MOLECULAR ECOLOGY

Molecular Ecology (2011) 20, 2581-2602

doi: 10.1111/§.1365-294X.2011.05109.x

Gene genealogies reveal cryptic species and host
preferences for the pine fungal pathogen Grosmannia
clavigera

SEPIDEH M. ALAMOUTI,* VINCENT WANG,* SCOTT DiGUISTINI,* DIANA L. SIX,+JORG
BOHLMANN, 1§ RICHARD C. HAMELIN,§ NICOLAS FEAUY and COLETTE BREUIL*

*Department of Wood Science, University of British Columbia, Vancouver, BC V6T 124, Canada, tDepartment of Ecosystem
and Conservation Sciences, University of Montana, Missoula, MT 59812, USA, tMichael Smith Laboratory, University of
British Columbia, Vancouver, BC V6T 124, Canada, §Department of Forest Science, University of British Columbia,
Vancouver, BC V6T 174, Canada, §UMR 1202 BIOGECO, INRA 69 Route d’Arcachon, 33612 Cestas Cedex, France

Abstract

Grosmannia clavigera is a fungal pathogen of pine forests in western North America and
a symbiotic associate of two sister bark beetles: Dendroctonus ponderosae and D. jeffreyi.
This fungus and its beetle associate D. ponderosae are expanding in large epidemics in
western North America. Using the fungal genome sequence and gene annotations, we
assessed whether fungal isolates from the two beetles inhabiting different species of
pine in epidemic regions of western Canada and the USA, as well as in localized
populations outside of the current epidemic, represent different genetic lineages. We
characterized nucleotide variations in 67 genomic regions and selected 15 for the
phylogenetic analysis. Using concordance of gene genealogies and distinct ecological
characteristics, we identified two sibling phylogenetic species: Gc and Gs. Where the
closely related Pinus ponderosa and P. jeffreyi are infested by localized populations of
their respective beetles, Gc is present. In contrast, Gs is an exclusive associate of
D. ponderosae mainly present on its primary host-tree P. contorta; however, in the
current epidemic areas, it is also found in other pine species. These results suggest that
the host-tree species and the beetle population dynamics may be important factors
associated with the genetic divergence and diversity of fungal partners in the beetle-tree
ecosystems. Gc represents the original G. clavigera holotype, and Gs should be
described as a new species.
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Introduction

Because of global trade, and environmental and climate
changes, phytophagous insects and insect-vectored
fungi that are pathogenic to trees have the potential to
undergo rapid population expansion and cause substan-
tial ecological changes (Anderson et al. 2004). A key
aspect of estimating risks to ecosystems because of the
spread of native or introduced pathogenic species
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involves defining species boundaries and genetic diver-
sity. A growing number of fungal pathogens that were
originally reported as dispersed generalists are now
described as collections of populations or sister species
adapted to new hosts or environments (Burnett 2003;
Giraud et al. 2008). However, like many other organ-
isms, it is difficult to define species boundaries in fungi.
Molecular approaches, such as phylogenetic species rec-
ognition by genealogical concordance (PSR), can be
more effective than traditional concepts (Taylor et al.
2000; Dettman et al. 2003). While it can be challenging
to identify a genetic threshold that defines a species
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boundary, it is becoming increasingly practical to gener-
ate genomic sequence data for delimiting species with
many independent gene genealogies (Knowles & Car-
stens 2007).

Native bark beetles and their fungal associates, which
evolve within coniferous trees, are among the most
damaging forest pests in North America (Harrington
2005). The current Dendroctonus ponderosae [mountain
pine beetle (MPB)] outbreak is the largest epidemic in
recorded history. It has affected more than 16 million
hectares of Pinus contorta forest in western Canada
(http:/ /www for.gov.bc.ca/hfp/mountain_pine beetle),
leading to major impacts on ecosystem dynamics and
associated economies (Kurz et al. 2008). MPB normally
remains at low population levels within pine forests for
many decades, but can rapidly erupt into large-scaled
outbreaks, killing large areas of susceptible host trees
(Raffa 1988). Climate change and large areas of suscep-
tible host trees likely contribute to the epidemic
expanding northward and into high-elevation pine for-
ests, beyond the MPB’s recorded historical range (Saf-
ranyik et al. 2010). Population studies of both beetles
and fungal associates (i.e., Grosmannia clavigera) con-
firmed population expansion in the northern part of the
beetle/fungal species range, where outbreak activity is
currently increasing (Lee et al. 2007; Mock et al. 2007;
Roe et al. 2011). Further, if conditions continue to be
suitable for MPB in its current geographic range, there
is a risk that the outbreak will expand eastward into
the boreal forests via P. banksiana (Logan & Powell
2001; Bentz et al. 2010; Safranyik et al. 2010).

One of the most common characteristics of bark bee-
tles is their association with the wood-colonizing fila-
mentous ascomycetes grouped as ophiostomatoid (Six
& Wingfield 2011). Grosmannia clavigera is an ophiosto-
matoid tree pathogen that forms a symbiotic association
with MPB (Robinson-Jeffrey & Davidson 1968) and its
sister species D. jeffreyi [jeffrey pine beetle (JPB); Six &
Paine 1997]. While MPB and JPB have only subtle phe-
notypic and genetic differences, they inhabit different
host trees. JPB is highly specialized, infests only P. jef-
freyi, and has no history of large-scaled epidemics,
whereas MPB inhabits its primary host P. contorta and
22 other pine species, but not P. jeffreyi (Wood 1982;
Safranyik ef al. 2010). These bark beetles carry similar
mycoflora, and their geographic distributions overlap in
some regions of the USA (Wood 1982; Six & Paine 1997;
Kelley & Farrell 1998). G. clavigera is one of the most
important fungal associates of MPB and JPB (Robinson-
Jeffrey & Davidson 1968; Six & Paine 1997; Lee et al.
2006; Rice et al. 2007), and a central component of cur-
rent MPB epidemics. Vectored fungi benefit from the
association because the beetles carry them through the
tree bark into a new host’s tissues (Six & Wingfield

2011). The benefits reported for the beetle and its prog-
eny include the fungi providing a suitable substrate for
brood development, participating in weakening tree
defences, and serving as a source of nutrients (Raffa &
Berryman 1983; Harrington 2005; Bleiker & Six 2007;
Lieutier et al. 2009; DiGuistini et al. 2011). While both
beetle and fungi contribute to tree death, G. clavigera
can kill trees without the beetle when manually inocu-
lated into the host at a certain density (Solheim & Krok-
ene 1998; Lee et al. 2006).

While species identification is important to under-
standing the ecology and biology of organisms, bound-
aries between closely related species often lack clear
limits and diagnostic characteristics. In G. clavigera, the
sexual state (teleomorph) has been rarely found in nat-
ure and is not produced in the laboratory (Lee et al.
2003). The fungus is predominantly haploid through its
life cycle and is mainly known to reproduce asexually
(Six & Paine 1999; Lee et al. 2007). Because teleomorphs
are rare, morphological identification relies on asexual
structures, which occur in a variety of forms including
the anamorph Leptographium (Jacobs & Wingfield 2001;
Six et al. 2003). Morphology in G. clavigera shows large
variations in conidiophores and conidia shapes and
sizes and can become confusingly indistinguishable
from those of close relatives in the genus Grosmannia
and Leptographium (Tsuneda & Hiratsuka 1984; Six et al.
2003). Distinguishing G. clavigera from morphologically
similar species using molecular tools is also challenging
(Zambino & Harrington 1992; Six et al. 2003; Lim et al.
2004). This fungus is part of a complex of closely
related species that are associated with bark beetles and
can infest the same pine-host trees (Six et al. 2003; Lim
et al. 2004). Multigene phylogenies using ribosomal
DNA and the housekeeping genes (e.g., actin, elonga-
tion factor 1, alpha and beta tubulin) have been useful
for distinguishing G. clavigera from its most closely
related species, with the exception of a generalist fun-
gus L. terebrantis (Six et al. 2003; Lim et al. 2004; Roe
et al. 2010). MPB- and JPB-associated G. clavigera are
shown to represent a single species using molecular
and morphological data, and the species is character-
ized with a low level of gene diversity within both bee-
tle-associated populations (Six & Paine 1999; Six et al.
2003; Lim et al. 2004; Lee et al. 2007). AFLP markers
suggested the presence of two genetically distinct
groups within G. clavigera associated with MPB epi-
demic in Rocky Mountain of Alberta and the northern
USA (Lee et al. 2007); however, these groups have not
been supported by phylogenetic analysis of multiple
loci (Roe et al. 2011) or by microsatellite markers (Tsui
C, Roe A, El-Kassaby Y, Rice A, Massoumi Alamouti S,
Sperling F, Cooke ], Bohlmann ], Breuil C, Hamelin R,
unpublished data).
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Beetle-associated plant pathogens like G. clavigera
depend on beetle vectors and host trees to complete
their life cycles (Harrington 2005). Therefore, detecting
genetic isolation in relation to the degree of host spe-
cialization or evolution of symbiosis is relevant to this
group of fungi. Although G. clavigera is considered to
be a single species, it develops a tight ecological and/or
biological association with different species of pines, as
well as with the two distinct sibling beetle species MPB
and JPB. Paine & Hanlon (1994) and Six & Paine (1998)
suggested that G. clavigera isolated from MPB or JPB
had different tolerance to host defence metabolites.
These beetles segregate in different ecological niches; as
such we hypothesize that this segregation might lead to
genetic divergence in their fungal associates.

Defining species boundaries is essential for under-
standing the potential adaptive variations and the eco-
logical and/or biological traits that may impact the
evolution of beetle-associated fungi. Theoretical models
that incorporate adaptation and divergence among
pathogens are applicable to risk assessment and to
developing control measures, and detailed genetic infor-
mation on evolving species should improve such mod-
els (Giraud et al. 2010). Currently, information on
genetic variation in G. clavigera is limited to few pro-
tein-coding genes and noncoding markers (Six & Paine
1999; Lee et al. 2007; Tsui et al. 2009; Roe et al. 2011).
Here, we screened nucleotide polymorphisms in 67 loci
and applied PSR using a subset of 15 protein-coding
genes to assess whether genetically isolated lineages
occur within G. clavigera, and whether host beetle
and/or tree specialization may influence the evolution of
these fungi. We combined the sequence data from the 15
loci to clarify how the species recognized by PSR were
related to each other. We show evidence of recombina-
tion in these apparently asexual fungi. Finally, we con-
clude that G. clavigera consists of Gc and Gs lineages
and discuss the ecology and biology of these fungi.

Materials and methods

Samples

We examined 166 isolates of G. clavigera and eight
additional isolates of its four closely related species
G. aurea, L. longiclavatum, L. terebrantis and L. wingfieldii
(Tables 1 and S1, Supporting information). The G. clavi-
gera isolates were collected from the two beetle associates
MPB and JPB and their host trees at different sites in
Canada and the USA. In California, where both MPB
and JPB are present (i.e., sympatric regions), we collected
30 and 25 isolates from P. jeffreyi and P. contorta, respec-
tively, as well as a few isolates from P. ponderosa. We
also included G. clavigera from locations where only
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MPB is present (i.e., allopatric regions). Sixty-seven iso-
lates were from P. contorta in Canada and the USA, 29
isolates from P. ponderosae in South Dakota and British
Columbia (BC), and a limited number of isolates from
other MPB-host species, including P. albicaulis in BC and
P. strobiformis in Arizona. Our fungal collection provides
a comprehensive coverage of the beetles’” geographic dis-
tribution. This included samples from current MPB epi-
demics in Canada, Idaho and Montana as well as from
previous outbreaks in the 1960s and 1980s. It also included
samples from small, geographically isolated outbreak pop-
ulations in South Dakota, California and Arizona. In the
work described here, we refer to such populations as
“localized’. Figure 2a shows the sampling locations.

Isolation

Fungal isolations from beetle exoskeletons or mycangia,
or from galleries in infested trees, were carried out fol-
lowing the methods described by Six & Paine (1997)
and Massoumi Alamouti et al. (2007). Identification and
molecular analyses were carried out from single-spore
isolates. All cultures are maintained at the Breuil cul-
ture collection (University of British Columbia, Canada).
Morphological features were determined from colonies
grown on 2% MEA (20 g Difco malt extract, 10 g Difco
agar and 11 distilled water) or from fungi taken from
beetle galleries. The G. clavigera reproductive structures
were examined and compared to those described by
Robinson-Jeffrey & Davidson (1968), using light micros-

copy.

Polymorphism detection

We identified polymorphic loci using two approaches.
The first approach involved sequencing 28 candidate
genes that were available from the G. clavigera genome
sequence and EST-supported gene predictions (DiGuis-
tini et al. 2007, 2009, 2011), followed by polymorphism
discovery and verification. The second approach
involved sequencing 39 putative polymorphic loci iden-
tified from an expressed sequence tag (EST) library
obtained by pooling mRNA from eight G. clavigera iso-
lates (DiGuistini et al. 2009) that were characterized as
distinct haplotypes (i.e., unique sequence type) using
the first approach. The target loci were identified from
the genomic resource using CLCbio Genomics Work-
bench (CLC) 3.7.1 (Aarhus, Denmark). To discover
polymorphisms, we sequenced the 67 loci across nine
G. clavigera isolates (Table 1) chosen from distinct eco-
logical and geographical sources. The sequences were
aligned and analysed for polymorphisms using CLC.
We validated the novel polymorphisms in 15 genes
(Table 2) selected for further characterization in an
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Table 1 (Continued)

Collector (date sampled)

Sourcef 1D§

Beetle associate Host tree Collection site (map no.*) ~ No. isolatest

Fungal species

Kim (2004)
Kim (2003)

CB 878AW1-2
CB LPKRLT-3

D. ponderosae P. contorta Canada, BC, Kamloops 2
C 418

L. terebrantis

Harrington (2003)

P. ponderosae USA, California, Sierra

D. brevicomis

Nevada
France, Orléans

Morelet (1984)

WEF

CBS 645.89
CBS 648.89

P. sylvestris
P. brutia

Tomicus piniperda

NA

L. wingfieldii

Skarmoutsos (1987)

WG

Greece, Thessaloniki

*Generalized map location of collection sites corresponding to Fig. 2a

tNumber of isolates analysed for the ecological assessment using single-locus sequencing; Samples isolated and/or identified in this study are bolded; Isolates from the same
locality are originated from different sources (i.e., from beetles and/or galleries collected from different tree individuals); otherwise number of isolation sources are shown in

parentheses.

flsolates selected for 15 single-gene phylogenies; Source of isolates: UAMH, University of Alberta Microfungus Collection & Herbarium, Canada; NOF, Culture Collection of

Northern Forestry Centre, Canada; ATCC, American Type Culture Collection, USA; CBS, Centraalbureau voor Schimmelcultures, Netherlands; Isolates beginning with CB, DLS

and C are from culture collections of C. Breuil, University of British Columbia, Canada; D.L. Six, University of Montana, USA; and T.C. Harrington, Iowa State University, USA;
respectively; Nine isolates chosen for the polymorphism discovery are shown in parentheses; The isolate re-identified (i.e., one example of misidentified cultures in the literature)

using our new data set is shown in bracket; Isolates identified as distinct AFLP group by Lee et al. 2007 are bolded.

§Letters indicate the location, and colours indicate the host trees corresponding to Fig. 2a; Numbers indicate the number of isolates from each location.

additional 53 G. clavigera isolates and eight isolates of
four closely related species (Table 1). Genomic locations
and gene descriptions of the 67 G. clavigera loci
screened for polymorphisms are listed in Table S2 in
Supporting information, and concatenated alignment of
these data sets is deposited in TreeBASE (TB2: http://
www.treebase.org).

DNA extraction, primer design and sequencing

We followed DNA extraction method by Moller et al.
(1992) for mycelia grown on 2% MEA (33 g Oxoid malt
extract agar, 10 g Technical agar No. 3, and 1 I distilled
water) plates overlaid with cellophane (gel dry grade,
BioRad). Primer pairs were designed with optimal melt-
ing temperatures of 58-62 °C, using CLC (Table S2,
Supporting information). PCR amplifications were per-
formed following standard methods (Lim ef al. 2004).
Amplicons were purified and sequenced at the
Sequencing and Genotyping Platform, CHUL Research
Center (Québec, Canada). Sequence data were collected
from one strand, except for new haplotypes, which
were all confirmed by sequencing both strands. All
sequences are available at GenBank (accession nos.
HQ633073-HQ634118, Table S4, Supporting informa-
tion).

Sequence alignments and analyses

Sequences were edited and aligned using Geneious 5.1
(Biomatters Ltd, New Zealand). Coding, intronic and
untranslated (UTR) regions were determined based on
alignment of DNA sequences to the G. clavigera genome
sequence and gene prediction models. Genetic diversity
indices and divergence analyses were assessed using
DnaSP 5.10 (Librado & Rozas 2009). Net nucleotide
divergence (Dxy) (Nei 1987) was calculated with the
Tamura-Nei gamma correction model using Mega 4.0
(Tamura et al. 2007).

Gene trees and concatenated data phylogeny

Phylogenetic analyses were conducted using maximum
parsimony (MP) and Bayesian inference of each of the
15 genes, as well as the combined data set of these
genes. The best-fit model of sequence evolution for each
gene was determined using the Akaike information cri-
terion (AIC) implemented in JModelTest 0.1.1 (Posada
2008). MP trees were identified using PAUP* 4.0b10
(Swofford 2003) by heuristic searches and 100 random
sequence additions. Gaps were treated as missing data,
and no weighting was introduced in single-gene analy-
sis. Confidence was examined using bootstrapping (BS)
with 1000 replicates and the heuristic option (Felsen-

© 2011 Blackwell Publishing Ltd
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Fig. 1 Single-locus phylogenies of 15 genes studied in G. clavigera and its four closely related species. Bootstrap (BS > 50) and pos-
terior probabilities (PP > 0.8) from MP and Bayesian analyses are shown along the branches. Thick branches indicate nodes with
PP > 95 and BS > 70. The two bars indicate the G. clavigera monophyletic clades colour-coded according to their beetle associates:
mountain pine beetle (grey) and jeffrey pine beetle (green). Trees are rooted with G. aurea, except for TRPG and MPEP that miss the
outgroup taxon and therefore are midpoint rooted. Refer to Fig. 2a and Table 1 for colour codes and labels.

stein 1985). Bayesian analyses were run using MrBayes
3.2 (Ronquist & Huelsenbeck 2003), under the best-fit
substitution model. Each run consisted of four incre-
mentally heated Markov chains, with default heating
values. The chains were initiated from a random tree
and were run for 2 million generations with sampling
every 1000 generations. Posterior probabilities (PP) were
inferred with a 50% majority-rule consensus tree sam-
pled after the likelihood scores had converged. The 15
nuclear genes were concatenated to conduct partitioned
maximum likelihood (ML) analysis (with 1000 nonpara-
metric replicates bootstrap) using RAXML-VI-HPC 7.0.4
(Stamatakis 2006) and partitioned Bayesian analysis.
The partitioned-ML and Bayesian analysis utilized the

© 2011 Blackwell Publishing Ltd

substitution models selected by the AIC in JModelTest
for each gene locus. The combined data set was also
analysed with weighted parsimony, with the weighting
inversely proportional to the number of parsimony
informative characters at each locus. Weighting allowed
each locus to contribute equally to the combined data
tree. All phylogenetic trees were rooted using G. aurea
as outgroup (Massoumi Alamouti et al. 2007). Mono-
phylies supported by both BS >70% and PP >95% were
considered significant.

Constraints on topologies were applied in PAUP¥,
and the Wilcoxon signed-rank (WSR; Templeton 1983)
test was employed to assess significant differences
among topologies. For this test, up to 100 MPTs recov-
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Fig. 1 (Continued).

ered were used as constraint topologies. When testing
the constraint of lineage-specific monophyly, the lack of
significance in the WSR tests indicates that nonmono-
phyly could be the result of insufficient phylogenetic
signal.

Network approaches and evidence for recombination in
G. clavigera

For each of the 15 gene data sets, we generated parsi-
mony networks of G. clavigera haplotypes, which is
described in the supporting information Appendix S1.
We applied three approaches to detect the presence or
absence of recombination in G. clavigera. First, we
applied the index of association (I,) to estimate the
extent of clonality in G. clavigera, using the program
Multilocus 1.3b (Agapow & Burt 2001). I, determines to

what extent individuals that are the same at one locus
are more likely than random to be the same at other
loci. We used 10 000 randomizations on the subset of
polymorphic sites that showed the most balanced distri-
bution of alleles in each gene (i.e., excluding the unin-
formative sites). The test assumes an infinite amount of
recombination, so significant departure (P < 0.05) from
simulated recombined data sets suggests the presence
of clonality (Maynard Smith et al. 1993). Second, we
used the NeighborNet algorithm (Bryant & Moulton
2004) for decomposition analysis with SplitsTree 4.10
(Huson & Bryant 2006) to visualize the incongruence
generated by recombination from the pairwise distance
matrix of the G. clavigera concatenated sequence data
set estimated under the GTR model. Third, we esti-
mated the pairwise homoplasy index (PHI; Bruen et al.
2006) in SplitsTree. Using a 100-bp window, compatibil-
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ity among sites was calculated and, assuming no recom-
bination, significance was determined with a permuta-
tion test.

Results

Polymorphism discovery

Sixty-seven loci, which represented 50 nuclear protein-
coding genes with predicted functions, were sequenced
and screened for polymorphisms (Table S2, Supporting
information). Some genes were constitutively expressed,
e.g., housekeeping genes; others were differentially
expressed in specific growth conditions and were poten-
tially involved in growth, metabolic processes or host-
tree pathogenicity (DiGuistini et al. 2007, 2009, 2011). A
number of genes lacked significant homology with pro-
teins or domains of known functions. We obtained
approximately 50 kb of high-quality sequence data for
these genes in nine G. clavigera isolates (http://
purl.org/phylo/treebase/phylows/study/TB2:511355)
and identified 128 polymorphic sites (i.e., substitutions)
across 33 genes. The majority of variations (63%), i.e.,
81 single nucleotide polymorphisms (SNP) in 31 genes,
separated the seven isolates representing the MPB asso-
ciates at the epidemic sites from the two other isolates:
G. clavigera holotype (ATCC 18086) and JPB associate
(DLS1575). A subset of 18 informative (i.e., shared by
two or more isolates) SNP (14%) in 12 genes were
exclusive polymorphisms that segregated only within
the seven epidemic isolates. The rest of polymorphisms
were substitutions that were unique to one isolate (i.e.,
singletons).

Polymorphism validation

For further analysis, we selected 15 genes (Table 2) that
showed different levels and patterns of variation in the
polymorphism-discovery panel and sequenced them in
an additional 53 G. clavigera isolates (Table 1). These iso-
lates were selected to represent the beetle associates MPB
and JPB, and their respective primary host trees P. con-
torta and P. jeffreyi, as well as a few other MPB pine-host
species. Within G. clavigera isolates, we identified a total
of 86/13 198 (0.65%) base substitutions and two indels in
the concatenated 15-gene data set. No site had more than
two alleles (biallelic). The most polymorphic gene region
was CFEM II (n = 0.0039), and the least polymorphic was
alpha-tubulin (m = 0.00073). Of the 86 polymorphic sites,
68 were informative and 18 were singletons. Eighteen of
the changes were predicted in noncoding locations (i.e.,
intronic and UTR), and, for the 68 that were in coding
regions, 33 were synonymous and 35 were nonsynony-
mous. The vast majority of variants were identified either

as fixed SNPs (n = 33) or as exclusive polymorphisms
(n = 49) that segregate only within one of the two poten-
tial G. clavigera lineages. The remaining four SNPs were
the only shared polymorphisms found. The number of
sites in the different classes of polymorphisms for each
gene as well as for the concatenated data set is shown in
Tables 3 and S3, Supporting information.

Single-gene phylogenies, phylogenetic species
recognition and concatenated phylogeny

Using 15 gene phylogenies, we assessed G. clavigera
species boundaries and phylogenetic relationships with
related pine-infesting fungi: G. aurea, L. longiclavatum,
L. terebrantis and L. wingfieldii. A summary of the phy-
logenetic data and model parameters inferred for each
locus and the combined data set are presented in
Table 4. The target genes were amplified in all species,
except for TRPG and MPEP in the outgroup taxon
G. aurea and anonymous I in L. wingfieldii. MP and
Bayesian consensus trees inferred similar topologies
that are only shown for MP trees (Fig. 1). MP analyses
yielded one to five trees for each locus, which mainly
differed in the branching orders of two close relatives
L. terebrantis and L. wingfieldii. The majority of gene
trees (10/15) resolved the pathogen G. clavigera into
two distinct clades. We referred to these clades as Gs
with 40 isolates and Ge with 22 isolates (Fig. 1). The Gs
clade contained all isolates from epidemic MPBs, as
well as those from localized populations except for
those collected from P. ponderosa trees. This clade was
significantly (BS 270% and PP >0.95) supported by five
loci (TRPG, MPEP, P450-1, LAH, anonymous II). The Gc
clade encompassed all JPB associates, as well as isolates
from MPB that were infesting P. ponderosa trees in sym-
patric (California) and allopatric (South Dakota) regions.
The G. clavigera holotype (ATCC18086; Robinson-Jeffrey
& Davidson 1968) was also placed within Ge. This clade
was significantly supported by the same subset of loci
that supported the Gs clade. Clades in gene trees that
did not agree with this partitioning were either not
fully resolved (Fig. 1 40SRP, P450-II) and/or not signifi-
cantly supported (Fig. 1 CFEM II: PP <0.95 and/or BS
<70%). While one additional group showed a high level
of support (Fig. 1: BS =100% and PP =1.0) in the
TRPG and another in the CFEM I (Fig. 1: BS = 75%
and PP =0.95) phylogenies, we considered neither
clade to be an independent lineage, because their parti-
tions contradicted each other and neither was sup-
ported in the concatenated phylogeny (Fig. 2b). In the
constraint analysis forcing the monophyly of Gs and
Gc, WSR results were significant (P = 0.04) for only
CFEM 1I, indicating that incongruence from the con-
straint phylogeny is only significant in 1/15 of the loci.
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Table 4 Information on phylogenetic data set sequenced from G. clavigera and its close relatives

Parsimony level
Sample Total number Variable informative _—
characters (PI) tree steps (TS) of MP trees PL/TS CI  model

Homoplasy
Nucleotide
substitution

Number of Number

Locus size of characters sites

40SRP 70 742 23 11 23 1 2.09 1.00 TrN
alpha-tubulin 70 640 10 8 10 1 1.25 1.00 HKY

ABC 70 549 10 6 10 1 1.67 1.00 HKY
TRPG 69 1925 37 33 45 3 1.36 0.89 TPMluf + I
MPEP 69 1672 30 28 31 2 1.11 096 HKY +1
P450 I 70 1597 53 29 55 4 1.90 098 TrN

P450 11 70 710 17 8 18 3 2.25 094 TRN

LAH 70 1123 25 15 26 2 1.73 1.00 TPMluf + I
CFEM 1 70 673 31 12 33 4 2.75 096 TIM1 +1
CFEM 1I 70 491 27 12 29 5 242 093 TIM1 +1
LPL 70 569 28 13 30 2 2.31 0.97 HKY +1
PLT 70 570 10 6 10 1 1.67 1.00 HKY
PCAS 70 706 27 9 27 1 3.00 1.00 HKY
Anonymous I 68 467 22 9 22 1 244 1.00 HKY
Anonymous II 70 805 46 27 47 2 1.74 098 GTR
Concatenated data set 70 13 239 402 226 503 100 2.23 0.81 GTR

Information with the outgroup taxon.

Of the 15 genes, TRPG, MPEP and anonymous II
showed the highest resolving power for species bound-
aries, supporting five monophyletic groups: Gs, Gec,
L. terebrantis, L. wingfieldii and L. longiclavatum. While
species-level clades were strongly supported by a num-
ber of single-gene phylogenies, relationships between
species were difficult to resolve. For example, L. tere-
brantis showed a nonrobust phylogenetic placement
among trees, and it was collapsed into polytomy in at
least ten single-gene phylogenies. Although positioning
of some ingroup taxa varied among gene trees, TRPG,
MPEP, LAH and anonymous II significantly supported
a sister-group relationship between Gs and Gc.

The concatenated matrix of 15 gene sequences
(TB2:511355) resulted in 13 239 bp of aligned nucleotide
positions, 402 variable sites and 226 informative charac-
ters (Table 4). MP, partitioned ML and partitioned
Bayesian analyses resulted in similar topologies that
had only minor differences in the placement of terminal
taxa (Fig. 2b, ML tree). The topology of concatenated
phylogeny was consistent with the single-gene tree par-
titions resolving the G. clavigera isolates into two mono-
phyletic clades, and with the sister-group relationship
between Gs and Gec (MP and ML BS = 100%, PP = 1.0).

Finally, we challenged our phylogenetic results by
testing whether the polymorphism distribution of
G. clavigera into two groups was because of indepen-
dent evolutionary histories or to random sorting of
genetic variations. The probability of observing different
groups that, by chance, do not share polymorphisms

was tested by random shuffling the 15 data set across
(nonpartitioned data set) and within (partitioned data
set) the two phylogenetic species. For the randomiza-
tion, the association of polymorphic sites within each
gene was left intact (i.e., each gene was randomized as
blocks). In 1000 such randomizations, we found no par-
tition that would create groups with no shared poly-
morphisms. Among 62 G. clavigera isolates, the shortest
trees acquired from the nonpartitioned, randomized
data set were significantly (P < 0.001) longer (510-570
steps) than trees obtained from the randomized data set
considering the Gs and Gc partitions (61-185 steps).
Within Gs (n = 40), we identified 36 distinct haplo-
types that were characterized by 33 base substitutions
across 12 polymorphic genes (Table S3, Fig. S1, Sup-
porting information). Of the 33/13 198 (0.25%) poly-
morphic sites, 23 were informative. The number of
haplotypes ranged from 1 to 4 among the genes.
Gene/haplotype diversity (H) ranged from 0.0 to 0.73 in
CFEM 1II. The diversity over the combined data set
showed a high value of 0.99; however, genetic differen-
tiation within the isolates was low, resulting in minor
nucleotide diversity (n = 0.00068). Similar haplotypes
did not cluster based on either geographic locations or
the pine-host species (Fig. S1, Supporting information).
Within Gs, we found seven isolates representing three
identical haplotypes, two from the same (BC and
Alberta) and one from different (BC and Arizona)
localities. The probability of identical haplotypes (.e.,
isolates sharing the same sequence type at all 12 poly-
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Fig. 2 a) Map of western North America showing fungal collection sites where only one [mountain pine beetle (MPB):grey] or two
[MPB & jeffrey pine beetle (JPB): green] G. clavigera beetle associates are present. Host-tree species are colour-coded, and the number
of fungal isolates from each tree species is shown in parentheses. b) ML analysis of 15-gene combined data set showing how the spe-
cies recognized by phylogenetic species recognition are related to each other and to other closely related species. Thick branches indi-
cate nodes with ML and MP BS values of 100 and the Bayesian PP of 1.0. Gs and Gc monophyletic clades are labelled with bars
colour-coded according to beetle associates: mountain pine beetle (grey) and JPB (green). Letters indicate the collection localities, and
colours indicate host-tree species corresponding to the map and Table 1. Dashed line indicates an adjustment of scale.

morphic loci) by recombination was small (4.2 x 1072~
1.8 x 1079), suggesting that they represent epidemic
clones from the asexual reproductions. In comparison,
the Gc isolates (1 = 22) showed a similar pattern but
with a slightly lower level of nucleotide diversity
(Table S3, Fig. S1, Supporting information). They repre-
sented a collection of 22 unique haplotypes (i.e.,
H = 1.0) that consisted of a total of 24 base substitutions
across 12 polymorphic genes. Of the 24/13 198 (0.18%)
polymorphic sites, 14 were informative. As was the case
for the Gs group, CFEM II showed the highest level of
both haplotype and nucleotide diversity. However,
some genes that showed a higher level of variation
within Gs (e.g., TRPG, LPL, PLT) showed almost no
polymorphisms in Gc. Haplotypes did not correlate
with the host beetle/tree species, except for one allele in
MPEP that was only found for MPB/P. ponderosa asso-

© 2011 Blackwell Publishing Ltd

ciates; however, this partition was not statistically sup-
ported.

Evidence of recombination

For Gs, we evaluated I, for all isolates, as well as for
the reduced-by-haplotype data set in which we
excluded identical haplotypes. When all isolates were
included (n=40), the I,=16 was significantly
(P =0.007) different from the values obtained for the
simulated recombined data set, leading us to reject the
null hypothesis of recombination. However, the I, = 1.3
for the unique haplotypes (n = 36) was indistinguish-
able (P =0.09) from that expected for a recombinant
population (Fig. 3b-Gs). Within Gc, the I,-Gs 0.5
(P =0.3) also suggested recombination, both when all
22 isolates were included or only those from JPB
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Fig. 3 Recombination analysis. a) Split decomposition analysis of the 15-gene combined data set. Coloured boxes represent the two
G. clavigera monophyletic clades: Ge (green box) and Gs (grey box). The interconnected networks are suggestive of recombination
within both Gc and Gs clades. The labels refer to G. clavigera isolates listed in Table 1. b) The I, values for Gs and Gc clades are
shown and compared against histograms of I, values for 10 000 simulated recombined data set.

S0 wm

Fig. 4 Reproductive structures in Gs. Light micrographs of asexual stage characterized with mononematous (a) and synnematous (b)
conidiophores reproducing conidia (*). Light micrograph of sexual structure (c) characterized by a spherical ascocarp oozing ascosp-

ores (*).

(Fig. 3b-Gc). Split decomposition analysis also pro-
vided evidence for network relationships, giving a
graphical support for the presence of recombina-
tion within both Gs and Ge (Fig. 3a). Finally, PHI pro-
vided another significant evidence (P = 0.00006) of
recombination.

Ecological and morphological characteristics

To assess the host and distribution ranges of the G. clavi-
gera lineages in more detail, we sequenced a single infor-
mative locus, PCAS (Table 2), in an additional 104
isolates (Table S1 in Supporting information, Fig. 2a).

© 2011 Blackwell Publishing Ltd
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Locus PCAS contains two fixed SNPs (2/685 = 0.29%)
that differentiate the two G. clavigera lineages and pos-
sess exclusive polymorphisms that are not shared
between the two fungi. This locus has been tested
against a large number of other closely related species
and has been used as target-specific PCR-primers to
detect and differentiate microbial communities associated
with the MPB (Khadempour et al. 2010). We generated
the data for P. contorta-associated isolates (n = 67) from
BC, Alberta, Montana and Idaho, as well as isolates from
P. ponderosa trees in BC (n = 13). Consistent with results
from 15-gene phylogenies, the deeper single-locus sam-
pling showed that the Gc group was not present in the
epidemic populations of MPB; instead, this fungus lar-
gely represented isolates from P. ponderosa (n = 18) and
P. jeffreyi (n = 30) trees attacked by the localized popula-
tions of respective beetle associates MPB and JPB in
South Dakota and California. In contrast, Gs (n = 117)
occurred on MPB in epidemic populations of the beetle
and its pine-host species in western Canada and the
USA, as well as in localized populations infesting P. con-
torta in California and P. strobiformis in Arizona. Both Gs
and Gc were found in MPB and JPB localized popula-
tions in California, where the two beetle associates live
in sympatry on P. contorta, P. jeffreyi and P. ponderosa.
In South Dakota, where the localized population of MPB
infests P. ponderosa trees, we found Gc (1 = 15) but no
evidence of Gs.

We compared the reproductive structures of five iso-
lates representing the Gs group to those of the G. clavi-
gera holotype, which was included in our analysis and
represented the Gc group. The anamorph (conidia and
conidiophore) and teleomorph (i.e., ascocarp and as-
cospores) morphologies of Gs (Fig. 4) representatives
agreed with the formal G. clavigera holotype description
by Robinson-Jeffrey & Davidson (1968). The conidio-
phores and conidia sizes varied among isolates, but
all measurements (Table S5, Supporting information)
agreed with the G. clavigera original descriptions (Rob-
inson-Jeffrey & Davidson 1968; Six & Paine 1997), as
well as with descriptions of P. contorta associates (Lee
et al. 2003).

Discussion

We generated the first comprehensive data set of pro-
tein-coding gene variability in the bark-beetle symbiont
and pine pathogen G. clavigera. We used this data set to
characterize patterns of DNA polymorphism and diver-
gence within the pathogen and among four close rela-
tives that also inhabit pine trees. In contrast to the
current taxonomy, our results show species diversity
and ecological complexity with respect to host species.
Paine & Hanlon (1994) and Six & Paine (1998) showed
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that the G. clavigera isolates of JPB were more tolerant
to host oleoresin than those of MPB, suggesting some
potential physiological differences between these two
types of isolates. Here, we suggest that the genetic
divergence and diversity in G. clavigera isolates may
have resulted from the fungus adapting to particular
pine species and to extensive expansion of the epi-
demic.

Our phylogenetic analyses identified two distinct lin-
eages in G. clavigera. While the combined data set of
nuclear ribosomal DNA and the protein-coding genes
have improved the phylogenetic positioning of G. clavi-
gera (Lim et al. 2004; Roe et al. 2010), these loci failed to
distinguish the two lineages identified in this study.
These results indicate that the sequences currently
available for the phylogenetic inference of ophiostoma-
toid fungi provide inadequate data for defining species
and inferring evolutionary relationships in the genus
Grosmannia. We demonstrated that sequencing more
genomic regions is more effective for inferring species
boundaries. Given this, care should be taken when
interpreting ecological characteristics of this group of
fungi. The literature suggests speculative evolutionary
processes (Six et al. 2003; Lim et al. 2004; Roe et al.
2011) that rely on data that are insufficient for identify-
ing species and on an imperfectly known phylogeny.
Six et al. (2003) and Lim et al. (2004) suggested that
G. clavigera is a recently diverged morphological variant
of the generalist fungus L. terebrantis. Our results show
that L. terebrantis is a distinct species separated from
both G. clavigera lineages; we also found that some
isolates assigned as L. terebrantis were genetically differ-
ent from the L. terebrantis holotype isolated from
D. terebrans (Six DL & Massoumi Alamouti S, unpub-
lished data), suggesting that this fungus represents a
complex of closely related species that need to be taxo-
nomically and ecologically re-assessed.

Below, we provide two main lines of evidence to
show that G. clavigera lineages represent two distinct
species: (i) they are evolutionary independent and (ii)
they are ecologically distinguishable. Because a lineage
can represent a species, a clone or a divergent group
within a population, we will discuss these two concepts
and discuss the evidence of recombination and ecologi-
cal significance in each species. Current concepts agree
that species correspond to ‘segments of separately
evolving lineages” (De Queiroz 2007); however, different
characteristics (e.g., morphological, reproductive and
nucleotide divergence) are used to infer boundaries for
species, clones and divergent groups. Such characteris-
tics do not arise at the same time during the process of
speciation, and so each type of evidence can lead to
different conclusions regarding species boundaries
(Avise 2004).
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Evolutionarily independent lineages

Phylogenetic species recognition by genealogical con-
cordance (Taylor et al. 2000; Dettman et al. 2003) stipu-
lates that when lineages are separated for long periods
of time relative to population size, genealogies from
the majority of loci should be congruent. This criterion
considers a clade to be an independent evolutionary
lineage and a phylogenetic species if it is present in
the majority of single-locus phylogenies (Dettman et al.
2003). Here, the concordance of ten genealogies defines
G. clavigera lineages as two sibling phylogenetic spe-
cies and suggests genetic isolation—even when the
lineages occur in the same geographic region, as in
California.

In general, the pattern of gene genealogies and the
level of polymorphism depend on the timing of specia-
tion event, historical population sizes, mode of repro-
duction, extent of hybridization and natural selection
(Avise 2004). Enforcing topological constrains for the
monophyly of Gs and Gs showed that only one (CFEM
II) of the 15 genomic regions exhibits significant (at the
o = 0.05 level) incongruent pattern, and therefore, the
lack of reciprocal monophyly and/or lack of nodal sup-
ports in other loci is the result of insufficient phyloge-
netic signal. For CFEM 1II, we found no evidence for
significant departure from neutrality (data not shown),
intragenic recombination or paralogous in the G. clavi-
gera genome’s predicted gene models (DiGuistini ef al.
2009, 2011). Therefore, none of these mechanisms can
explain the incongruent pattern. Introgression can occur
when interspecific hybridization results in the transfer
of genetic material from one species into another, which
leads to paraphyly of recipient species; alternatively,
incomplete lineage sorting can result in incongruent
genealogies if species divergence occurred too recently
for ancestral polymorphisms to have sorted into reci-
procal monophyly (Avise 2004).

Distinguishing between interspecific hybridization
and lineages sorting is difficult, because both result in
the same pattern of incongruence (Hey & Nielsen 2004).
While we could not estimate the divergence time of
G. clavigera lineages with certainty, because of the lack
of fossils and the great variance in fungal nucleotide
substitution rates (Kasuga et al. 2002), two observations
suggest that these fungi diverged recently. First, the
low interspecific nucleotide divergence (0.0037 + 5.7 x
107*) and the unresolved species phylogeny suggest that
not all loci have reached reciprocal monophyly. Second,
when we compared ingroup and outgroup taxa of two
or four species, a large number of ancestral polymor-
phisms appeared to predate divergence, consistent
with the speciation event being so recent that ancestral
polymorphisms were retained.

Evidence of recombination

Because classical phylogenetic trees can give only a
snapshot of the actual complex relationships that can be
encountered when intraspecific details are considered,
we describe G. clavigera population structure with mod-
ified phylogenies using split decomposition analysis. In
this, network relationships account for recombination
within both Gs and Gc that, in agreement with our
gene phylogenies, are separated into two distinct
groups. In values not significantly different from artifi-
cially recombined data sets, and large numbers of
unique sequence types suggest that recombination
within each phylogenetic species occurred frequently
enough to create many different combinations of alleles.
While these results can also be explained by convergent
or parallel mutations, the very low sequence divergence
and lack of multiple alleles observed for each polymor-
phic site, even when compared against other close rela-
tives, indicate that the most likely explanation is
recombination.

We also observed direct evidence for clonal propaga-
tion in Gs with the occurrence of the same haplotype
over a wide geographic area. In this species, applying
the I test for all isolates and for the reduced-by-haplo-
type data set suggested the existence of epidemic clo-
nality (Maynard Smith et al. 1993). Overall, the
recombination component appears greater in Ge (100%
unique haplotypes and lower I,); however, concordant
with the fungal asexual reproductions in natural envi-
ronments (Six & Paine 1997), I, > O still suggests some
deviation from complete panmixia.

These results agree with the genomic analysis of
G. clavigera sensu lato; both suggested that this fungus is
a heterothallic sexual species (Tsui et al. 2009; DiGuis-
tini et al. 2011). Consistent with this, G. clavigera asco-
carps have been occasionally reported at epidemic sites
in 1-year-old MPB galleries (Robinson-Jeffrey & David-
son 1968; Lee et al. 2003). There has been no report of
either the sexual state of G. clavigera associated with
JPB, or of their sexual reproduction under experimental
conditions. Our morphological observations, finding the
teleomorph in epidemic MPB galleries, and molecular
results suggest that recombination is ongoing. However,
sexual reproduction seems to occur in older galleries
when competition and predation increases and when
environmental variables change. The asexual state is
abundant in the galleries and pupal chambers during
the active life cycle of the two beetles; as well it is abun-
dant on artificial media used for fungal isolations. Sys-
tematic investigations with more isolates from different
phases of the beetle cycles would allow differentiating
the relative contribution of clonal versus sexual repro-
ductive modes in these fungi.
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Ecologically distinguishable

Evidence for host-specific differentiation between the
two G. clavigera lineages is as follows. While we
expected that the Gc and Gs would be specific to beetle
vectors, our ecological data indicate that one lineage
(Goe) occurs on both beetle vectors (MPB and JPB) infest-
ing respective host trees P. jeffreyi and P. ponderosa,
whereas the other (Gs) is exclusively associated with
MPB. Gc was only isolated from two geographically
distinct and localized US populations, one of which
was populated with P. contorta, P. jeffreyi and P. pon-
derosa and the other only with P. ponderosa. In contrast,
Gs was associated with epidemic and localized popula-
tions of MPB inhabiting P. contorta, as well as other
pine species, but not with P. jeffreyi and the localized
P. ponderosa supporting the Ge clade. Further, our phy-
logenetic data showed that G. clavigera from the same
host species in different geographic areas are genetically
closer than those collected from different host species
occurring in the same geographic region (e.g., Califor-
nia). While our data in some geographic areas were lim-
ited, preventing us from assessing the role of
geographical isolation in speciation, overall, the data
indicate that both a beetle vector’s preference for a
host-tree species and the geographic isolation of the
host species can contribute to progressive differentiation
of the vectored fungal species.

Grosmannia clavigera lineages develop all phases of
their life cycles on host trees and are dispersed by
their respective beetle vectors via a specific association
(Harrington 2005). Between beetle generations, these
fungi are protected and maintained inside the special-
ized beetle structures called mycangia. Given this, the
fates of the mutualistic fungus and beetle partners are
linked, and mating is more likely to occur between
fungi within the specific host tree. Such a degree of
inherent isolation has been suggested to facilitate
adaptive differentiation in a large number of fungal
plant pathogens recognized as complexes of special-
ized sibling species (Giraud ef al. 2006). The frequent
asexual reproduction and sexual recombination in
fungi can also promote ecological divergence by creat-
ing new combinations of alleles and rapid reproduc-
tion of those combinations that favour host adaptation
(Giraud et al. 2010).

During the early phases of a massive attack by a bee-
tle—fungal complex, healthy standing pine trees release
constitutive or induce defence chemicals such as oleo-
resin (Boone et al. 2011). To survive in such hostile and
toxic environments, beetle—fungal complexes must
have mechanisms for modifying or metabolizing tree
defence compounds (DiGuistini ef al. 2009, 2011). While
pine species have similar chemical defence systems,
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there are quantitative and specific chemical differences
among pine species and even between populations of
the same host species (Forrest 1980; Gerson et al. 2009).
For example, B phellandrene is the most abundant
monoterpene in P. contorta while heptane is the major
volatile chemicals in P. jeffreyi (Mirov & Hasbrouck
1976; Smith 2000). Heptane has been found at moderate
concentration in the hybrid between P. jeffreyi and
P. ponderosae, but has not been reported in P. pondero-
sae. However, tree chemical data are limited, especially
for P. ponderosae, which needs to be systematically char-
acterized across its range in western North America.
Given this, specific association of the fungal pathogen
with a host tree may also be maintained by the ability
of pathogen to overcome and adapt to a tree’s chemical
defence systems.

Concordant with our results showing a distinct phy-
logenetic separation between P. jeffreyi (Ge) and P. con-
torta (Gs) associates, Six & Paine (1998) showed that
G. clavigera from P. contorta exhibit a poor growth in
P. jeffreyi. They also indicated that JPB associates were
tolerant to a wider range of host chemicals. These dif-
ferences might be because of the pathogen adapting to
tree’s chemical defence compounds, e.g., B phellandrene
being at higher concentration in P. contorta than either
P. jeffreyi and P. ponderosae. Further, molecular phylog-
eny of Pinus species is concordant with the monophyly
of G. clavigera from localized populations of P. ponderosae
and P. jeffreyi, and with the separation of the Gc
from these two pine species from the Gs of P. contorta.
P. jeffreyi and P. ponderosae are genetically and morpho-
logically close relatives; they can hybridize and are clas-
sified in the Pinus subsection Ponderosa (Gernandt et al.
2009), while P. contorta is phylogenetically distinct and
is classified in the subsection Contorta (Krupkin et al.
1996). Similarly, MPB genetic divergence related to host
trees has been also reported (Stock & Amman 1980;
Stock et al. 1984; Sturgeon & Mitton 1986; Langor et al.
1990; Kelley et al. 2000). Hopkins (1909) described
MPB as two species, D. ponderosae and D. monticola.
Although these species were synonymized by Wood
(1982), they attack and breed in different pine species
(Stock et al. 1984). Genetic studies using allozyme and
AFLP markers have reported contradictory results:
host-dependent (e.g., P. contorta vs. P. ponderosa) differ-
entiation between localized beetle populations for allo-
zymes and no host-dependent differences between MPB
populations for AFLP (Mock et al. 2007). However, tree
species and geographic areas vary between these stud-
ies, and it will be necessary to sample additional popu-
lations in the eastern and southern portion of the MPB
range, and from different host trees including P. con-
torta, P. ponderosa and P. flexilis to resolve these contra-
dictory results.
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While MPB can attack and breed in different pine
species, it is important to note that localized popula-
tions of MPB prefer one host pine species, even when
that species is intermixed with other species that MPB
could colonize (Wood 1982; Langor et al. 1990). A com-
bination of events may contribute to the accumulation
of host-adapted genes in MPB localized populations; for
example, selective pressures on developing broods
imposed by different tree species, host preferences by
the beetle, differences among trees and allochronic sep-
aration of beetles” emergence from different hosts (Stur-
geon & Mitton 1982; Borden 1984; Langor et al. 1990).
Localized populations are also characterized by tempo-
rary small outbreaks that are often initiated by second-
ary bark beetles attacking stressed trees (Smith et al.
2010); beetle populations in such regions may maintain
a stable diversity of fungal species for extended periods
of time. In contrast, epidemic populations of MPB often
contain a high number of beetles relative to the pre-
ferred pine species in a given geographic range and so
attack other pine species (Wood 1963; Logan & Powell
2001; Bentz et al. 2010; Safranyik et al. 2010). Further-
more, during extensive outbreaks, MPBs have been
reported occasionally as attacking and reproducing in
nonhost pine such as Picea when faced with a shortage
of host trees (Huber et al. 2009). Consequently, the
spread of epidemics, which is affected by host tree’s
susceptibility, availability and continuity on large geo-
graphic regions (Safranyik et al. 2010), may dilute or
replace older fungal populations that have become host
adapted during the nonepidemic phases (Sturgeon &
Mitton 1982; Langor et al. 1990). Such a population
change was suggested by AFLP analysis of both MPB
and G. clavigera populations (Lee et al. 2007; Mock et al.
2007; Roe et al. 2011). Lee et al. (2007) reported two
genetically distinct groups of G. clavigera associated
with P. contorta in the epidemic regions; the major
group contains 166 individuals from BC and the Rocky
Mountains, and the second group includes nine individ-
uals from the Rocky Mountains. They suggested that
the latter might represent the original population of the
Rocky Mountains that was mixed with the larger group
that was introduced into the region by the eastward
expansion of MPB epidemic. Although representative
isolates were included in our data set, we found no evi-
dence of these two MPB-associated G. clavigera groups.
While support of distinct lineages based on indepen-
dent gene genealogies would indicate more ancient
divergence among these fungi, microsatellite makers
have also not supported such a distinction (Tsui et al.
unpublished data).

Although the data from localized populations (i.e.,
California and South Dakota) suggested that P. ponder-
osa might not be a preferred host of the Gs lineage,

this tree species was found hosting Gs in the epidemic
regions (BC and Rocky mountains). This might be the
result of the current rapid expansion of MPB and the
pathogen (Gs) from their primary preferred host P.
contorta to other pine species, including P. ponderosa.
The holotype (ATCC 18086; Robinson-Jeffrey & David-
son 1968) is the only remaining isolate from P. ponder-
osa-infested trees before the current epidemic in BC. It
clusters genetically with other current localized P. pon-
derosa associates, and not with Gs isolates from epi-
demic regions; this is consistent with the MPB rapidly
expanding its population and geographic range in the
epidemic. While no other historical isolates of G. clavi-
gera are available, we would expect to find additional
evidence for host-tree preferences among G. clavigera
lineages by sampling populations from different
infested-tree species in the eastern and southern por-
tion of the MPB range, i.e., in areas that have not been
reached by the current epidemics. If fungal lineages
are adapted to host species, then lineages should cor-
relate with host species locations; however, this
assumes, simplistically (Thompson 1994), that ecologi-
cal constraints or genetic structure of host beetles/trees
and pathogen is the same in different geographic
regions. But they are not; both the beetle and host
trees vary genetically and phenotypically between dif-
ferent geographic regions (Krupkin et al. 1996; Rich-
ardson 2000; Mock et al. 2007; Gernandt et al. 2009).
And there are significant chemical differences between
trees at different geographic locations and with envi-
ronmental conditions that need to be further character-
ized (Mirov 1948; Latta et al. 2003).

While the nomenclatural name G. clavigera is tied to
the species that is genetically and ecologically repre-
sented by the holotype (Robinson-Jeffrey & Davidson
1968), we showed that the fungus consists of Gs and Gc
lineages. These are distinct sibling species that should
be recognized taxonomically. Gc should retain the name
G. clavigera, while Gs should be described as a new
species. In the future, we can anticipate that Gc genetic
variation will evolve slowly while Gs might go through
further genetic variation, and we outline two scenarios.
In BC, we already observed a postepidemic phase in
which the MBP population is decreasing, and we antici-
pate that this population will collapse in the near future
because of the lack of mature P. contorta. In the first
scenario, only a small number of Gs haplotypes survive
the MPB collapse and are maintained through the ende-
mic cycle of the beetle until young pine trees reach
maturity. At that point, in a future outbreak, the popu-
lation and the fungal genetic diversity will increase, as
it did in the current epidemic, leading to an array of
closely related new haplotypes. In a second scenario
that is potentially a shorter-term concern, a subset of
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the current large population in Alberta succeeds in
becoming established in a new host-tree species and,
with its fungal symbionts, adapts to the new physical
and chemical environment presented by this host. There
is evidence that this may already be occurring, as it has
recently been shown that the beetle can successfully
reproduce in the wild, in hybrids between P. contorta
and P. banksiana. Significantly, P. banksiana occurs
across the northern Canadian boreal forest. While
P. banksiana is more closely related to P. contorta than
to P. ponderosa or P. jeffreyi, landscape and environmen-
tal conditions prevailing in the boreal forest would lead
the symbiotic partners to evolve as the MPB spread
across the boreal forest. Extending the work described
above could characterize how Gc and Gs populations
are evolving and so help to assess threats related to the
above scenarios. Even if MPB does not become estab-
lished on P. banksiana, in the near future, climate
change will affect geographic distributions of trees and
beetles, and populations of fungal associates will evolve
with vectors and hosts. Similar work on other MPB-host
trees or other beetle systems could establish accurate
species diversity and provide a foundation for under-
standing ecological interactions of the ophiostomatoid
group that includes the most common fungal symbionts
associated with bark beetles.
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