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Introduction

Human activities have facilitated significant movements of plant
species well beyond their natural ranges (Sakai ez al, 2001;
Meyerson & Mooney, 2007; Westphal er 4/, 2008), including
the large-scale establishment of pine plantations on foreign conti-
nents (Simberloff ez 4/, 2010; Gallien ez 4., 2016). Pines (genus
Pinus L.) are one of the most widely distributed trees across
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Summary

e Human colonization since the 19th century has resulted in the global spread of pines
beyond their original northern boreal distribution. Although the introduction history of pines
is documented through historical records, little is known about the introduction history of their
ectomycorrhizal (ECM) fungi, which are critical symbionts for the survival and invasion of
pines.

e Using Suillus luteus as an example, whole genomes of 208 individuals collected across
native and introduced ranges were sequenced to reveal the introduction history of pine
co-introduced ECM fungi.

e Population genomics analyses showed that all introductions originated from Europe. With
the exception of North America, introduced populations were genetically differentiated from
the European population, with varying magnitudes of population expansion in different intro-
duced regions. Genetic variation within the native European population followed isolation by
distance, but not in the introduced range, highlighting the disparity in the spatial-genetic pat-
terns of native vs exotic habitats.

e The spread of S. luteus is mediated by human activities accompanying pine introductions,
with its demographic history linked to forestry practices. The spatial, temporal, and demo-
graphic patterns observed in S. luteus offer insight into the population genetics of a widely
introduced ECM fungus and are likely applicable to other pine co-introduced ECM fungi.

boreal forests of the Northern Hemisphere (Mirov, 1967). Since
the 19th century, numerous pine species have been introduced to
exotic ranges in association with the global expansion of forestry
and silviculture, especially in regions of the Southern Hemisphere
(Simberloff et al., 2010; Gallien et al., 2016). Notable examples
of such introductions include radiata pine (P. radiata) introduced
to Australia, New Zealand, and South Africa (Wu ez 2/, 2007;
Burdon et al., 2008), lodgepole pine (P. contorta) introduced to
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South America (Simberloff ez 2/, 2010; Policelli & Nunez, 2025),
and patula pine (P. patula) and loblolly pine (P. taeda) intro-
duced to South Africa (Simberloff ez 4/, 2010; Rejminek &
Richardson, 2013). The introduction of exotic pines also
occurred in the Northern Hemisphere, where alien Old World
pine species have been planted in North America for horticultural
and ornamental purposes. For example, P. sylvestris introduced to
North America has been widely grown in Christmas tree farms
and planted along roadsides for windbreaks, shelter belts, or ero-
sion control (Skilling, 1990).

The establishment of pine trees beyond their native ranges has
not only resulted in the introduction of pine species but also
expanded the distributions of their symbiotic partners
(Desprez-Loustau ez al, 2007; Pringle ez al, 2009; Vellinga
et al., 2009; Dickie et al, 2010, 2017). Pinaceae is one of the
major groups of plants that form ectomycorrhizal (ECM) sym-
biosis with fungi (van der Heijden et al, 2015; Tedersoo &
Brundrett, 2017; Strullu-Derrien et 4/, 2018). ECM symbiosis
provides dramatic mutual benefits to fitness such that each part-
ner is rarely found alone under natural conditions (Selosse
et al., 2004; Smith & Read, 2008; Policelli et al, 2019). The
obligate nature of this symbiosis has restricted the distribution of
pine-specific ECM fungi to the distribution of pines. After pine
introductions to exotic habitats, the associated ECM fungal com-
munity quickly shifts to encompass introduced ECM fungi
(Tedersoo et al., 2007; Dickie et al., 2010; Policelli et al., 2023).
The ECM co-introductions can have profound consequences on
local ecology, including changing the aboveground biomass,
altering the balance of nutritional sequestration, increasing water
use, and elevating fire risk (Chapela ez a4/, 2001; Nunez &
Dickie, 2014; Dickie et al., 2017; Vietorisz et al., 2025).

Although the sources and the history of pines used in planta-
tions are largely documented (Wu er al, 2007; Simberloff
et al, 2010; Gallien et al, 2016), evidence of how the
co-introduced ECM fungi spread is lacking. Due to their micro-
scopic nature, the source and transportation of the ECM fungi as
hyphae or spores cannot be directly observed or documented
(Nunez & Dickie, 2014; Gladieux et al, 2015). As a result,
understanding the sources and demographic history of intro-
duced populations of fungi has heavily relied on approaches
based on molecular markers (Desprez-Loustau ez 4/, 2007; Dou-
han ez al, 2011; Gladieux ez al., 2015).

Population genetics provides powerful inferences about the
history and evolutionary consequences of fungal introductions. It
can provide insight into the population structure of native popu-
lations, identification of introductions and their sources, subse-
quent admixtures arising from multiple introductions,
demographic history, and signatures of adaptation (Douhan
et al., 2011; Gladieux et al., 2015). For example, origins of intro-
ductions and subsequent admixed populations have been
reported in several plant-pathogenic species, such as in the rice
blast fungus Magnaporthe oryzae (Gladieux et al., 2018), the
anther-smut fungus Microbotryum lychnidis-dioicae (Gladieux
et al, 2015), powdery mildew species (Desprez-Loustau
et al., 2018; Gur et al., 2021), and Verticillium dahliae (Mil-
groom et al., 2016). Similarly, the population genetic study on

© 2026 The Author(s).
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the wheat yellow rust fungus Puccinia striiformis f. sp. tritici has
detected adaptive change toward lower capacity in sexual repro-
duction in introduced populations (Ali ez al, 2010). Although
these applications of population genetics have expanded our
understanding of the genetic and evolutionary dynamics of fun-
gal introductions in plant pathogenic fungi, little is known about
the population genetics of introduced ECM fungi.

The slippery jack Suillus luteus (L.) Roussel (phylum Basidio-
mycota: subphylum Agaricomycotina: Class Boletales) is one of
the most widely introduced ECM fungal species across the world
(Vellinga ez al., 2009; Policelli er al., 2019). Although native to
Eurasia, S. luteus is reported to have been introduced to North
America since 1887 (Peck, 1887), where it has expanded its host
range to several North American pines such as P. resinosa, P. stro-
bus, and P. contorra (Nguyen er al, 2016). In the Southern
Hemisphere, S. luteus has been broadly reported to occur under
introduced pines for over 150 yr in Australia, New Zealand,
South America, and Africa (Vellinga ez al, 2009; Policelli
et al., 2019). In those locations, S. [uteus is also associated with
novel pine hosts, especially P. radiata, P. patula, P. ponderosa,
and P. contorta (Policelli ez al., 2019).

The widespread distribution and abundance of S. luteus in exo-
tic pine forests make this species a valuable case study on popula-
tion genomics of pine-ECM co-introduction (Hoeksema
et al., 2020). Multiple introductions of S. /uteus provide natural
repeats to study the shared and divergent features associated with
introduction within the same species. Identifying the population
structure and the demographic history of introduced species is
the basis for understanding further questions regarding the ecol-
ogy, evolution, and management of the invasion. In this study,
we explored the fundamental topics on the patterns of introduc-
tions of S. futeus, including (1) the overall population structures
of S. luteus across the world, (2) the origins of the introduced S.
luteus populations, (3) the presence of sequential introductions
and admixture among geographically close introduced popula-
tions, (4) intraspecific genetic diversity and the signatures of
genetic bottlenecks in the introduced populations, and (5) the
most likely process of introduction associated with observed
genetic signatures. To answer these questions, we sampled S.
luteus and its sister species, S. brunnescens, from the native range
in Europe and Asia, and the introduced populations in Australia,
New Zealand, North America, South America, and Africa.
Whole genome shotgun sequencing was conducted to collect
genetic data for inferring the phylogeny, population structure,
and genetic diversity of S. /uteus within and among continents to
illustrate the introduction history of this important ECM species.

Materials and Methods

Specimen collection and genome sequencing

Suillus luteus (L.) Roussel was collected over its native range in
Europe and Asia, and its introduced range in North America,
South America, Africa, New Zealand, and Australia (Fig. 1; Sup-
porting Information Table S1). Its sister species, Suillus brunnes-
cens A.H. Sm. & Thiers (Nguyen ez al., 2016), was also included
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Fig. 1 Suillus luteus and Suillus brunnescens sampling across the world.
Map and sample size of populations sampled and analyzed in this study.
Genome sequences were obtained from 208 S. /uteus and 5 S.
brunnescens collections from native and introduced ranges.

in the sampling as the outgroup for analyses. Collections of S.
luteus were made under native pines in Japan, Taiwan, and Cen-
tral Europe. Most North American collections were associated
with introduced Pinus sylvestris, though some collections from
Minnesota were found under native North American Red Pine
(Pinus resinosa). A complete list of collections used in this study is
provided in Table S2.

Fruiting body specimens or cultures of S. luteusand S. brunnes-
cens were used as the sources of genomic DNA for whole genome
shotgun sequencing. DNA extraction of collections from Bel-
gium and Norway followed published methods (Bazzicalupo
et al., 2020). For DNA extraction from tissue cultures, mycelia
were grown in liquid MMN media (Marx, 1969) for 21-28 d,
filtered from the media using filter paper, washed with sterile dis-
tilled water, freeze-dried, and stored at —80°C until extraction.
For DNA extracted from fruiting bodies, 5-mm cubes of tissue
pieces were preserved in 2X CTAB (2% CTAB, 1.4 M NaCl,
20 mM pH 8.0 EDTA, 100 mM pH 8.0 Tris—HCI) at room
temperature until extraction. DNA extraction was conducted
using the OmniPrep Kit for Fungi (G-Biosciences, St. Louis,
MO, USA) for both fruiting body tissues and cultured mycelia.
After extraction, genomic DNA was suspended and stored in 1x
TE buffer (10 mM Tris; 1 mM EDTA; pH 8.0) at —20°C.

Plate-based DNA library preparation was performed for Illu-
mina sequencing. Extracted DNA was sheared into 600-bp frag-
ments using a Covaris LE220 focused-ultrasonicator and size
selected by double-SPRI. The selected fragments were end-
repaired, A-tailed, and ligated with Illumina-compatible sequen-
cing adaptors. The libraries were sequenced in paired 2 x 100 or
2 x 150 cycles either on an Illumina HiSeq2500 or on an Illu-
mina NovaSeq 6000. The itemized sequencing techniques and
NCBI SRA accession numbers for each sample are listed in

Table S3.
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Single nucleotide polymorphism discovery

Single nucleotide polymorphisms (SNPs) were determined by
mapping reads to the reference genome of S. luteus UH-Slu-
Lm8-n1 v.3.0 (Kohler et al, 2015) and then called by GATK
(Genome  Analysis  Toolkit) (van der Auwera &
O’Connor, 2020). Illumina adaptors and low-quality 3’ ends
under Phred score 25 in reads were trimmed using CUTADAPT
v.2.1 (Martin, 2011). Reads shorter than 80 bp after trimming
were discarded. Trimmed reads of each individual were mapped
to the reference genome of S. /uteus using Bwa v.0.7.17 (Hout-
gast ez al., 2018). To balance the depths among sequenced indivi-
duals and to save computational resources, genomes with an
average depth greater than 30x were randomly subsampled to a
depth equal to 30x. The likelihoods of variants of each genome
were individually calculated using GATK haplotypecaller and then
defined with GATK GenotypeGVCFs across all genomes. Since
the reference genome contained ¢. 10% annotated repeated ele-
ment sequences (4459 331 bp in 44 486 502 bp), the SNPs in
the annotated repeated regions were excluded from SNP discov-
ery. Variants other than SNPs were filtered before further ana-
lyses. Hard filtering of low-quality SNPs was done following
the recommendations of GATK documentation (QD < 2.0
|| ES > 60.0 || MQ < 40.0 || MQRankSum < —12.5 || ReadPos-
RankSum < —8.0).

Among the 274 available genomes, we excluded genomes
determined to be haploid (monokaryotic), mixed collections,
mixed DNA extractions, clones of other individuals, and those
cultured from spore prints which represented F1 selfed offspring
(Notes S1), leaving a total of 213 genomes for downstream ana-
lyses.

Phylogeny, principal components analysis, and admixture
analysis

Maximum likelihood inference of the phylogeny was conducted
with concatenated SNPs using RAXML 8 (Stamatakis, 2014)
with the GTRCAT model without rate heterogeneity as recom-
mended in the software manual for analyzing SNP datasets and
1000 rapid bootstrapping replicates to calculate support values of
branches. Suillus brevipes Sb2 (Branco et al., 2015), the closest
species whose Illumina-sequenced genome was available, was pro-
cessed and mapped by the same procedure to the same S. luteus
reference genomes to serve as the outgroup to root the phyloge-
netic tree.

To identify population structure, admixture analysis with
genome-wide SNPs of S. futeus individuals was conducted using
ADMIXTURE v.1.3.0 (Alexander et al, 2009). Based on the
assumption of unlinked loci in ADMIXTURE, SNPs were pruned if
their #* values to any other SNPs were greater than 0.1 in
50-SNP windows by 10-SNP steps using PLINK v.1.9 (--indep-
pairwise 50 10 0.1) (Chang et al, 2015) as exemplified in the
program’s manual. Sites with more than 10% missing data across
individuals and multiallelic sites were also removed using plink.
Admixture analyses were run from the arbitrary number of popu-
lations K= 2-8. In total, 10 runs of each K value with different
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random seeds were conducted to ensure optimization. The runs
with the highest likelihoods of each K value were considered the
optimal inference of each K'and used in the plots. The optimal X
was determined by the fivefold cross-validation (cv) method
implemented in ADMIXTURE.

Principal component analysis (PCA) was used to visualize the
genetic differences of individuals based on their Euclidean dis-
tances. PCA was conducted using the dudi.pca function in the R
package ADEGENET (Jombart & Ahmed, 2011) using the same
LD-pruned SNPs as in admixture analysis. The phylogenetic net-
work was inferred using SPLITSTREE v.4.18.3 (Huson & Bry-
ant, 2006) with the neighbor-net method from the same
LD-pruned SNPs.

Genetic distance and genetic diversity

Pairwise £, and Reynolds’ distance were calculated to repre-
sent the genetic distance between populations, based on the
same LD-pruned SNP dataset as in the admixture analysis.
Hudson’s formula, implemented in the R package kris
(https://CRAN.R-project.org/package=KRIS), was used to
calculate F. Reynolds’ distance (coancestry coefficient) (Rey-
nolds ez al., 1983) was calculated using the ADEGENET package
(Jombart & Ahmed, 2011). Kinship between individuals was
calculated by kinship coefficients using the KING-Robust
algorithm —kinship in the KING program (Manichaikul
etal., 2010).

The significance of genetic differentiation among subpopula-
tions in the same continent was determined by the G-statistic
based on allele frequency, as described in Goudet et al. (1996)
using the gszat.randsest function in package HIERFSTAT (Gou-
det, 2005) with 10 000 randomly selected SNPs, whose signifi-
cance was determined by 999 permutations. The allele
frequencies of subpopulations with less than five individuals were
not representative and discrete, so they were excluded from the
test.

Isolation by distance was tested by assessing the correlation
between genetic distance and geographic distance. The genetic
distance matrix was calculated as Rousset’s 2 (Rousset, 2000,
2008) from 10 000 randomly selected SNPs. The geographic
distance was calculated from latitude and longitude coordinates
with correction of the WGS84 ellipsoid in distGeo function
in the R package GEOSPHERE (https://CRAN.R-project.org/
package=geosphere). The significance of the correlation between
the genetic distance matrix and the geographic distance matrix
was tested using Mantel tests with 999 permutations using the
mantel.randtest function in the R package ADE4 (Dray &
Dufour, 2007).

Genetic diversity was estimated by nucleotide diversity and
segregating sites (Watterson’s 0) as described by Tajima (1989).
The deviation of nucleotide diversity and the number of segregat-
ing sites from neutrality was measured by Tajima’s D
(Tajima, 1989). All calculations were conducted on nonoverlap-
ping windows of 10 000 SNPs for sites having < 10% missing
genotypes using a customized script (scripts/tajimaD.R). The dif-
ferences in genetic diversity between each introduced population
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and each native population were tested by the Mann—Whitney U
test using the function wilcox.exact in the R package EXACTRANK
TESTS  (hteps://CRAN.R-project.org/package=exactRankTests).
The resultant P-values were adjusted for multiple comparisons by
Holm’s method using the base R function p.adjust. The differ-
ences among introduced populations or among native popula-
tions were not included.

Demographic modeling

Demographic modeling with momi2 (Kamm ez al., 2020) was
used to explicitly infer the divergence history and population
growth rate based on the unfolded site frequency spectrum
(SES) of genomes using S. brunnescens as outgroup. momi2
applies composite likelihood inference of models including
divergence, population size, migration, and population growth
rate of multiple populations at once. The mutation rate was set
to 1077 yr™ ! per site as used in another introduced basidiomy-
cete fungus, Serpula lacrymans (Skrede et al., 2021). The genera-
tion time was assumed to be 10 yr according to the fact that
most S. luteus reproduce on trees 5-15yr old (Shaw
et al., 2003). A simple model (A1) was applied to estimate the
divergence time and population growth rate (Fig. S1). The
model had a single divergence event from Europe to a single
introduced population at a time, with a population growth rate
in the introduced population. To balance the sample size among
populations, the largest subpopulation in each population,
namely Belgium in Europe, Bariloche in South America, and
Massachusetts in North America, was treated as a representative
deme for the inference. An alternative model (Ala) of the same
construction, except for a hard constraint of divergence time
more than 1000 generations, was implemented to test the possi-
bility of long divergence from Europe to introduced populations
predating human activities.

Additional models were used to test the hypotheses of
sequential divergence of introduced populations. Those models
contained the population in Europe and two introduced popu-
lations at once to test whether the sequential divergence scenar-
ios better explain the divergence history than independent
introductions. The first model (B1) was designed to fit the sce-
nario of independent introductions. The model designated two
introduced populations that independently diverged from the
European population some time ago (Fig. S1). The second
model (B2) was designed to fit the scenario of sequential intro-
duction. It is designated that one introduced population
diverged from Europe, followed by the other population diver-
ging from the first introduced population. The third model
(B3) was designed to fit the scenario of independent introduc-
tions followed by subsequent admixture. It designates two
introduced populations that independently diverged from the
European population, followed by a single pulse of unidirec-
tional migration from one introduced population to the other
introduced population. The population growth rates were
included in both introduced populations for all models B1-B3.
The detailed parameters, initial states, and optimization strategy
are presented in Methods S1.
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Results

Phylogenetic clades and global population structures

A total of 208 whole genomes of S. /uteus and 5 whole genomes
of its sister species, S. brunnescens, were sequenced and included
in the analyses. After quality filtering, 5741 900 SNPs were iden-
tified among the two sister species and the outgroup genome S.
brevipes Sb2. The number of SNPs between the two sister species
was 5127 473 without the outgroup genome. When the SNP
dataset was restricted to S. /uteus individuals, the number of SNPs
dropped to 2617 891, which represented 6.54% of the nonre-
peated regions in the S. /uteus reference genome. The differences
in sequencing methods, filtering of SNPs, and the selection of
genomic windows did not affect the validity of the analyses
(Notes S2—-S4).

Phylogenetic analysis of the resulting SNP dataset revealed
four monophyletic clades consisting of §. brunnescens and
three deeply divergent clades of S. luteus (Fig. 2a). Three indi-
viduals from Japan originally identified as S. /futeus (JS091,
JS094, and JS104) were placed into a single clade with S. brun-
nescens, although these collections formed a distinct subclade
from North American S. brunnescens. Distinct patterns of geo-
graphic distribution were observed in all three clades of .
luteus. The first clade consisted entirely of individuals collected
from Asia (hereafter referred to as Clade Asia). The second
clade included all collections from Norway (Clade Northern
Europe), which was a sister group to Clade Asia. The remain-
ing majority of European individuals originating from multi-
ple locations in Europe formed a third clade (Clade Central
Europe). Notably, Clade Northern Europe also consisted of
individuals collected within the same geographic range as
Clade Central Europe, such as collections made in Austria and
Russia.

The phylogenetic tree suggests that Central Europe was the
main source of all the sampled introduced populations to the
Southern Hemisphere and North America. In the admixture ana-
lysis, Clade Central Europe always had distinct ancestry from the
other two S. luteus clades throughout XK'= 2 to K' = 8 (Figs S2—
S4; Table S4), which implied little gene flow between the other
two clades and Clade Central Europe. All introduced popula-
tions had smaller genetic distances from the Central European
population than from other clades as measured by F; or Rey-
nolds’ distance (Table 1). The PCA also supported that the indi-
viduals in the Central European population and the introduced
populations had a close relationship while being genetically dis-
tant from Clade Asia and Clade Northern Europe (Fig. 3).
Although the Asian population is geographically closer to New
Zealand and Australia, it did not have observable contribution to
the introduction events nor had subsequent genetic exchanges
with the introduced populations. However, the possibility of
introductions from multiple parts of Europe was not readily
recognizable except for North America, given that the subdivi-
sion within Europe in the admixture analysis was not noticeable
(K'=21to K= 7) or did not share with other introduced popula-
tions (K = 8).
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Differentiation and isolation of introduced populations

Genome samples from North America showed little genetic dif-
ferentiation from European populations, whose F,; value was
0.0042 to the Central European population, the lowest among
all introduced populations (Table 1). The phylogenetic tree and
phylogenetic network also showed interleaved branches between
the individuals from the two populations (Fig. 2). In addition,
the PCA suggested that North American individuals had close
proximity to, and overlap with, individuals from the Central Eur-
opean population in the first two PCs (Fig. 3). Lastly, admixture
analysis failed to separate North American and European popula-
tions up to K = 8 (Figs S2-54).

Unlike North American populations, introduced populations
from other regions exhibited clear population structures and diver-
gence from the Central European population. Each of them
formed a monophyletic clade derived from Clade Central Europe
in the phylogenetic tree (Fig. 2). This was also reflected by the
PCA which showed genetic differentiation with no overlap
between the Central European population and other populations
(Fig. 3). These results suggest that exotic introduced populations
have undergone isolated evolution. Despite the high genetic simi-
larity between Central Europe and North America, other intro-
duced populations still had closer genetic distance to the Central
European population than to the North American population
(Table 1). In combination with no admixture and no reticulated
branches in phylogenetic network with the North American popu-
lation, no evidence supported secondary introduction or migra-
tion from the North American population to other continents.

By contrast, some admixture was observed between popula-
tions from New Zealand and Australia at the optimal K (Figs S2—
S4), indicating shared ancestry between these populations. The
phylogenetic network also showed reticulate branches between
Australia and New Zealand lineages (Fig. 2b). PCA further indi-
cated few individuals from Australia appeared genetically more
similar to individuals from New Zealand than with Australia
(Fig. 3). Such admixture suggests potential migration between
New Zealand and Australia or a sequential introduction from
one continent to the other, which is also reflected by their proxi-
mity in the phylogenetic tree. Other than this example between
New Zealand and Australia, admixture among other continental
populations was not observed.

Two independent introductions to Australia and New Zealand
with subsequent migration best explain the genetic proximity of
these two populations, as opposed to sequential introduction
from one continent to the other. While the New Zealand and
Australian populations form a monophyletic group in the phylo-
genetic tree (Fig. 2a), £, and Reynolds’ distance between the
population in New Zealand and the population in Australia are
still higher than either of them to Central Europe (Table 1), sug-
gesting the populations of the two continents were independent
introduction events. If these populations had resulted from a
sequential introduction, the latest introduced population would
have the nearest genetic distance to the intermediate population
instead of the European population. Explicit demographic mod-
eling on SFES also supported these as independent introductions
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Fig. 2 Global phylogenomic tree and phylogenetic network of Suillus luteus and its closely related species. Phylogenetic relationships among the
sampled individuals. (a) Maximum likelihood phylogeny inferred from concatenated 5741 900 single nucleotide polymorphisms of S. luteus, Suillus
brunnescens, and Suillus brevipes without rate heterogeneity using RAXML. The dots on the right indicate the origins of the tip individuals. Solid red
circles at the branch tips indicate the individuals from introduced populations. Three deeply divergent clades of S. /uteus were present in the
phylogenetic tree, namely Clade Asia, Clade Northern Europe, and Clade Central Europe. Introduced populations in Australia, New Zealand, and South
America each formed a monophyletic clade that diverged from Clade Central Europe. The introduced population in North America was interwoven with
the native population in Central Europe. Asterisks indicate branches that had bootstrap support values > 95%. (b) Phylogenetic network of S. luteus
individuals within Clade Central Europe. The phylogenetic network was inferred by the neighbor-net method implemented in SplitsTree including both
native and introduced populations. Population divergence was not observed between the European population and the North American population. The
South American population had a clear divergence from other populations. Australian and New Zealand populations also showed divergence from other
native or introduced populations, while the reticulate branches between the two populations suggest genetic exchanges were present. Western
Australia (WA) formed a single cluster within other individuals in Australia as an isolated population established by founders from other parts of
Australia.
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Table 1 Pairwise F; and Reynolds' distance between clades and populations of Suillus luteus.
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(Fst, Reynolds' Suillus Clade Northern Central
distance) brunnescens Clade Asia Europe Europe South America  North America  Australia
Clade Asia 0.1766, 0.6504 -
Clade Northern 0.1863, 0.6471 0.1374, -
Europe 0.5967
Central Europe 0.1339, 0.6639 0.1180, 0.1146, 0.6211 -
0.6363
South America 0.1898, 0.6905 0.1645, 0.1618, 0.6519 0.0246, -
0.6675 0.2447
North America 0.1471, 0.6653 0.1288, 0.1252, 0.6229 0.0042, 0.0268, -
0.6381 0.1298 0.2524
Australia 0.2022,0.6934 0.1745, 0.1717, 0.6550 0.0261, 0.0499, 0.0283, -
0.6705 0.2507 0.3295 0.2579
New Zealand 0.1960, 0.6806 0.1695, 0.1660, 0.6406 0.0203, 0.0443, 0.0220, 0.0422,
0.6560 0.2124 0.3010 0.2199 0.2900
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(Fig. 4c; Table S5). The best model illustrated independent
divergence of two populations, with the Australian population
receiving 37.4% of individuals migrated from the New Zealand
population in the past (Model B3), which was 1889 AIC units
better than the best sequential introduction model (Model B2)
and 47 266 AIC units better than the independent divergence
model without migration (Model B1). This significant amount

New Phytologist (2026) 251: 2964-2979
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9 other Australia

clearly separated from those in Clade Central
Europe. Within Clade Central Europe, individuals
from North America and Africa overlapped with
those in the European population. Conversely,
individuals from Australia, New Zealand, and
South America did not overlap with the
individuals in the European population. While
the individuals from South America were distinct
from individuals in Australia and New Zealand,
the separation between Australia and New
Zealand was not complete, as some individuals
in Australia were closer to individuals in New
Zealand than to other individuals in Australia.
The individuals in Western Australia formed an
isolated cluster from other parts of Australia,
which positioned the individuals from other
parts of Australia between the European
population and the Western Australian
population. The values beside the axes indicate
the percentage of variation explained by the
corresponding PC.

of historic admixture explains the monophyly in the phylogenetic
tree and reticulation in the phylogenetic network. Furthermore,
the direction of migration from New Zealand to Australia
explains the presence of individuals collected in Australia geneti-
cally closer to individuals in New Zealand than other individuals
in Australia in the PCA as well as the hybrid tips located in Aus-
tralia in the phylogenetic network (Fig. 2b).
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supported sequential introduction from other 25
parts of Australia to Western Australia (Model
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The Western Australia (WA) population is likely an isolated
population from a sequential introduction from populations in
other parts of Australia. The single cluster of WA individuals in
the phylogenetic network indicates its genetic homogeneity and
supports that this population was established by a limited num-
ber of founders from other parts of Australia. The intermediate
placement of individuals from other parts of Australia between
the Central European population and the WA population in
PCA also hinted at the process of sequential introduction
(Fig. 3). Demographic modeling explicitly showed higher sup-
port for the model of sequential introduction from other parts of
Australia to WA (Model B2) over the independent introduction
models (Models B1 and B3) (Fig. 4d; Table S5).

© 2026 The Author(s).
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Information on the S. /uteus population in Africa was limited
since only one collection was obtained. Nevertheless, given the
fact that the individual was not nested in any other introduced
population in the phylogeny (Fig. 2), PCA (Fig. 3), and admix-
ture analysis (Figs S2-54), it likely belonged to another indepen-
dent introduction event unrelated to other continents, although
further sampling of individuals from Africa would be necessary
to confirm this hypothesis.

Genetic diversity and effective population size

Decreases in genetic diversity were observed in all introduced
populations except the North American population. The native
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population in Central Europe had the highest average nucleotide
diversity and the highest number of segregating sites compared to
the introduced populations (Fig. 5). This pattern was not driven
by its wider geographic range since the higher genetic diversity
held even in the smaller geographic range within Belgium.
Although the number of segregating sites was lower in North
America in comparison with the Central European population,
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the difference in nucleotide diversity was not significant. Nota-
bly, even in the most severe loss of genetic diversity in WA, the
population still contained more than half of the variants as the
European population did, as measured by Watterson’s 0.

Genetic bottlenecks and various magnitudes of subsequent
population size expansions were observed in the introduced
populations, except in North America. South American, New

Population
Australia

E Central Europe

E New Zealand

E North America

E South America

Population
Australia

E Central Europe

E New Zealand

E North America

E South America

Population
Australia

E Central Europe

E New Zealand

E North America

E South America

Fig. 5 Genetic diversity and genome-wide
Tajima's D of native and introduced Suillus
luteus populations. Genetic diversity measured
by nucleotide diversity (n) and segregating sites
(Watterson's 0) in 10 000 single nucleotide
polymorphism (SNP) windows. The neutrality
statistic Tajima's D was calculated from two
genetic diversity estimators. Boxplots show the
distribution of the estimators in each 10 000
SNP window. The differences between each
introduced population and each native
population were tested by the Mann-Whitney U
test, whose P-values were adjusted by Holm's
method. The significance of each introduced
population compared to Central Europe is
labeled as follows: *, P < 0.05; **, P < 0.01,
k% P < 0.001. The comparison to the
subpopulation of Central Europe in Belgium
(CEu-Belgium) is shown in parentheses. The
upper and lower whiskers extend from the hinge
to the largest and smallest values no further than
1.5 times the interquartile range from the hinge,
or distance between the first and third quartiles.
The red dashed lines in nucleotide diversity and
Watterson's 6 indicate the value of the median
of the native Central European population. The
red dashed line for Tajima's D indicates the
position of zero. All introduced populations had
reduced genetic diversity, except the decrease of
nucleotide diversity was not significant in North
America. Tajima's D suggests population
contraction in all introduced populations except
for North America. Australia — WA, Western
Australia; North America — MA, Massachusetts,
USA.

© 2026 The Author(s).

New Phytologist © 2026 New Phytologist Foundation.

55101 SUOWILIOD SAIRR.D) 3[qedtdde au Aq pauanob /e SR WO ‘98N J0 S3IN. 10 ARiq 1T BUIIUO AB|IM UO (SUO1IPUOD-PUE-SULBILIOD A3 | 1M ARe.q1fou 1 |uO//SAIY) SUONIPUOD P SUWLB | 3 385 *[9202/80/LT] U AfiqI78u1luo AB1IAM ‘T8ET. Ydu/TTTT 0T/10p/w00 A8 | AReiqButjuoyduy/:sciy WwoJy popeojumod ‘G ‘9202 ZST869YT



New
Phytologist

Zealand, and Australian populations had slightly decreased
nucleotide diversity and much lower numbers of segregating sites
compared to the Central European population. This resulted in a
positive genome-wide Tajima’s D in all three populations and
suggests a recent contraction in population sizes, likely associated
with the subsampling of the parental populations and the limited
numbers of founders during the introductions. Demographic
modeling also supported moderate to severe genetic bottlenecks
in those introduced populations. The effective population size of
Europe (Belgium) was 3300 £ 50 as estimated from demo-
graphic modeling on SES (Fig. 4; Table S5). In the introduced
populations other than North America, the effective population
sizes of founders were smaller than those in Europe, ranging from
5.5 in WA to 456 in New Zealand, which correlated well with
the current genetic diversity observed in the populations. The
population in WA and Argentina (Bariloche), respectively,
experienced dramatic 524-fold and 35-fold increases in popula-
tion size since the introduction. The New Zealand population
and other parts of Australia had less acute population expansions
of less than 10-fold across different models. Conversely, the
North American population had a negligible genetic bottleneck
and subsequent expansion, where the initial and current popula-
tion sizes (Ne = 2786) were comparable to those of Europe with
zero growth rate, consistent with the same level of genetic diver-
sity as in Europe. The estimated divergence time from Europe
(Belgium) across multiple models all pointed to 72.5 £ 2.5 gen-
erations ago, which implied similar times since introductions
across the world as those of pines. The alternative hypothesis of
dispersal before human activity (> 1000 generations ago; Model
Ala) was rejected by more than 200 AIC units worse than
the optimal recent introduction models for each introduced
population.

Subpopulation differentiation in native and introduced
ranges

The subpopulation differentiation and the spatial relationship of
individuals within the same continent vary across continents. In
the Central European population, geographic distance and
genetic distance were significantly correlated (Mantel test,
P < 0.05; Fig. 6d), suggesting a pattern of isolation by distance.
Although the differentiation on PC1 of the Central European
population (Fig. 6b) was driven by three individuals in Belgium
which had close relationships (kinship coefficient > 0.2), the
values of PC2 mirrored the geographic gradient from the west to
the east of Europe, suggesting the subpopulation structure is a
consequence of gradient dispersal. The same pattern persists
when the individuals in Russia were excluded (Fig. S5).

No clear isolation-by-distance pattern was observed within the
introduced populations. For populations in New Zealand and
North America, although the subpopulation structures exist (G-
test, P = 0.001; Fig. 6¢), the individual-based genetic distance
was not correlated to geographic distance (Mantel test 2> 0.05).
In the Australian population, although geographic distance and
genetic distance were significantly correlated (Mantel test
P =0.001), the pattern was largely driven by the isolated

© 2026 The Author(s).
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individuals in WA. While greater genetic distance was observed
between individuals from WA and other parts of Australia
(Figs 3a, 6), the genetic distance of individuals in other parts of
Australia did not have a clear correlation to geographic distance
(Mantel test P> 0.05; Fig. S6). Therefore, the pattern was not
distinguishable from a single isolated population in WA. In
South America, since the two populations had no significant dif-
ferentiation (G-test, P> 0.05), the spatial differentiation was, in
general, weak.

Discussion

Human-centered introduction history

Our population genomic analysis showed that all the introduced
S. luteus populations belong to Clade Central Europe and have
little relevance to the populations from Asia or Clade Northern
Europe regardless of the introduced geographic localities. This
restrictive source of origin, the short time since introduction, plus
the significant role several European countries played in the glo-
bal spread of exotic pine since the 1800s (Vellinga ez al., 2009;
Simberloff ¢t al., 2010; Gallien et al, 2016) suggest that the
introduction of S. luteus originated from Europe and was trans-
mitted by human activity instead of natural dispersal. Pinus sylves-
tris, one of the major native hosts of S. luteus and a broadly
introduced species across South America, North America, New
Zealand, and Australia (Policelli ez al, 2019), was introduced
from Europe. Even though P. radiata, the major host pine of S.
luteus in New Zealand and Australia, is not native to Europe, the
pine species was first transplanted to the United Kingdom before
being imported to New Zealand and Australia as seedlings (Shep-
herd, 1990; Wu ez al., 2007; Burdon ez al., 2008). It is plausible
that S. luteus was introduced from the same route as P. sylvestris
on P. radiata plants as mycorrhizae from Central Europe.
Furthermore, given the high genetic diversity and large founder
sizes in many introduced populations, the spore bank in the soil
carried along with plant seedlings perhaps also played a role in
the introductions. This is consistent with the assumption that
early settlers often brought seedlings of pines with soil and
mycorrhiza predating quarantine regulations (Mikola, 1970).
Since the inoculum of §. /uteus was transported in bulk, those
transportation routes likely also contain inoculum of other ECM
species. Therefore, the same path and process of introduction
inferred in S. luteus is likely to apply to other species of pine
co-introduced ECM fungi as well.

Some of the complex admixture between Australia and New
Zealand can also be traced to these countries’ shared history of
pine importations and forestry. The establishment of pine planta-
tions in both continents not only involved the introduction of P.
radiata from the United Kingdom starting from 1857 (Wu
et al., 2007; Dickie & Smaill, 2019), but also featured exchanges
of pine clones between Australia and New Zealand during the
breeding process where P. radiata was introduced to New Zeal-
and as a seedling transplanted from Australia until the 1960s
(Shepherd, 1990; Wu ez al., 2007; Dickie & Smaill, 2019). This

historical movement of P. radiata aligns with the observed
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Fig. 6 Differentiation of subpopulations within continents in native and introduced Suillus luteus populations. Population structures of S. luteus
individuals collected within each continent were investigated. PCA, G-statistics for the significance of allele frequency difference among localities,
and Mantel tests for spatial-genetic relations were applied to reveal subpopulation differentiation within continents. Population structures were
detected by G-statistics in all continents except for South America. Among those, the native European population had a significant correlation
between geographic distance and genetic distance (Mantel test, P < 0.05), suggesting a pattern of isolation by distance. For populations in New
Zealand and North America, although the subpopulation structures exist (G-test, P = 0.001; c), the individual-based genetic distance was not
correlated to geographic distance (Mantel test, P > 0.05). In the Australian population, although geographic distance and genetic distance were
significantly correlated (Mantel test P = 0.001), the pattern was largely driven by the isolated individuals in Western Australia. In South America,
since the two populations had no significant differentiation (G-test, P > 0.05), the spatial differentiation was in general weak. (a) Maps of sampled
subcontinental locations; (b) PCA of subcontinental locations and the percentage of variation explained by the corresponding principal components;
(c) distributions of G-statistic by permutation (histograms), observed G-statistic (diamond flag), and P-value of G-statistic; (d) scatterplot of
geographic distance vs genetic distance and P-value of Mantel tests.
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migration from New Zealand to Australia. The sequential intro-
duction of §. luteus to WA from other parts of Australia and the
strongest population expansion in WA may also be associated
with its forestry history. When pine forestry first developed in
WA in the 1920s, the lack of natural ECM symbionts led to fail-
ure in establishing nurseries (Mikola, 1970). The nursery in
Hamel, WA, ended up introducing soil from other nurseries in
Australia as ECM inoculum (Mikola, 1970; Dunstan
et al., 1998). This nursery later became the major distributor of
pine trees in WA. Introducing ECM inoculum artificially from
specific sources is likely to result in small numbers of founders,
which leads to the smallest initial population size and substantial
population expansion in WA. The pattern of sequential introduc-
tion suggested by molecular markers agrees with the conjecture
that most of the pine-symbiotic ECM fungi in WA originated
from this single nursery, which acquired ECM inoculum from
other parts of Australia. A similar history of artificial introduction
of ECM inoculum and a single nursery also explains the severe
expansion in Argentina, where the nursery in Isla Victoria was
reported as the major nursery from the 1910s to 1960s (Simberl-
off er al., 2010). In addition, ECM inoculum produced by the
mycorrhiza laboratory at Castelar was applied to new nurseries in
Argentina (Mikola, 1970). Therefore, as in WA, those two fac-
tors of forestry practices are the most plausible causes of the more
severe population expansion observed in Argentina.

North American populations underwent little population differ-
entiation and little decrease in genetic diversity. Unlike other hosts
of S. luteus in Australia, New Zealand, and South America, which
are typically planted for large-scale forestry, P. sylvestris, on which
S. luteus is dominant in North America, is mainly used for horticul-
tural purposes instead. This relatively limited habitat and host distri-
bution in North America compared to other continents likely
limited the expansion and reproduction of introduced S. luteus.
Consequently, the genetic diversity and effective population size
inferred for North America remain comparable to that of Europe, as
the limited generations of sexual reproduction have been insufficient
for inbreeding and drift to erode the founding genetic diversity.

Local genetic variation and structures

The native Central European population exhibits a clear
isolation-by-distance pattern. This suggests the genetic difference
is mostly driven by their ability to disperse. This is congruent
with the high density and high connectivity of the habitat in Eur-
ope. By contrast, in North America, New Zealand, and Australia,
the local genetic structures are not driven by physical distance,
suggesting migration is not the major factor determining the
genetic structure among habitats within those continents. The
relatively short time since introductions and fragmented habitats
could have prevented the formation of a smooth geographic gra-
dient in their subpopulation structures. Therefore, the structures
of the subpopulations are still dominated by the history of
human-mediated transport, which may not necessarily corre-
spond to the physical distance between populations. Although
Suillus spores can be effectively dispersed by air, animals can also
contribute to the dispersal of suilloid fungi (Policelli ¢¢ 2/, 2019).

© 2026 The Author(s).
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Therefore, the limited interaction with local animal vectors may
be another potential reason for impeded dispersal.

Unlike population genetics studies reported in plant patho-
gens, where distinct clones in introduced populations can be
traced back to multiple specific sources (Ali ez al., 2014; Gladieux
er al., 2015, 2018; Milgroom er al, 2016; Desprez-Loustau
et al., 2018; Gur ez al., 2021), the introduced S. /uteus popula-
tions have high genetic diversity and stronger genetic differentia-
tion from the source population and each other. Several factors
may have contributed to more signatures of evolution and dis-
tinct genetic backgrounds of introduced S. futeus populations.
First, in comparison with plant pathogens, which experienced
strong genetic bottlenecks (Desprez-Loustau ez al., 2007; Zhou
et al., 2007; Dutech et al., 2012; Gladieux ez al., 2015, 2018),
the larger effective population size of founders observed in S.
luteus can give rise to more diverse and less clonal genetic back-
grounds even within introduced ranges. Second, unlike plant
pathogens which frequently reproduce asexually in the intro-
duced range (Goodwin ez al., 1994; Smart & Fry, 2001; Couch
et al, 2005; Ali et al, 2010; Singh et al, 2011; Gladieux
et al., 2015), the reproduction and dispersal of S. /uteus and other
basidiomycete ECM fungi are predominantly sexual (Coelho
et al., 2017), which promotes genetic admixtures in the intro-
duced populations. Third, high levels of outcrossing observed in
Suillus and other basidiomycete fungi with multi-allelic
self-incompatibility systems (Bonello ez 4/, 1998; Xu et al., 2002;
Burchhardt ez al, 2011; Rivera er al., 2014; Kim ez al., 2015;
Branco ef al., 2017; Zhong et al., 2021) are also more likely to
preserve genetic variation and repel inbreeding in introduced
populations after founder events. Therefore, even though multi-
ple sources of European introductions had occurred, subsequent
hybridization over multiple generations may have blurred the
boundaries of the sources and created a unique genetic back-
ground distinct from the source population.

Notably, the estimated divergence of 72.5 £ 2.5 generations
exceeds the expected generation since introduction under the
assumed generation time of 10 yr and mutation rate of
107 yr™ ! per site. The mutation rate adopted from S. lacrymans
(Skrede ez al., 2021) remains a rough estimate. If the true muta-
tion rate in S. Juteus is higher, the same divergence would corre-
spond to fewer years, bringing the estimates closer to the
historical record of 19™-century pine introductions. The consis-
tent divergence time across all introduced populations, including
North America, which experienced negligible population expan-
sion, suggests that the discrepancy is more likely attributable to
the deviation from the true mutation rate than to demographic
differences among introduced populations. Nonetheless, genera-
tion time and thus respective year of divergence in wild fungi
with perennial vegetative expansion and multi-season sexual
reproduction are inherently difficult to estimate, and the
SES-based demographic models have known limitations when
inferring recent events (Beichman ez al., 2018). Our demographic
inferences should therefore be interpreted primarily for compara-
tive purposes to infer the relative magnitude and timing of bottle-
necks and expansions among introduced populations, rather than
as precise absolute temporal estimates.
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Cryptic species in Suillus species

Phylogenomic analysis revealed previously unknown lineages and
expanded the known distribution of S. luteus and S. brunnescens.
Collections of S. brunnescens in Japan were observed under native
five-needle pine, Pinus pumila, in Hokkaido. This is the first
record of S. brunnescens outside of North America and under P.
pumila. The deeply divergent clade, in combination with the aty-
pical host association and the novel geographic distribution, sug-
gests that the Japanese S. brunmescens could represent a new
species. Notably, its same host association with pines in subgenus
Strobus as North American S. brunnescens is congruent with the
phylogenetic placement, suggesting Japanese S. brunnescens has a
closer relationship to North American S. brunnescens than S.
luteus, which is instead associated with subgenus Pinus (Smith &
Thiers, 1964; Nguyen ez al., 2016). The investigation of mor-
phological differences to elevate Japanese S. brunnescens to a new
species requires additional study.

Two newly discovered divergent clades of S. /luteus were
detected in this study, from Asia and Northern Europe. Their
phylogeny, PCA placement, admixture analysis, and genetic dis-
tances all suggest more distant relationships and limited gene
flow between those two clades and Clade Central Europe. Some
collections of Clade Northern Europe and Clade Central Eur-
ope were found in geographically proximate locations, includ-
ing collections in two adjacent provinces in Russia and
collections within Austria, both under the same species of pine
host. In these cases, the differentiation strongly implies sympa-
tric reproductive isolation as cryptic species instead of popula-
tion differentiation due to geographic or host-specificity
barriers. This further suggests that Clade Asia, which is sister to
Clade Northern Europe, also represents a distinct species from
Clade Central Europe. Whether morphological differences exist
among those clades still requires further observations from addi-
tional collections.

Conclusion

This study provides the first detailed global population analysis
of S. luteus and the inference of the introduction process of pine-
co-introduced ECM fungi at the population level. It highlights
that while the European origin is consistent for all introduced
populations, the patterns of subsequent admixtures, genetic dif-
ferentiation, and population expansion vary among different
introduced populations. With these results, we are able to link
the history of human-contributed movement of the fungal species
to forestry practices. The absence of isolation by distance in the
introduced populations highlights the disparity in the dispersal
ecology and history of S. /uteus populations between its native
and exotic ranges. Lastly, potential lineages of cryptic species
indicate the unexplored biodiversity within S. /uteus and other
Suillus species whose collections have not been studied across
wide geographic ranges. Although our focus lies on S. luteus, the
observed population genetic patterns are likely also applicable to
other pine-co-introduced ECM fungi that were transported via
the same route as S. luteus.

New Phytologist (2026) 251: 2964-2979
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