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Introduction 2007; Loo 2009). Invasive fungi have been understudied rela-

tive to invasive plants and animals, despite the considerable
Rising global trade and travel combined with changing envi- negative effects of some fungi on invaded environments
ronmental conditions have resulted in an increased move- (Gladieux et al. 2014). For example, the tree pathogens Crypho-
ment of fungi around the world (Palm 2001; Fisher & Garner nectria parasitica and Ophiostoma novo-ulmi dramatically
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changed forest structure in various parts of the world where
they have killed large numbers of chestnuts and elms respec-
tively (Loo 2009). In addition, the global spread of Puccinia gra-
minis, a rust fungus that devastates cereal crops, has led to
major crop losses in several locations (Palm 2001; Wanyera
et al. 2006). More recently, the chytrid Batrachochytrium dendro-
batidis has decimated amphibian populations around the
world (Fisher & Garner 2007). Some fungi that are not patho-
gens in their native ranges have become problematic subse-
quent to their becoming invasive (Hulcr & Dunn 2011),
suggesting that any exotic fungus is potentially damaging
and therefore worth monitoring.

Ironically given their global relevance, the impacts of most
invasive fungi are poorly understood because they are difficult
to observe in the absence of substantial negative effects on the
environment (Gladieux et al. 2014). Difficulties associated with
conducting meaningful fungal surveys along with incorrect
knowledge of whether a population of a pathogen is native
or invasive can and has resulted in inaccurate conclusions re-
garding the movement histories of invasive pathogens, and by
extension improper management strategies for the organisms
(Estoup & Guillemaud 2010; Gladieux et al. 2014).

Accidental introductions of invasive fungi are often facili-
tated by animal vectors. Tree-colonizing insects are especially
important vectors because several fungal species depend on
these insects for dispersal as well as access to new host trees
(Klepzig et al. 2009). If a species of tree-colonizing insect un-
dergoes a range expansion or is introduced to a non-
contiguous habitat, it can vector its fungal symbionts to envi-
ronments in which they did not previously occur. In addition,
introduced fungi sometimes undergo vector and host shifts,
resulting in new associations between tree hosts, insect vec-
tors, and fungal symbionts (Wingfield et al. 2010).

Invasions by fungal associates combined with vector and
host shifts can have unpredictable, and sometimes serious,
impacts on forest health (Ploetz et al. 2013; Wingfield et al.
2016). For example, some fungi have strong effects on the fit-
ness of damaging tree-colonizing insects (Klepzig et al. 2009).
Some phoretic fungi are mutualists of their insect associates
(e.g., nutritional mutualists; Mueller et al. 2005), while others
are antagonists (e.g., fungi that compete for substrates with
their insect vectors; Cardoza et al. 2006). If the fungi are vec-
tored by especially aggressive forest insects, the abundance
of these fungi can greatly influence the frequency and inten-
sity of insect outbreaks (Raffa et al. 2008). In addition, some
phoretic fungi are serious pathogens of trees (Hulcr & Dunn
2011), in some cases causing more damage than their insect
vectors.

The symbiosis between the fungus Leptographium procerum
(Ophiostomatales, Ascomycota) and its vectors provides
a model to study the global movement of an invasive fungus,
as well as the interactions between invasive fungi, tree-
colonizing insects, and invaded environments. Leptographium
procerum is an ophiostomatoid (defined by Wingfield et al.
1993) fungus associated with various bark beetles and weevils
(Coleoptera: Scolytinae) that typically infest conifers and es-
pecially the roots of Pinus spp (Jacobs & Wingfield 2001;
Jankowiak et al. 2012). The fungus is also vectored by some
cerambycid beetles (Coleoptera: Cerambycidae) that feed on
roots and stumps of Pinus sylvestris (Jankowiak & Rossa 2007;

Jankowiak 2010). The fungus has a frequently-observed asex-
ual stage (Jacobs & Wingfield 2001), and is assumed to have
a sexual stage based on the presence of mating type genes
(Duong et al. 2013). Based on a recent study by Duong et al.
(2013), L. procerum is a heterothallic fungus, meaning that
each fungal culture possesses the genes for only one mating
type, and must interact with individuals possessing the other
mating type for meiosis to occur.

Leptographium procerum is frequently associated with the
red turpentine beetle (Dendroctonus valens) in parts of the na-
tive range of the bark beetle in eastern North America
(Taerum et al. 2013). The fungus appears to be a commensalist
of the beetle, as the presence of L. procerum does not impact
the development of D. valens larvae (Wang et al. 2012). Both
the beetle and fungus are considered to be minor nuisances
in North America, as the beetle primarily colonizes stressed
or dying trees (Owen et al. 2010), while most pathogenicity tri-
als have demonstrated that L. procerum gives rise to only small
lesions on trees (Harrington 1988; Wingfield et al. 1988;
Jankowiak et al. 2007; however, see Alexander et al. 1988).

Both D. valens and L. procerum appear to be more aggressive
in their ranges in China. The beetle was accidentally intro-
duced to China in the 1980’s (Yan et al. 2005). Leptographium pro-
cerum was previously believed to have coinvaded China with D.
valens, based on the fact that the fungus is associated with the
beetle in its native range in eastern North America (Taerum
etal. 2013), and that it has been reported in China as a symbiont
of only this beetle (Lu et al. 2009a,b). Since 1999, D. valens has
killed millions of healthy native pine trees in central China
(Yan et al. 2005). Interactions between D. valens and L. procerum
have been suggested to contribute to the tree-killing behaviour
of the beetle as some L. procerum strains appear to be patho-
genic to pines in China (Lu et al. 2010, 2011). In addition, there
is evidence that trees infected with pathogenic strains of L. pro-
cerum in China may produce significantly larger quantities of
the monoterpene 3-carene relative to healthy trees (Lu et al.
2010, 2011). This monoterpene is highly attractive to D. valens,
and has been hypothesized to contribute to the tree-killing be-
haviour of the insect in China (Sun et al. 2013). This increased
pathogenicity in China along with the production of more 3-
carene could be due to rapid evolution of the fungus (Lu et al.
2011), although it could also be due to plasticity in the fungus
or interactions with more susceptible hosts in China
(Gladieux et al. 2014). Because L. procerum is the most common
associate of D. valens in China (Lu et al. 2009a,b), it has been sug-
gested that the fungus had a substantial impact on the out-
break dynamics of the bark beetle.

Although L. procerum has only been implicated as invasive
in China (Lu et al. 2011; Sun et al. 2013; Taerum et al. 2013), it
is present in many other locations around the world (Jacobs
& Wingfield 2001). Leptographium procerum was originally de-
scribed in eastern North America as an associate of several
bark beetles and weevils (Kendrick 1962), and thus believed
to be native to that continent. Later, the fungus was reported
as an associate of various bark beetle and weevil species in En-
gland (Wingfield & Gibbs 1991), France (Piou 1993), Italy, Nor-
way, the former Yugoslavia (Jacobs & Wingfield 2001), Poland
(Jankowiak & Bilanski 2013a,b,c), Russia (Linnakoski et al.
2012), Japan (Masuya et al. 2013), and New Zealand (Reay et al.
2005). Most of the studies in Europe and the study in Japan
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identified L. procerum strains based on morphology or the inter-
nal transcribed spacer 2 and partial large subunit (ITS2-LSU) of
the ribosomal DNA region, neither of which vary among most
species in the L. procerum species complex (Yin et al. 2015).
However, three recent studies in Poland utilised part on the
beta-tubulin (BT) gene region (Jankowiak & Bilanski
2013a,b,c), which is adequately informative to differentiate L.
procerum from the other fungi in the species complex (Yin
et al. 2015). In addition, the single isolate reported from Russia
was confirmed to be L. procerum based on multi-gene phyloge-
nies (Yin et al. 2015). The L. procerum strains in Europe may be
invasive (Linnakoski et al. 2012; Duong et al. 2013), although
the fungus has been reported from several locations across
the continent as an associate of numerous bark beetle and
weevil species, suggesting that it might in fact be native in
that region.

In this study we used microsatellites and mating type loci
to examine the global diversity of a large collection of L. proce-
rum isolates. We set out to address the following questions: 1)
Where is the most probable centre of diversity of L. procerum;
and 2) Did L. procerum coinvade China with D. valens?

Materials and methods
Collections and identification

Putative Leptographium procerum strains were obtained from
the CMW Culture Collection of the Forestry and Agricultural
Biotechnology Institute at the University of Pretoria, South
Africa. These isolates had been earlier obtained from numer-
ous locations including North America (Canada, USA; Fig 1),
Europe (Czech Republic, England, France, Italy, Norway,
Poland, Russia, the former Yugoslavia), and China. Because

L. procerum is a non-obligate, externally-vectored fungus that
varies in abundance over space and time, collections varied
considerably between sampling locations. Often only small
numbers of isolates could be collected from a location. All of
the cultures from China were isolated from Dendroctonus
valens. The collection details (i.e., sampling locations, insect
vectors, tree hosts, and isolation methods) for each strain
are summarized in Table S1.

Initial identifications were based on culture morphology.
To confirm that the cultures represented L. procerum, part of
the beta-tubulin (BT) gene region was sequenced. DNA was
extracted using the technique described by Moller et al.
(1992). DNA fragment amplification and sequencing were per-
formed as described by Duong et al. (2012), using the primers
Bt2a and Bt2b (Glass & Donaldson 1995). Sequences of each
BT haplotype were aligned with three sequences for L. proce-
rum in GenBank (see Fig S1 for accession numbers), as well
as one sequence each for all other known species in the L. pro-
cerum species complex (Yin et al. 2015) and sequences for Gros-
mannia alacris and Grosmannia serpens (Duong et al. 2012) that
were included as an outgroup, using the ClustalW method
(Larkin et al. 2007) in MEGA 5 (Tamura et al. 2011). Maximum
likelihood (ML) analyses were conducted in MEGA, and boot-
strap support for the phylogenetic clades was calculated using
1000 ML replicates. Isolates that clustered with the reference
L. procerum strains were used in subsequent analyses.

Microsatellites

To generate microsatellite markers, the genome of an isolate
of Leptographium procerum (van der Nest et al. 2014) was mined
for microsatellite sequences and primer pairs were developed
to amplify the markers using MSATCOMMANDER 0.8.2

A

Bii

Fig 1 — Maps showing sampling locations of L. procerum isolates. Orange circles indicate that L. procerum was obtained from
within the country, state, or province boundaries, while the numbers within the circles indicate the number of isolates
collected from the area. (A) Collections in Europe; (B) collections in North America; (C) collections in China (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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(Faircloth 2008). Thirty three microsatellite loci with repeat
motifs ranging from three to six bases were selected for
screening. Amplifications were conducted on three L. procerum
isolates from the USA (CMW30664, CMW34542, CMW41210),
three from Poland (CMW40806, CMW40807, CMW40809), and
one from China (CMW 25648). PCRs were conducted in 12 uL
mixtures containing 1 uL template DNA (10—50 ng), 8.4 uL
dH,0, 2 pL 5x MyTaq reaction buffer (Bioline, London, UK),
0.25 pL of each primer (10 uM), and 0.1 pL. MyTaq (Bioline).
PCR conditions were as follows: 96 °C for 2 min, followed by
30 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for 60 s, fol-
lowed by a final extension step of 72 °C for 45 min. Sequencing
was conducted following Yin et al. (2015).

Fifteen polymorphic loci were selected for the genotyping
of all L. procerum isolates that were obtained in this study
(Table S2). Optimal multiplex reactions were determined us-
ing Multiplex Manager 1.0 (Holleley & Geerts 2009). Amplifica-
tions were then conducted using labelled primers following
the above PCR protocol. Scoring by size was conducted using
GeneMarker 2.2.0 (SoftGenetics, State College, PA, USA). All
fungal isolates that showed double peaks when scored were
assumed to represent mixed cultures, and were excluded
from the study. After genotyping was completed, between 1
and 11 representatives per allele were amplified and se-
quenced using unlabelled primers. The global Fsr as well as
Fst values for each locus were calculated using the diveRsity
package implemented in R (Keenan et al. 2013).

Network and clustering analyses

We first conducted network and clustering analyses to deter-
mine if isolates obtained from different geographical locations
formed genetically distinct groups. The median-joining net-
work among haplotypes was generated using Network
4.6.1.1 (http://www .fluxus-engineering.com). The maximum
parsimony calculation option was used to determine the opti-
mal network.

Clustering analyses were first conducted using the soft-
ware STRUCTURE 2.3 (Pritchard et al. 2000). STRUCTURE uses
Bayesian methods to divide a population data set into a pre-
specified number of genetic clusters that are in Hardy—Wein-
berg and linkage equilibrium, while simultaneously assigning
individuals within the data set to each cluster. The software
then calculates likelihood values for each K-value (i.e., num-
ber of genetic clusters to which individuals in the data set
could be assigned) tested. Analyses were conducted using an
admixture model of ancestry and a correlated allele frequen-
cies model. For each run, one million Markov Chain Monte
Carlo (MCMC) replicates were retained after a burn-in of
100000. We conducted 20 runs for each K-value between 1
and 8. STRUCTURE runs with similar membership coefficients
were grouped and averaged using CLUMPAK (Kopelman et al.
2015) for each K-value based on the Markov clustering algo-
rithm (MCL). The cut-off MCL value was 0.9. In instances
where there was multimodality (i.e., there was support for
more than one pattern at a K-value), 100 STRUCTURE runs
were conducted for those K-values following the above proto-
col. Bar charts showing mean membership coefficients were
generated using CLUMPAK. The optimal K-value was deter-
mined following the Evanno method (Evanno et al. 2005)

implemented with CLUMPAK. Mean membership coefficients
for each individual were recorded at the selected K-values.

We also conducted clustering analysis with DAPC using the
adegenet package (Jombart 2008) implemented in R. This
method combines principal component analyses (PCA) and
discriminant analyses (DA) to divide a data set into different
genetic clusters so that the variance among clusters is maxi-
mized and the variance within clusters is minimized. PCA
were conducted to simplify the data set, after which the
Bayesian Information Criterion (BIC) was used to determine
the most likely range of K-values. Following the recommenda-
tion of the creator of the adegenet package (Jombart 2014), an
o-plot was generated to determine the optimal number of
principal components to retain. DAPC was then conducted
to assign the Leptographium procerum isolates to the different
genetic clusters. After determining the most biologically
meaningful K-values, DISTRUCT 1.1 (Rosenberg 2004) was
used to create bar charts to visualize the membership proba-
bilities. Membership probabilities for each individual were
recorded at the selected K-values.

Genetic diversity and linkage disequilibrium

The mean number of distinct alleles and private alleles in each
geographical region (based on clustering analyses: China,
Europe, and North America; see Results) were calculated after
rarefaction using ADZE 1.0 (Szpiech et al. 2008) because the re-
gions contained different numbers of individuals. The num-
bers of MLG in each cluster were calculated using the poppr
2.01 package (Kamvar et al. 2014) implemented in R. Because
of the variation in sample sizes in each region, estimated
MLG values after rarefaction were also calculated using poppr.
Basic diversity indices were calculated on the MLG within
each region using poppr. Allele frequencies within each clus-
ter were calculated using PopGene 1.31 (Yeh et al. 1997). Be-
cause the numbers of sampled species of insect vectors
varied dramatically between the regions (see Results), we
also conducted the above analyses using only Leptographium
procerum genotypes isolated from the most common vectors
in each region (Dendroctonus valens in China and North Amer-
ica, Hylobius abietis in Europe) to determine if observed differ-
ences in diversity were impacted by variation in the number of
sampled species of insect associates.

MultiLocus 1.3 (Agapow & Burt 2001) was used to test for
linkage disequilibrium among loci in the geographically-
distinct L. procerum populations. This was done because linkage
disequilibrium could indicate if L. procerum from the geograph-
ical regions had recently undergone a genetic bottleneck as fre-
quently occurs during introduction events. After the data set
was clone-corrected, indices of association (I,) and r4 values
were calculated and compared with 1000 randomized data
sets to determine whether any populations differed signifi-
cantly from a population that is in linkage equilibrium.

Differentiation

Analysis of molecular variance (AMOVA) was conducted using
GenAlEx 6.5 (Peakall & Smouse 2012) to partition the variance
among and within the three geographical regions. In addition,
pairwise comparisons were conducted between each region
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using AMOVA to test for panmixis between any of the geo-
graphical regions. In each analysis, 999 permutations were
used.

Global migration of Leptographium procerum

We used Approximate Bayesian Computation (ABC;
Beaumont et al. 2002) to discern among different evolutionary
and demographic models, or ‘scenarios,’” that may explain the
contemporary distribution and genetic diversity of L. procerum.
ABC analyses were conducted using the coalescent-based
software DIYABC 2.0.4 (Cornuet et al. 2014). This software al-
lows the comparison of multiple scenarios, which are repre-
sented by coalescent trees that have different topologies.
DIYABC simulates data sets for each scenario, and then com-
pares selected summary statistics of the simulated data sets
and the observed data set to determine posterior probabilities
for each scenario. The scenario with the highest probability
can then be selected as the ‘best’ scenario. The software also
estimates model parameters such as effective population
size, timing of past events (measured in generations), and mu-
tation rates of molecular markers.

The geographical regions (China, Europe, and North Amer-
ica) were treated as populations in DIYABC in these analyses.
Analyses were conducted using a clone-corrected data set to
ensure that the presence of clonal replicates did not bias the
estimates of effective population sizes. The categories of sum-
mary statistics compared were NAL, HET, VAR, MGW, N2P,
H2P, V2P, and FST (see DIYABC user manual for descriptions
of each statistic). Mutation rates of microsatellites with differ-
ent lengths of repeat motifs (three, four, and six nucleotides)
were calculated separately.

We used a stepwise approach to determine the most likely
scenario. In step 1 of our analyses, we assumed that the pop-
ulations arose from an ancestral population at the same time
(i-e., as a polytomy). We then compared eight scenarios (sum-
marized in Table S3) where zero or more clusters underwent
a genetic bottleneck. Tests for bottlenecks were conducted
first because it was assumed that introduced populations
would show a signal of a bottleneck, while native populations
would not. The topology (i.e., the relationship among the pop-
ulations) was then tested in the following step. The prior
ranges for the effective population sizes for each geographical
population were initially set between 10 and 100000, and the
mutation rates for the microsatellites were set to the default
ranges. Based on the posterior distributions of the initial anal-
yses, later analyses were conducted with more restricted prior
ranges so that the effective population sizes of each cluster
and the mutation rates of the microsatellite loci could be
more accurately estimated (summarized in Table S4). One mil-
lion data sets were simulated for each scenario. Posterior
probabilities of each scenario were calculated from the Euclid-
ean distance between the summary statistics of the observed
and simulated data sets based on multinomial logistic
regression.

In step 2, four scenarios (Table S3) were compared based on
the outcome of step 1. Here, we relaxed the assumption that
the clusters diverged at the same time and allowed the clus-
ters that underwent genetic bottlenecks based on step 1 to di-
verge from the other clusters at different time points (prior

ranges are summarized in Table S4). The ranges for effective
population sizes and mutation models were based on the re-
sults of step 1. After determining the best scenario in step 2,
the median, mode, mean, and 95 % confidence intervals of
the estimated parameters were recorded. The model checking
option in DIYABC was performed to test for goodness of fit of
the model to the data. The categories of summary statistics
used for model checking were LIK, DAS, and DM2 (refer to
DIYABC manual for details on each statistics). In total, 36 sum-
mary statistics that had not been used in the previous analy-
ses were used for model checking.

To assess if the power of the analyses was sufficient to dis-
criminate between the different scenarios, type I and II errors
were calculated for the best scenarios in steps 1 and 2. One
hundred data sets were generated for each scenario using
the same prior distributions as the previous analyses. Poste-
rior probabilities of each scenario were then calculated for
each simulated data set. Type I error was calculated by mea-
suring the proportion of times the best scenario did not have
the highest posterior probability when it was in fact the cor-
rect scenario. Type II error was calculated by measuring the
proportion of times the best scenario had the highest posterior
probability when it was not the correct scenario.

Mating type loci

The ratios between mating type genes MAT1-1-3 and MAT1-2-
1 (herein referred to as MAT1 and MAT?2 respectively) in each
geographical location were determined using the technique
described by Duong et al. (2013). Chi-square tests were used
to test for significant differences between the observed ratios
between MAT1 and MAT? and the 1:1 ratio expected in a ran-
domly-mating population. Isolates that had both mating types
most likely represented mixed cultures, and were excluded
from the calculations of mating type ratios.

Results
Collections

In total, 211 confirmed Leptographium procerum strains were
obtained: 49 from China, 73 from North America, and 89
from Europe (Fig 1, Table S1). All of the isolates retained in
the study had identical BT sequences and grouped with the
L. procerum sequences downloaded from GenBank in phyloge-
netic analyses (Fig S1).

Microsatellites

Fifteen of the 33 tested microsatellite loci were polymorphic
(GenBank accession numbers KU365065—KU365079). The
summary statistics of the microsatellite loci are summarized
in Table S2. One allele of Lp20 that was 294 bases long had
an 18 base deletion in the flanking region (Appendix S1).
This allele was impossible to distinguish from another 294
base allele based on Genescan because the microsatellite re-
peat motif for this locus was six bases in length. However, al-
leles of 294 bases were found only four times in the entire data
set. Likewise, the deletion in the flanking region was not
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observed in any other sequence of locus Lp20, and we could
assume that the deletion had occurred only once in the entire
data set. In addition, one allele of Lp31 (181 bases) had a 2 base
deletion in the flanking region. These alleles were included in
the subsequent analyses. All other loci varied in length only
because of differences in the number of microsatellite repeats.

Network and clustering analyses

In the median-joining network, the nine haplotypes from
China all occurred on one distinct branch separated from
the other haplotypes (Fig 2). The Chinese haplotypes were
most similar to some of the European haplotypes, as there
was only one node separating the closest Chinese and Euro-
pean haplotypes. However, there were only three nodes sepa-
rating the closest Chinese and North American haplotypes.
The remainder of the network consisted of haplotypes from
Europe and North America. Some of the haplotypes from
Europe and North America were intermixed, although the ma-
jority of haplotypes clustered with other haplotypes from the
same geographical origin. There was no evidence of geograph-
ical structure in haplotypes within Europe or North America,
nor was there evidence of genetic structure within either con-
tinent based on insect vector or tree host, where such data
were available.

For the STRUCTURE analyses, the Evanno method (Evanno
et al. 2005) supported K = 3 as the optimal number of clusters
in which to divide the data set as AK was highest at that K-
value (Fig S2). However, we also analysed the data sets at
K = 2 (to determine if the analyses at K = 2 gave any informa-
tion regarding the relationship between the inferred clusters
at K = 3) and K = 4 (because the AK was relatively high at
K = 4). There was multimodality at K = 2 as two patterns
were supported: 62 of 100 runs at K = 2 supported a pattern
where the individuals from North America and Europe formed
one cluster separate from the individuals from China (Fig 3),
while 36 runs supported a pattern where the individuals
from North America and China formed one cluster separate
from the individuals from Europe. At K = 3, the data set was

(O China

@ North America
g © Europe

Fig 2 — Median-joining network showing the interrelation-
ship among the L. procerum haplotypes. Circle diameter in-
creases with more clones per haplotype. Smaller black dots
represent median vectors, or hypothesized ancestors.

divided into three separate clusters: a yellow cluster that con-
tained the isolates from China, a purple cluster that contained
most of the isolates from North America and some from
Europe, and a blue cluster that contained most of the individ-
uals from Europe and some from North America. At K >4,
STRUCTURE did not further subdivide the clusters based on
geography, tree host, or insect vector.

For the DAPC analyses, five was selected as the optimal
number of principal components retained based on the a-
plot (Fig S3a). The optimal K-value was not clear based on
the plot of K-values and BIC (Fig S3b), although reductions in
BIC appeared to be negligible with K-values larger than 8.
We therefore selected K-values based on biological relevance.
K-values between 2 and 4 were selected for analyses to com-
pare with the STRUCTURE results. At K = 2, DAPC placed the
isolates from China in one cluster and the isolates from North
America and Europe in another cluster (Fig 3). AtK = 3, the iso-
lates from China were placed in one cluster, most isolates
from North America and some from Europe were placed in
a second cluster, and most isolates from Europe and some
from North America were place in a third cluster. At K = 4,
some individuals from Europe and North America were placed
in a fourth cluster (shown in orange), although this subdivi-
sion was not informative based on geography, host or vector.

Based on the consensus of both clustering methods, K = 3
was the optimal number of clusters in which to divide the data
set. Forty seven individuals (95.9 % of total individuals;
Table S5) from China were clearly assigned (i.e., membership
coefficient or membership probability >0.8) to the yellow clus-
ter based on STRUCTURE. All 49 individuals from China were
clearly assigned to the yellow cluster based on DAPC. STRUC-
TURE clearly assigned sixty seven individuals from North
America (91.8 %) and two from Europe (2.2 %) to the purple
cluster. DAPC clearly assigned seventy individuals from North
America (95.9 %) and 28 individuals from Europe (31.5 %) to the
purple cluster. STRUCTURE clearly assigned eighty individuals
from Europe (89.8 %) and five individuals from North America
(6.8 %) to the blue cluster. DAPC clearly assigned 55 individuals
from Europe (61.8 %) and three individuals from North Amer-
ica (4.1 %) to the blue cluster.

Genetic diversity and linkage disequilibrium

There were nine haplotypes in the Chinese isolates, 42 in the
North American isolates, and 81 in the European isolates. The
numbers of isolates per haplotype ranged from one to 29
(Table S1). The ratios of haplotypes to isolates (measured by
numbers of haplotypes divided by numbers of isolates exam-
ined) were 0.91 for Europe, 0.58 for North America, and 0.18 for
China.

The isolates from Europe were the most genetically diverse
based on mean numbers of alleles and private alleles which
were calculated after rarefaction because the different geo-
graphical regions contained different numbers of individuals
(Table 1). In addition, Europe had the highest genetic diversity
based on estimated multilocus genotypes (MLG) calculated af-
ter rarefaction, as well as various diversity indices calculated
on the MLG. This was also true when only comparing Leptog-
raphium procerum isolated from the most collected insect spe-
cies in each location (Table S6). North America had the next
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Fig 3 — Bar charts showing the membership coefficients (based on STRUCTURE) and the membership probabilities (based on
DAPC) of the individuals included in this study for K-values between 2 and 4.

highest genetic diversity, followed by China. There were seven
monomorphic loci in the Chinese isolates, one in the North
American isolates, and none in the European isolates. The al-
lele frequencies for each population are summarized in
Table S7. Ninety two percent of the alleles found in China
were present in Europe. In contrast, 67 % of the alleles found
in China were present in North America. Seventy three

percent of the alleles found in North America were also pres-
ent in Europe, while 40 % of the alleles found in Europe were
also present in North America.

There was no evidence of linkage disequilibrium in the
Chinese or European collections based on IA and 14 values
(P = 0.201 and 0.139, respectively; Table 2; Fig S4). However,
there was strong evidence for linkage disequilibrium in the
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Table 1 — Summary statistics for the three genetic clusters of L. procerum examined in this study.

Cluster MA s.e. PA s.e. eMLG s.e. ML H G A He

China 1.600 0.163 0.196 0.133 0 7 1.14 1.91 0.476 0.262
North America 3.243 0.323 1.030 0.252 31.2 1.96 1 3.34 15.36 0.935 0.478
Europe 5.163 0.549 2.609 0.520 46.5 1.26 0 4.36 74.03 0.986 0.634

MA — mean allelic richness (after rarefaction); s.e. — standard error; PA — private allelic richness (after rarefaction); eMLG — estimated number of
multilocus genotypes (after rarefaction); ML — monomorphic loci; H — Shannon—Wiener Index of MLG; G — Stoddart and Taylor’s Index of MLG; A

— Simpson’s index; He — expected heterozygosity (Nei 1973).

Table 2 — Linkage disequilibrium and mating type

statistics for the four populations examined in this study.
iy Ty P-value MAT1:MAT2 X2

P-value
China 0.2214 0.0319 0.201 45:4 <0.001
North America 0.5463 0.0440 <0.001 40:33 0.413
Europe 0.0728 0.0051 0.139 47:40 0.453

I, — Index of Association; P-value for I, and 14 are equal.

North American collections, as the observed IA and 14 values
fell outside the range of most of the 1000 randomized data
sets (P < 0.001).

Differentiation

The AMOVA indicated that most of the variation (75 %) was
within populations (Table 3). However, there was significant
among population variation (25 %). In addition, there was sig-
nificant variation among the populations in the pairwise
AMOVAS, rejecting the hypothesis of panmixis between any
of the populations.

Global migration of Leptographium procerum

Scenario 5 (i.e., the clusters in North America and China had
undergone a genetic bottleneck, while the cluster in Europe
had not; Fig S5), had the highest probability (P = 0.5895, 95 %
C.I. = 0.5198 to 0.6593; Table S3). Scenario 8 (i.e., all three clus-
ters arose from an unsampled, or ‘ghost,” population and had
undergone genetic bottlenecks) also had high support
(P =0.3912, 95 % C.I. = 0.2894—0.4930).

In step 2, four scenarios (Table S3) were compared based on
the outcome of step 1. Here, we relaxed the assumption that
the clusters diverged at the same time and allowed the clus-
ters that underwent genetic bottlenecks based on step 1
(North America and China) to diverge from the other clusters
at different time points. Scenario 5.1, (i.e., both the Chinese
and North American clusters diverged from the European
cluster, with the Chinese cluster arising earlier than the North
American cluster; Fig S5), had the highest probability
(P =0.5948, 95 % C.I. = 0.4821-0.7075). There was non-trivial
support for hypothesis 5.3 (i.e., the North American cluster
first diverged from the European cluster, after which the Chi-
nese cluster diverged from the North American cluster;
P = 0.2613, 95 % C.I. = 0.0753—0.4473).

The estimates of the model parameters for scenario 5.1 are
summarized in Table S4. The modes, medians, and means of

Table 3 — AMOVA results for the complete data set as well as pairwise comparisons.

Source Degrees of freedom Sum of squares

Mean squares Estimated variance % Total variance

All three geographical populations

Among populations 2 21476.966
Within populations 208 94083.773
Total 210 115560.739
@PT = 0.249 P < 0.001

North America and Europe

Among populations 1 7518.462
Within populations 160 93197.365
Total 161 100715.827
@PT = 0.129 P < 0.001

China and North America

Among populations 1 14.365.373
Within populations 120 42304.627
Total 121 56 670.000
¢PT = 0.404 P < 0.001

China and Europe

Among populations 1 11307.837
Within populations 136 52665.554
Total 137 63973.391
@PT = 0.309 P < 0.001

10738.483 150.355 25
452.326 452.326 75
602.681 100
7518.462 86.473 13
582.484 582.484 87
668.956 100
14 365.373 238.966 40
352.539 352.539 60
591.505 100
11307.837 172.786 31
387.247 387.247 69
560.033 100
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the posterior distributions of each parameter were fairly sim-
ilar. The European population had the highest effective popu-
lation size, followed by the North American and Chinese
clusters respectively. Based on the goodness of fit test for sce-
nario 5.1, only four summary statistics (out of 36) had low
probability values (Table S8). The type I error for scenario 5
was 0.46 suggesting that there was a high probability of select-
ing an incorrect scenario when simulating data sets for sce-
nario 5. Thirty two of the incorrectly assigned pseudodata
were assigned to scenario 8, while ten were assigned to sce-
nario 2. The type II error for scenario 5 was 0.04. The type I er-
ror for scenario 5.1 was 0.14, while the type II error was 0.09.

Mating types

There was no significant bias towards either mating type in
the European or North American populations. Conversely,
there was a significant bias towards mating type MAT1 for iso-
lates from China (Table 2; Fig S6).

Discussion

Results of this study demonstrated that Europe or a location
geographically and genetically close to Europe is the likely
global centre of diversity of Leptographium procerum. In con-
trast, populations of the fungus in North America and China
appear to have been founded by introduced isolates. In addi-
tion, clustering and network analyses along with ABC sug-
gested that Europe (or its vicinity) is the most probable
source of L. procerum associated with Dendroctonus valens in
China. This finding does not support the hypothesis that L.
procerum coinvaded China from North America with D. valens
(Lu et al. 2011; Sun et al. 2013; Taerum et al. 2013).

The conclusion that Europe is the global centre of diversity
of L. procerum emerged from four lines of evidence: 1) the lack
of bias towards either of the two mating types in Europe; 2)
a failure to demonstrate a departure from linkage equilibrium
in Europe; 3) the fact that the isolates from that geographical
region had the highest level of genetic diversity of all the iso-
lates included in this study; and 4) the results of the ABC anal-
yses showing that Europe is the most likely source of the other
populations examined. The observations regarding mating
type ratio and linkage equilibrium suggest that the fungus is
randomly mating in Europe. In addition, the observed high
level of genetic diversity and large number of rare alleles in
the European population are frequently characteristics of old
and stable (i.e., native) populations (Sakai et al. 2001; Zhang
et al. 2014). The high diversity of L. procerum in Europe com-
bined with the close proximity of Europe to Asia, which ap-
pears to be the centre of diversity for species in the L.
procerum species complex (Linnakoski et al. 2012; Yin et al.
2015), support the suggestions that Europe or somewhere
close to Europe is the global centre of diversity of L. procerum.

Three differences in sampling schemes between the loca-
tions may have impacted the observed variation in genetic di-
versity: 1) the highest number of isolates was collected in
Europe, followed by North America and China; 2) L. procerum
was isolated from a wider diversity of insect vectors in Europe
than in North America and China; and 3) L. procerum was

isolated from a broader geographical range in Europe (the fur-
thest apart sampling locations, Herouville St. Clair, France,
and Lissino-Corpus, Russia, were separated by ~2250 km)
than North America (Zimmerman, Minnesota, and the Massa-
besic Experimental Forest, Maine were separated by
~1650 km) or China (collection sites were separated by
<1000 km). However, the genetic diversity in Europe remained
the highest after applying a rarefaction method, negating the
impact of differences in sample sizes on diversity indices. In
addition, diversity measurements of L. procerum isolated
from only a single insect species in each location (Hylobius
abietis in Europe and D. valens in North America and China)
still supported Europe as having the highest genetic diversity.
These results were obtained even though fewer isolates were
considered for Europe (N = 38) compared with North America
(N = 60) and China (N = 49). In this case, all of the L. procerum
isolates from Europe were collected in Poland, while the North
American isolates were from a much larger geographical
range, suggesting that differences in sampling ranges did
not greatly impact the observed pattern of diversity.

It is noteworthy that the majority of L. procerum isolates
that were obtained from Europe (71 out of 89) were collected
in Poland. The apparent bias towards Poland is largely because
L. procerum is frequently associated with Pinus sylvestris, which
is the dominant tree species in Poland (Jankowiak 2006, 2012;
Jankowiak & Bilanski 2013a,b,c; Jankowiak et al. 2007, 2012). In
the Polish lowlands, the proportion of P. sylvestris in the for-
ests is about 70 % (Boratynski 1993). Therefore, although
Poland is not likely to be entirely representative of the conti-
nent, the country is most likely a major centre of diversity.

The fungus L. procerum was until now considered to be na-
tive to North America, but our study provides evidence that
the North American population of L. procerum may have re-
cently originated in Europe, after which the fungus developed
an association with D. valens and other beetles in eastern
North America. The haplotypes from both locations grouped
together in the clustering and network analyses, and the Euro-
pean cluster had higher genetic diversity than the North
American cluster. In addition, there was strong evidence of
linkage disequilibrium in the North American cluster but not
in the European cluster. Finally, ABC supported the hypothesis
that Europe is the origin of the North American cluster. The in-
troduction of L. procerum into North America could have oc-
curred via the movement of wood or wood products from
Europe. Because the fungus in eastern North America is fairly
genetically diverse and widespread, and there is no bias to-
ward either mating type, the introductions would need to
have been large or frequent, and to have occurred far enough
in the past to allow the fungus to spread to its current range.
Considering that L. procerum requires insect vectors to dis-
perse, and that most of the vectors of L. procerum that occur
at both locations were introduced to one of the continents
within the past century, it is unlikely that the fungus would
have been moved from one continent to the other without
the assistance of humans. Additional collections of L. procerum
isolates from Europe and North America as well as coalescent
analyses would be required to test these hypotheses.

This study supports the hypothesis that the isolates of L.
procerum in China underwent a strong founding event. The
low diversity of the fungus in China relative to the populations
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in Europe and North America can suggest a recent genetic bot-
tleneck. In addition, the bias towards mating type MAT1 in the
Chinese population is consistent with a shift to clonal repro-
duction that frequently occurs in fungi alongside genetic bot-
tlenecks (Gladieux et al. 2014). The cause of the bottleneck,
however, is unknown. The fungus may have been recently in-
troduced by humans, as there has been a long history of
movement of people and goods between Europe and Asia. Al-
ternatively, the fungus may have undergone a recent natural
range expansion, whereby L. procerum could have colonized
China from Europe via the conifer forest ‘bridges’ connecting
the two geographical regions by bark beetle species that pres-
ently occur in both locations (e.g., Tomicus piniperda, Tomicus
minor; Kirisits 2004; Zhou et al. 2013). According to this hypoth-
esis, the low diversity of the fungus in China would indicate
the range edge for L. procerum, as those areas tend to have
lower genetic diversities than range interiors (Arnaud-Haond
et al. 2006). A third alternative hypothesis is that L. procerum
was introduced to China much further in the past, and is asso-
ciated with other beetle species that occur in China. Most sur-
veys of ophiostomatalean fungi in China have been conducted
on associates of damaging bark beetle species, while relatively
benign bark beetles and weevils have been largely ignored
(zhou et al. 2013). It is possible that only a small number of
L. procerum haplotypes was acquired from these native beetles
by introduced D. valens, after which point these haplotypes
benefitted from the beetle’s population explosion, with clones
of this fungus propagating more rapidly than other haplotypes
of L. procerum present in the invasive range of D. valens in
China.

Based on previous surveys of the ophiostomatalean fungi
associated with D. valens in China and North America, L. proce-
rum is the only fungal species that was an abundant symbiont
of D. valens in both China (Lu et al. 2009a,b) and part of the bee-
tle’s range in North America (eastern North America; Taerum
et al. 2013). This led researchers to conclude that L. procerum is
the only fungus likely to have coinvaded China with D. valens.
However, population genetics studies on the beetle concluded
that western North America is the most likely source of D.
valens that invaded China (Cognato et al. 2005; Cai et al. 2008;
Taerum et al. 2016). The fact that L. procerum is not associated
with D. valens in western North America (Taerum et al. 2013)
combined with the findings of the present study suggest that
L. procerum did not coinvade China with the bark beetle. It is
possible that none of the ophiostomatalean fungi symbiotic
with D. valens in North America successfully coinvaded China
with the bark beetle. The entire ophiostomatalean symbiont
assemblage of D. valens in China appears to have been ac-
quired from the invasive range, most likely from bark beetles
and weevils that cooccur with D. valens in infested trees. How-
ever, it is not yet possible to definitively state that no isolates
of L. procerum coinvaded China with D. valens.

A question however remains (Taerum et al. 2013): why have
none of the ophiostomatalean symbionts of D. valens success-
fully coinvaded China? The relative high diversity of D. valens
in China suggests that a large number of beetles were intro-
duced either in a single mass invasion or multiple smaller inva-
sions (Taerum et al. 2016), making it unlikely that no
ophiostomatalean fungi would have survived the invasion
event. Because the ophiostomatalean associates of D. valens

are externally vectored and not protected by structures such
as mycangia (Taerum et al. 2013), the fungi could have been
susceptible to unfavourable environmental conditions. In addi-
tion, ophiostomatalean fungi already present in China could
have outcompeted any North American fungi carried by the
beetles to China. This could represent an example of biotic re-
sistance by native microbes (Inderjit & van der Putten 2010). In
addition, several interactions between forest insects and
ophiostomatalean fungi are mediated by mites (Hofstetter &
Moser 2014). Mite associates may have undergone a shift since
the beetle was introduced, leading to a shift in the fungal sym-
bionts. This finding is in contrast with surveys of yeast associ-
ates of D. valens in western North America and China, which
demonstrated that several yeast species are likely to have coin-
vaded China with the beetle (Lou et al. 2014). Several of the
coinvading yeasts were isolated from the beetle guts, which
would have provided protection for the yeasts from unsuitable
environmental conditions and antagonists of the yeasts.

This study represents the first global study of the popula-
tion diversity of L. procerum, and the first attempt to determine
the global movement of the fungus beyond its introduction to
China (Lu et al. 2011). Our results do not support the hypothe-
sis that L. procerum coinvaded China from North America with
D. valens, and suggest that Europe is both the centre of global
diversity and the source for all introduced populations. Future
surveys should be conducted to test alternative hypotheses,
including whether L. procerum is native or introduced in China.
In addition, other genetic markers that are available due to ad-
vancements in high-throughput sequencing together with ad-
vanced analytical methods should clarify both the
evolutionary history of L. procerum as well as the current global
movement of the fungus. Nevertheless, this study has pro-
vided a basis for improving the understanding and manage-
ment of L. procerum, as well as other invasive fungi.
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