer et al. / Molecular Phylogenetics and Evolution 46 (2008) 844–862
2.4. Phylogenetic analysis

Two separate types of phylogenetic reconstruction,
maximum-parsimony (MP) and Bayesian methods, were
utilized. If multiple isolates had identical sequences, only
one was used in calculating single-gene genealogies. We
assumed insertions and deletions (indels) to be single evo-
lutionary events, therefore indels greater than two base-
pairs in length were coded as a single character and
weighted as equal to one base substitution. If sequences
were biallelic due to heterozygous, heterokaryotic source
material, and PCR products were not cloned prior to
sequencing, sequences were coded using the degeneracy
codes R = A or G, Y = C or T, etc. The closely related
H. insulare was designated as the outgroup for all analy-
ses except for the 1.6 kb rDNA insertion, which was not
present in this isolate. In this case, H. abietinum was used
as the outgroup.

For single-locus genealogies, MP trees were calculated
using PAUP, version 4.0b10 (Swofford, 2000). MP trees
were calculated using a heuristic search with tree bisec-
tion-reconnection (TBR) branch-swapping and 10 repli-
cates with random sequence addition. For MP trees,
internal branch support was assessed by bootstrap analysis
of 1000 replicates with 10 random additions per replicate
using the FastStep algorithm (Felsenstein, 1985).

To select the appropriate DNA sequence evolution
model for each DNA region prior to Bayesian analysis,
we utilized modeltest (Posada and Crandall, 1998). The
Akaike information criterion (AIC) was used to assess
model fit (Posada and Buckley, 2004). When the selected
model was not implemented in MRBAYES, version 3.1 (Huel-
senbeck and Ronquist, 2001), we employed the next-most
complex model that was implementable. Models selected
for GPD, EFA, ATP and both mitochondrial rDNA
insertions were: GTR + I, HKY + I, F81 + I and GTR +
I + C, respectively. All Bayesian tree reconstructions were
performed using MRBAYES, version 3.1. Four Markov chain
Monte Carlo chains—one cold and three heated, were run
for 1,000,000 generations, sampling every 1000 genera-
tions. To assess where burn-in was reached, we plotted
log likelihood scores versus generation number, and all
samples prior to chain stationarity were excluded from sub-
sequent tree-building. We performed two replicate runs.
Fifty-percent majority-rule consensus trees were calculated,
and branch support was assessed using Bayesian posterior
probabilities.

For analysis of a combined dataset including DNA
sequences from the three gene regions present in all isolates
(GPD, EFA and ATP), including indel characters, we used
the above Bayesian method. Partitioning data and allowing
for parameter and rate heterogeneity within each partition
can reduce systematic error introduced by application of an
unpartitioned ‘‘compromise model” across divergent data
(Brandley et al., 2005; Nylander et al., 2004). Therefore,
data were divided into four partitions based first on data
type—DNA versus standard, then by gene region within
DNA. The model selected using modeltest under AIC,
GTR + I + C, was specified such that estimated parame-
ters and evolutionary rates could vary across all data
partitions.

2.5. Network methods

Given the potential for reticulation among these closely
related lineages, we also employed network reconstruction
methods, which allow for incomplete reproductive isola-
tion, recombination, multifurcation, or coexistence of
ancestral and derived alleles (Posada and Crandall, 2001).
We employed the median-joining network method for
our study because of its robustness compared to other net-
work methods in simulation studies using known gene
genealogies (Cassens et al., 2003, 2005).

Median-joining network analyses were implemented in
NETWORK, version 4.111 (Bandelt et al., 1999). This pro-
gram includes an algorithm that infers missing, intermedi-
ate node haplotypes via maximum-parsimony criteria, thus
circumventing lack of sampling of actual node haplotypes
in the studied populations (Bandelt et al., 1999; Cassens
et al., 2005). As the program does not accept multistate
data, taxa with heterozygous sequence data were first
removed from the datasets; the GPD dataset was not
included in this analysis as a high proportion of the isolates
were heterozygous in this DNA region. To prevent single
indel events from being counted as multiple mutational
steps, gap data were excluded from the calculations.
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3. Results

With the exception of some Mexican herbarium speci-
mens, target molecules were successfully sequenced for
most isolates from which amplification was attempted.
For North American isolates containing the insertion in
the ML5–ML6 region of mitochondrial rDNA, 1930 to
1941 characters were analyzed depending on size of the
insertion. Within this sequence dataset, 135 or 126 charac-
ters were parsimony informative, respectively. A total of
1185 characters, 91 of which were parsimony informative,
were analyzed for Eurasian H. annosum s.s. isolates, lower
counts than those for North America because all lack the
mitochondrial rDNA insertion. Sequences were deposited
in NCBI GenBank (Table 1).

3.1. Single-locus genealogies for ATP, EFA, GPD and

mitochondrial rDNA insertions

There were 40,000 equally parsimonious GPD trees,
40,000 for EFA, three for ATP, 200 for the 1.6 kb mito-
chondrial rDNA insertion and 47 for the 1.8 kb insertion.

The North American H. annosum P ISG was phyloge-
netically distinct from Eurasian H. annosum s.s. in all sin-
gle-gene genealogies computed by MP and Bayesian
methods. The only exception to this pattern was the seven
Castelporziano isolates; this group always clustered with
North American H. annosum P ISG and never with the
Eurasian clade. The analysis of the 1.6 kb DNA insertion,
a region absent from all Eurasian H. annosum s.s. isolates,
also placed Castelporziano isolates in the eastern North
American clade. GPD phylogenetic analyses (Fig. 1)
showed Eurasia and North America as sister groups as
did EFA MP, however, EFA Bayesian analysis showed a
North American clade within the Eurasian isolates
(Fig. 2); MP analysis of ATP show separate continental
clades, unresolved in a polytomy, while Bayesian analysis
of this locus showed a Eurasian clade within a North
American polytomy (Fig. 3).

Within North America, some individual analyses
revealed evidence of intracontinental substructure. Neither
MP nor Bayesian analyses of GPD data indicated phyloge-
netic structure within North America (Fig. 1). However,
both phylogenetic analyses of EFA and ATP generally sep-
arate isolates with a provenance west of the Rocky Moun-
tains from those originating east of the Rocky Mountains
(Figs. 2 and 3). Exceptions were one eastern North Amer-
ican isolate and one western North American isolate that
appeared in alternative clades in the EFA analysis, and
two western North American isolates that appeared in
the eastern North American clade in the ATP analysis.
Analysis of the 1.6 kb rDNA insertion separated eastern
from western North American isolates with a high degree
of branch support using the two methods (Fig. 4A). Castel-
porziano isolates clustered with eastern North American
isolates by sequence data from ATP, EFA and the 1.6 kb
rDNA insertion. All non-Mexico western North American
isolates for the 1.8 kb insertion have the same haplotype a
haplotype absent from the sampled eastern isolates
(Fig. 4B).

Analyses of Mexican samples unexpectedly revealed dis-
crepancies of genotype placement based on different mark-
ers. All Mexican isolates clustered with ENA in the ATP
analysis (Fig. 3). However, isolate ROL 503 had both east-
ern and western US alleles for the EFA region when
cloned, and LOP 43 and REU 120 fell into their own
strongly supported clade with the ENA (Fig. 2). NAV
464 was characterized by ENA alleles at all loci.

In contrast to the intracontinental patterns found in
North America, Eurasian isolates did not show substruc-
ture related to geography in single-gene genealogies.
Although there were distinct clades within the EFA and
GPD genealogies, these clades were not partitioned based
on the geographic sources of constituent isolates. Individu-
als from throughout the tested range in Eurasia: from the
United Kingdom through Siberia, and from southern Italy
through Scandinavia, intermingled in the Eurasian
branches.

3.2. Bayesian phylogenetic analysis of the combined dataset

A Bayesian 50% majority-rule consensus tree of the
combined dataset (Fig. 5) indicated all P-type isolates to
be a monophyletic group with a posterior probability of
1.0. The constituent North American P and Eurasian P
branches are each supported with a posterior probability
of 1.0. Western North American P isolates formed a clade
within the eastern isolates with a posterior probability of
1.0. The seven Castelporziano isolates formed a clade
within the eastern North American P isolates, also sup-
ported with 100 percent probability. The only Mexican iso-
late with successful amplification of all three regions was
located on a long branch within the eastern US isolates.
While four non-Mexico isolates were placed in an incon-
gruent clade based on single-locus analyses (above), only
one had this pattern in the combined analysis—isolate
98008 from eastern Canada appeared in the western North
American clade. Though several clades with varying
degrees of support were present in the combined analysis,
the Eurasian isolates showed no evidence of intracontinen-
tal structure related to geographic origin of the isolates.

3.3. Median-joining networks

We calculated median-joining (MJ) networks for the
ATP, EFA and mitochondrial rDNA insertions with
ambiguous sequences removed and gaps ignored. Each cir-
cular network node represents a single sequenced haplo-
type, with node size being proportional to number of
isolates with that haplotype. Diamonds show unsampled
nodes inferred by MJ network analysis, and tick marks
on the branches show the number of mutations separating
nodes. Network loops show either true reticulation events
or alternative genealogies.
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Fig. 1. Fifty-percent majority-rule Bayesian consensus phylogram for part of the nuclear glyceraldehyde 3-phosphate dehydrogenase gene. Thickest bold
branches were supported in strict MP and 50% Bayesian consensus trees. Thinner bold branches were supported in only one type of consensus tree.
Bootstrap values of 50 and above from 1000 replicates for MP analysis shown below the branches; posterior probabilities 0.5 or larger from 1,000,000
generation Bayesian analysis shown above the branches. Isolates from Castelporziano are marked with filled circles, the Mexican isolate with a filled
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The MJ network for the highly conserved mitochondrial
ATP region consisted of eleven sampled haplotypes
(Fig. 6A). Eurasian and western North American isolates
branched off of an inferred node haplotype, and the four east-
ern North American haplotypes were one to two mutational
steps removed from the western North American node.
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All Castelporziano and Mexican isolates were part of an east-
ern North America node. The outgroup taxa were several
mutational steps away from the P ISG portion of the network.
The EFA MJ network of 31 haplotypes (Fig. 6B) yielded
all eastern North America haplotype nodes, including all of
those from Castelporziano, in a coherent group intermedi-
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ate between those from western North America and Eur-
asia. The four haplotypes from Mexico were quite distinct
with one included in an eastern North American node, one
in a western North American node, and the remaining two
haplotypes as separated nodes in the western cluster.
Again, outgroup taxa in the EFA MJ network were sepa-
rated from the H. annosum P ISG clusters by several
mutations.

Thirty-four of the sequenced isolates contained the
smaller mitochondrial rDNA insertion, yielding 18 distinct
haplotypes (Fig. 6C). Again, this region is lacking in Eur-
asian H. annosum s.s.. In contrast to the GPD, EFA and
ATP analysis, the P ISG haplotypes were removed from
H. annosum S ISG by few mutational steps—in one case,
only three. Western North American haplotypes were
intermediate between this S ISG node and the eastern
North American haplotypes. All Castelporziano sequences
and one Mexican genotype were within the Eastern North
American node. European H. abietinum and H. parviporum

were several mutational steps away from the S ISG/P ISG
section of the network. Fifty-one isolates contained the lar-
ger mitochondrial rDNA insertion, yielding 15 distinct
haplotypes (Fig. 6D). The closest North American P ISG
haplotype was five mutational steps removed from the S
ISG node. The two Mexican isolates for which this region
could be sequenced fell in distant parts of the network. All
western North American isolates had a single haplotype
located within the reticulate P ISG section.

4. Discussion

We document results of the most comprehensive study
to date investigating the evolutionary history of pine-asso-
ciated H. annosum, in terms of sample size, number and
variety of analyzed loci and representation of worldwide
range. In all single-gene genealogies, except the highly con-
served mitochondrial ATP synthase coding region and one
type of EFA tree, the pine-associated H. annosum repre-
sents a monophyletic group comprised of sister North
American and Eurasian clades. MP phylogenetic analysis
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of the ATP synthase sequence data differentiates the two
continental clades, but places them in a polytomy with
other taxa within the complex. The North American
branch is not supported in the Bayesian consensus tree.
The limited resolution of the ATP analysis is likely due
to the limited polymorphism levels present. In the analysis
of the combined data, including the ATP sequences, the P
ISG is monophyletic with 100% posterior probability and



Fig. 6. Median-joining networks. Each circular node represents a distinct haplotype, and node size is proportional to number of individuals of that haplotype.
Tick marks along branches indicate number of mutational changes between nodes; filled diamond nodes are unsampled haplotypes inferred during analysis. S
ISG WNA (cross-hatched), H. annosum S ISG; light gray, H. insulare; horizontal stripes, H. abietinum; vertical stripes, H. parviporum; P ISG EA (s.s.) (dark
gray), Eurasian H. annosum s.s.; P ISG WNA (medium gray), western North American H. annosum P ISG; P ISG ENA (diagonal stripes), eastern North
American H. annosum P ISG; CP (white), Italian Castelporziano isolates; black, Mexican isolates. (A) Mitochondrial ATP synthase subunit 6 coding region
network. The largest eastern North American H. annosum P ISG node contains three Mexican isolates, seven Castelporziano isolates and two western North
American isolates. (B) Nuclear elongation factor 1-a network. (C) Mitochondrial rDNA 1.6 kb insertion network. (D) Mitochondrial rDNA 1.8 kb insertion
network.
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has well-supported sister Eurasian and North American
groups. Our results confirm the genetic differentiation
between North American and Eurasian P shown by iso-
zyme studies and phylogenetic analysis of ITS/IGS and
some manganese peroxidase paralogs (Harrington et al.,
1998; Karlsson and Stenlid, 1991; Maijala et al., 2003;
Otrosina et al., 1993). Phylogenetic studies of putative
pathogenicity-related laccase genes did not show separa-
tion between North American and Eurasian P ISG (Asi-
egbu et al., 2004), but the lack of separation may be due
to differential selection pressures on this wood-degradation
enzyme.

These results offer insight regarding unresolved prob-
lems in H. annosum s.l. taxonomy. Increasingly, designa-
tion of divergent fungal taxa is being performed using
several methods of species recognition concurrently,
including phylogenic patterns, reproductive isolation and
phenotypic characters (Dettman et al., 2003a,b; Harring-
ton and Rizzo, 1999; Taylor et al., 2000). Various combina-
tions of host preference, intersterility and population
differentiation have been used to designate separations in
the H. annosum s.l. complex. Currently, there are five major
H. annosum s.l. lineages, two of which have been given sep-
arate species names.

Whether the two P ISG lineages, H. annosum s.s. and the
North American P ISG, should be considered distinct spe-
cies has been an open question. The evidence supporting a
common nomenclature for both groups includes their
monophyly, nearly complete interfertility, phenotypic sim-
ilarities, close levels of genetic relatedness, and similar host
range and mode of pathogenicity. However, the Eurasian
and North American populations are differentiated into
two clear sister taxa with no evidence of recent gene flow.
Aside from Castelporziano individuals, no tested isolates
of North American origin ever clustered in the Eurasian
clade. Moreover, the severe disease caused by exotic North
American genotypes in Italy (Gonthier et al., 2004, 2007)
suggests that the two taxa have significantly diverged in
allopatry, each lineage acquiring unique phenotypic traits.
If H. annosum s.s. is to continue to be used for both North
American and Eurasian taxa, we propose assigning subspe-
cies qualifiers to acknowledge these differences. Given that
genetic isolation often precedes morphological distinctions
and reproductive isolation in microbes (Taylor et al., 2006),
separate species names may be most appropriate for these
two distinct phylogenetic species. This distinction may
assist regulators in preventing further intercontinental
introductions.

In contrast to the monophyletic nature of European H.

annosum s.s. and North American H. annosum P ISG, evo-
lutionary relationships among the European H. abietinum,
H. parviporum and the North American H. annosum S ISG
are not completely resolved. Using broad geographic sam-
pling of the three taxa, a multilocus combined phylogenetic
analysis of nuclear loci showed support for sister H. par-

viporum and North American H. annosum S ISG clades
as the sister clade to H. abietinum (Johannesson and Sten-
lid, 2003). Evidence of alternate relationships is found in
our own dataset, including mitochondrial sequences, some
single nuclear loci (Johannesson and Stenlid, 2003; Ota
et al., 2006) and the ITS and IGS regions (Harrington
et al., 1998). In our and all cited studies, however, the lin-
eages currently designated H. annosum s.l. are paraphyletic,
justifying the need for a different specific designation for
the North American H. annosum S ISG.

At an intracontinental geographic scale, we found evi-
dence of a subdivision in North America between P ISG
isolates originating from east vs. west of the Rocky Moun-
tains. Although weak branch support or clade instability
under different phylogenetic reconstruction methods makes
this relationship somewhat ambiguous in individual gene
genealogies, the separation of the western from the eastern
clade was strongly supported in analysis of the combined
dataset. The two populations may be evolving towards
more complete separation. While a few North American
isolates fell into incongruent clades in analyses of individ-
ual loci, only one eastern Canadian isolate was placed in
the western North American clade in the multilocus analy-
sis. The reason for this placement is unclear. We cannot
differentiate between the presence of rare ancestral alleles
and more recent, long-distance movement of fungal iso-
lates between the two regions. The possibility that H. anno-

sum may have been successfully transported across the
continent warrants the need to elucidate potential routes
of movement.

Our data provide some evidence to address the origin
and dispersal history of the P ISG lineage. At least six Het-
erobasidion taxa are indigenous in Eurasia as opposed to
two in North America, which has been used to propose a
Eurasian origin for the Heterobasidion genus (Korhonen
and Dai, 2005). Although EFA Bayesian analysis suggests
the North American taxon arose from within the Eurasian,
the two are sister groups in other phylogenetic analysis,
including the combined analysis. Hence we limit ourselves
to the inference that the common ancestor of the two P
ISG sister clades may have arisen in Eurasia, diversifying
from the F and S ISG lineages there. The ancestral P
ISG population may have then separated, with the current
H. annosum s.s. lineage colonizing western Eurasia and
another lineage dispersing over a land bridge to found
the North American P ISG populations. Dispersal likely
occurred over a Beringean land bridge, as the last terres-
trial connection between North America and Europe was
severed during the Eocene, approximately 50 MYA (Knox,
1998). Such ancient isolation would likely have resulted in
much higher genetic divergence between the two groups.
Phylogenetic analysis of the ITS region provides some evi-
dence that an Australian taxon, H. araucariae, is basal to
the H. insulare/H. annosum s.l. species complexes (Harring-
ton et al., 1998), making it unlikely that North America is
the geographic source of the Eurasian H. annosum s.s. lin-
eages. The relative position of H. araucariae, however, is
different in a multilocus analysis using nuclear genes (Ota
et al., 2006). Adding more basal relatives into a rigorous,
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multilocus phylogenetic study is necessary to allow us to
distinguish between hypothesized orders and directions of
events in the history of all Heterobasidion lineages.

In North America, Mexico contains both ENA and
WNA alleles and has higher genetic divergence among
the four analyzed isolates than was sampled in either the
eastern or western North American populations. Thus,
our data suggest Mexican isolates represent an evolution-
ary bridge between the two. Moreover, the western North
American clade is nested within the eastern North Ameri-
can P ISG clade. Two alternative scenarios could then
account for the spread of this organism within North
America. Arriving from Eurasia, the P ISG may have first
dispersed southward in eastern North America through
Mexico and then northward to western North America.
Alternatively, a widespread North American P may have
been confined to Mexico during a period of glaciation, later
recolonizing both eastern and western North America,
resulting in the two divergent lineages. The high genetic
diversity and variable clade placement observed among
the few Mexican isolates we were able to include in this
study seems to support the latter scenario. However, the
nesting of the western North American clade within the
eastern clade in the combined Bayesian analysis supports
the first scenario. Interestingly, the mitochondrial ATP
analyses point to the eastern North American isolates
potentially being derived from the western isolates, hence
the mitochondria may have a different history than the
sequenced nuclear loci. A landscape-scale, empirical study
of potential North American glacial refugia and recoloni-
zation pathways points to Mexico as harboring such a ref-
uge during past glaciation (Swenson and Howard, 2005).
Studies utilizing additional Mexican isolates, more variable
DNA regions or markers suited to population-level analy-
ses are needed to determine the most probable hypothesis.

The patterns of inter- and intracontinental biogeograph-
ical structure between Eurasia and North America identi-
fied here for the H. annosum P ISG agree with those
observed in numerous additional fungi. For example, a
multilocus phylogenetic study of Amanita muscaria and
A. pantherina, both of which can establish an ectomycor-
rhizal (EM) relationship with members of Pinaceae, dis-
played a pattern very similar to that of the worldwide P
ISG. Intracontinental relationships within Eurasia and
North America were closer than intercontinental ones,
though another study of A. muscaria revealed an Alaskan
region of lineage coexistence (Geml et al., 2006; Oda
et al., 2004). Moreover, the A. muscaria clade within North
America also has a subclade of western North American
isolates within the eastern North American group, with
eastern North America falling between western North
America and Eurasia, suggesting continental connectivity
via a Beringean or North Atlantic land bridge (Oda
et al., 2004). As P ISG populations are only found as far
north as the US state of Washington in North America,
the H. annosum pattern is also reminiscent of the one
reported for the matsutake mushroom species complex
(genus Tricholoma), which can also form an EM relation-
ship with some conifers (Chapela and Garbelotto, 2004).
Eurasian matsutake populations are more closely related
to eastern North American individuals than to those from
western North America, and Mexican isolates are interme-
diate between a circumboreal group, including eastern US
individuals, and a western US clade. In contrast to the P
ISG, however, the group likely evolved in western North
America dispersing westward over a Bering Straight land
bridge (Chapela and Garbelotto, 2004). Phylogenetic
reconstructions for two other lignicolous basidiomycetes,
Artomyces pyxidatus and Armillaria mellea, show distinct
Eurasian and North American clades. The North Ameri-
can clades are divided between eastern and western clus-
ters, although possible dispersal or vicariance pathways
among the clades are obscure (Coetzee et al., 2000; Lickey
et al., 2002). Thus, many basidiomycetes, including several
associated with conifers, demonstrate closer intracontinen-
tal than intercontinental phylogeographical relationships.
Moreover, at the intracontinental scale, the frequency of
phylogenetic divisions between eastern and western isolates
within many North American clades suggests that the
Rocky Mountains and the Great Plains constitute a barrier
to gene flow for many fungal taxa.

Our phylogenetic analyses also revealed evidence of two
events that likely occurred after the ancient divergence of
the major Heterobasidion lineages. The first is a possible
instance of horizontal genetic transfer, and the second is
a recent intercontinental introduction and establishment
of the North American P ISG in Italy. The highly variable
mitochondrial rDNA insertions display a very different
pattern than the other mitochondrial and nuclear gene
regions. Both forms of the non-exonic insertion, though
located in the same part of the gene, are completely non-
homologous, and both are absent from all Eurasian H.

annosum s.s. isolates. The smaller rDNA insertion is closely
related to that found in the H. annosum S ISG: in the MJ
network, a western North American P ISG isolate is inter-
mediate between the rest of the P ISG and the western
North American S SIG isolates (Fig. 6C). Though the
MJ network for the larger insertion is markedly reticulated,
the S ISG genotype is only five mutational steps away from
the nearest North American P ISG genotype, while H. insu-

lare is 51 steps from any North American P (Fig. 6D). By
contrast, analyses of all other loci show the North Ameri-
can P ISG isolates separated from the S ISG isolates by
many mutational changes, and the S ISG genotypes are
closest to H. abietinum and H. parviporum. This pattern
is apparent in the highly conserved mitochondrial ATP
region (Figs. 3 and 6A) and in the nuclear loci (Figs. 1, 2
and 6B). The fact that S ISG rDNA insertion sequences
are closest to North American P ISG sequences suggests
an instance of horizontal transfer of the insertions. As
the west is the only North American region in which both
ISGs are in sympatry, the P ISG lineage may have acquired
these insertions from the S ISG lineage after introduction
from Eurasia. Potential mechanisms for the transfer of an
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independent segment of S SIG-type mitochondrial DNA
include mitochondrial recombination or the movement of
mobile DNA elements. Both of these scenarios have been
identified in fungal mitochondria, particularly for taxa in
which hybridization can lead to heteroplasmy (reviewed
in Barr et al., 2005). Notably, the only stable, inter-ISG
hybrid found in nature to date is an SP hybrid isolated in
the western US, demonstrating the possibility that these
ISGs can cross outside of the laboratory. Alternately, this
DNA segment may have been lost from the Eurasian P
ISG lineage. This, however, does not explain the closeness
of the North American P to the North American S and the
distance of the S from H. abietinum and H. parviporum, a
pattern at odds with other sequenced loci from this study
and analysis of molecular markers from numerous other
Heterobasidion studies.

We have previously identified seven genotypes from
Castelporziano (Italy) as ENA, based on a phylogenetic
analysis that employed a more limited set of samples (Gon-
thier et al., 2004; Warner et al., 2005). The ENA origin of
these isolates is fully supported by the broader phyloge-
netic and MJ network analyses reported here. As all of
the Castelporziano Estate isolates form a separate clade
within the eastern North American isolates in the com-
bined tree, these isolates may either originate from an area
not sampled in this study or may have diverged slightly
since their introduction to the site. Rapid evolution often
occurs as introduced populations respond to novel abiotic
and biotic conditions (Sakai et al., 2001), and may explain
the differentiation. It is also possible that gene flow may
have occurred between the introduced ENA genotypes
and the native Italian genotypes since the hypothesized
introduction, and indeed, evidence of hybridization has
been found recently (Gonthier et al., 2007). The estate
has been closed to the public for centuries and contains
only native plants, precluding an introduction linked to
exotic plantings. As previously suggested, the most likely
mode of introduction is via untreated wood associated with
the US Army regiment encampment on the grounds in
1944, during World War II (Gonthier et al., 2004). The
ability to assign an exotic pathogen to a region of origin
may assist us in better understanding its biology and pre-
venting further introductions (Wingfield et al., 2001).
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