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ABSTRACT

To meet a global demand for timber, tree plantations were established in South America during
the first half of the 20th century. Extensive plantings of non-native species now are found in
Brazil, Chile, Argentina, and Uruguay. In Colombia, miscellaneous plantations were established in
the 1950s, during a period of intensive local logging, when policies to limit deforestation in
native Quercus humboldtii forests were established. One unforeseen consequence of planting
non-native trees was the simultaneous introduction and subsequent persistence of ectomycor-
rhizal fungi. We sought to document the origins and spread of the introduced Amanita muscaria
found in Colombian plantations of the Mexican species Pinus patula, North American species
P. taeda, and Australian species Acacia melanoxylon and Eucalyptus globulus. In Colombia,
Amanita muscaria is establishing a novel association with native Q. humboldtii and has spread
to local Q. humboldtii forests. According to a Bayesian phylogeny and haplotype analysis based
on the nuclear rDNA internal transcribed spacer region ITS1-5.8-ITS2 (ITS barcode), A. muscaria
individuals found in four exotic plant species, and those colonizing Q. humboldtii roots, have
a Eurasian origin and belong to two Eurasian haplotypes. This is the first time the spread of an
introduced mutualist fungus into native Colombian Q. humboldtii forests is reported. To arrest its
spread, we suggest the use of local inocula made up of native fungi, instead of inocula of
introduced fungi.
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INTRODUCTION

cloud forests, affected Quercus humboldtii in particular
(Ramirez et al. 2014). This oak is a native species distributed
in the Colombian Andes between 750 and 3200 m above sea

In the Southern Hemisphere, many plantations of non-
native trees, including species of Pinus, Eucalyptus, and

Acacia, have been established to make up for local timber
shortfalls. Harvested trees are used primarily in industry,
for example, for pulping, as well as for timber (Le Maitre
1998; Overbeek et al. 2012). Plantations were first estab-
lished in the late 17th century in southern Africa and New
Zealand (Mirov 1967; Richardson and Higgins 1998). By
the 18th century, planted trees had become invasive in
Australia and in various South American countries, includ-
ing Chile, Argentina, Uruguay, and Brazil (Mirov 1967;
Kral 1993; Sawyer 1993; Richardson et al. 2008; Pauchard
et al. 2010).

In Colombia, most plantations of pines, as well as plan-
tations of Eucalyptus and Cupressus, were established in the
1950s-1960s (Cavelier and Tobler 1998; Ramirez et al.
2014) in part to mitigate deforestation. In the early 1900s,
intensive harvesting of native forests, including montane

level (asl) (Avella and Cardenas 2010). It reaches its greatest
extent in the departments of Boyaca and Santander
(Fundacién Natura 2007; Orwa et al. 2009). An effort to
protect native forests focused on establishing forest reserves
and creating norms and licenses for use (Ramirez 2009).
But at the same time, plantations of non-native trees were
developed. An extensive literature documents the problems
associated with tree plantations in the Southern
Hemisphere; generally, problems are related to conflicts
with native ecosystem services (Dickie et al. 2014), includ-
ing the disruption of abiotic cycles (Nullvalue 1996;
Richardson and Higgins 1998; Le Maitre et al. 2000;
Céspedes-Payret et al. 2009), biotic interactions (Moran
et al. 2000; Simberloff et al. 2010), and social services
(Overbeek et al. 2012). In Colombia, there are no formal
reports of exotic trees invading into native forests, but we
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have observed naturally occurring pine trees escaped from
original plantations and now growing in mixed pine and
oak forests (Vargas, personal observation).

Another unforeseen consequence of tree plantations
was the simultaneous introduction of the mycorrhizal
fungi typically associated with non-native tree species
(Richardson et al. 2000; Keller et al. 2011). The mycor-
rhizal interaction benefits trees by enhancing access to
nutrients, generally increasing survival and growth
(Harley and Smith 1983; Read 1998). Commercial tree
plantations do not thrive in introduced ranges without
compatible mycorrhizal fungi (Nuiiez et al. 2009;
Nuiiez and Dickie 2014). In natural systems, the dis-
tributions of mycorrhizal fungi often are shaped by the
distributions of their native hosts (Geml et al. 2010).
But once a tree and its associated fungi are introduced
to a novel habitat, the mycorrhizal fungi not only
establish within the plantations but may also disperse
to local forests, occasionally establishing novel sym-
bioses with native plant species (Dickie et al. 2010;
Pringle et al. 2011; Moeller et al. 2015).

In fact, an analysis of the available data on global
ectomycorrhizal (ECM) introductions (Vellinga et al.
2009) suggests that most cases of introduced ECM fungi
are recorded from plantations in the Southern
Hemisphere. The ECM species Amanita muscaria (L.)
Lam. (1783) illustrates this pattern. The fungus is native
to boreal and temperate forests in the Northern
Hemisphere (Geml et al. 2006). Introductions of this
species have been reported as a concern in New
Zealand, where introduced forestry species include
Pinus radiata and Pseudotsuga menziesii, as well as in
Australia (Shepherd and Totterdell 1988; Sawyer et al.
2001; Dickie and Johnston 2008). In these countries,
A. muscaria now grows with native Fuscospora spp. and
Lophozonia spp., both formerly in the genus Nothofagus
(Fuhrer and Robinson 1992; Bougher 1996; Bagley and
Orlovich 2004; Orlovich and Cairney 2004; Dickie and
Johnston 2008; Robinson 2010). The fungus has also been
reported from southern Africa, occurring in pine (Marais
and Kotzé 1977; Lundquist 1986; Van der Westhuizen
and Ficker 1987; Reid and Eicker 1991) and eucalypt
(Ducousso et al. 2012) plantations. In South American
countries, where tree plantations were established rela-
tively recently, A. muscaria is similarly reported within
exotic tree plantations, albeit rarely (Nasi 1977; Pulido
1983; Garrido 1986; Stijve and De Meijer 1993; Malvarez
et al. 1997; Franco-Molano et al. 2000; Giachini et al.
2000; De Meijer 2001; Vellinga et al. 2009). One observa-
tion was reported with native Nothofagaceae in southern
Chile (Nouhra et al. 2019); however, no associations
between A. muscaria and the roots of native trees in
South America have been reported to date.

In Colombia, conserving biodiversity and protecting
ecosystems are priority tasks for the government and
research institutions. Invasion biology is a developing
field, and fauna and flora are already targets, but fungal
invasions are generally not studied. During the course
of our research, it became clear that A. muscaria has
established in at least one native forest in the north-
eastern Andes, near a plantation. We sought to docu-
ment the potential origins of introductions of
A. muscaria to Colombia and record its current distri-
bution in both plantations and native forests. We first
reviewed the historical events related to the introduc-
tion of A. muscaria to Colombia and then used root
tips to confirm an ectomycorrhizal association between
A. muscaria and native Q. humboldtii. We used phylo-
genetic approaches to relate Colombian A. muscaria to
global populations of the fungus. Recently published
data suggest that A. muscaria is a species complex
(Geml et al. 2006, 2008), encompassing multiple, geo-
graphically distinct clades; our aim was to understand
whether Colombian A. muscaria comprise multiple
clades and identify which clades are in Colombia.
Finally, to place our data in a global context, we col-
lected information from the literature on the numbers
of fungal introductions reported for different countries
in South America, and we discovered a correlation
between fungal introductions and the extent of planted
forest in any individual country.

MATERIALS AND METHODS

History: Literature on Colombian tree plantations
and reports of A. muscaria.—An exhaustive survey of
the literature on global tree plantations was
complemented with a literature search related to
Colombian plantations based in the Federacion Nacional
de Maderas (FEDEMADERAS) library. We next searched
the database of fungal introductions published by Vellinga
et al. (2009) with four search terms: “Amanita muscaria,”
“Pinus,” “Eucalyptus,” and “Colombia.” To document
additional reports of A. muscaria made after Vellinga
et al. (2009), we searched within the ISI Web of
Knowledge using the same search criteria. We also
explored the published checklist of Colombian
macrofungi (Vasco-Palacios and Franco-Molano 2013)
and reports of A. muscaria in local newspapers, using
online search portals and typing the words “eucalipto,”
“pino,” “Amanita,” and/or “hongo”. Finally, to help
establish the earliest dates and initial distribution of
A. muscaria in Colombia, we use the online specimen
data portal Sistema de Informacion sobre Biodiversidad
(SIB; www.sibcolombia.net) and explored the fungal
collection of two herbaria in Colombia: Herbario
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Table 1. Localities for early and recent specimen records of Amanita muscaria collected in Colombia.

Elevation
Department Locality Host (m asl)
ANT Estacion experimental Piedras Blancas, Corregimiento of Santa Elena, municipality Pinus sp. 2460
of Medellin
ANT El Chaquiro, municipality of Santa Rosa de Osos Pinus sp. 2663
ANT Municipality EI Retiro NA 2225
ANT Rio Grande dam, municipality of San Pedro de los Milagros Pinus sp. 2313
ANT Corregimiento of Llanos de Cuiv4, municipality of Yarumal NA 2764
BOY Via Paipa-Tunja Pinus taeda 2670
BOY Via Arcabuco-Moniquird Pinus patula 2517
BOY Vereda Capilla 1, municipality of Villa de Leyva Pinus patula 2504
BOY Via Villa de Leyva-Gachantiva Pinus patula 2422
BOY Via Gachantiva-Arcabuco Pinus patula 2458
BOY Via Belén-San José de la Montafa Eucalyptus sp. 3394
BOY Via Belén-San José de la Montafa Pinus patula 2911
BOY Via Arcabuco-Paipa Pinus patula 2958
CUN Vereda Chiquira, municipality of Villapinzén Pinus patula 2930
CUN Embalse del Neusa, municipality of Cogua Pinus patula 2986
CUN Vereda la Moya, municipality of Cota Pinus sp. 2762
CUN Bogotd, municipality of Bogoté Pinus sp. 2906
CUN Via Bogoté-Choachi, km 2 Pinus sp. 2100
CUN Via Bogota-La Calera Pinus sp. 2702
QuI Via Salento-Armenia Pinus sp. 1987
SAN Vereda San José de la Montafa, municipality of Belén Quercus humboldtii 3214
SAN Vereda San José de la Montafa, municipality of Belén Pinus patula and Acacia melanoxylon 2905
SAN Km 9 via municipality of Belén to Vereda San José de la Montafia-municipality of Belén Eucalyptus globulus 3419
TOL Municipality of Murillo Mixed forests 2980
VAL Corregimiento of Dapa, municipality of Yumbo Pinus patula 2000

Note. See SUPPLEMENTARY TABLE 1 for additional information. Departments: Antioquia (ANT), Boyaca (BOY), Cundinamarca (CUN), Quindio (QUI) Santander

(SAN), Tolima (TOL), Valle del Cauca (VAL).

Nacional de Colombia (COL) and Herbario de la
Universidad de Antioquia (HUA).

A. muscaria collected in this study.—Amanita
muscaria basidiomes were collected between March 2007
and June 2015 along trails, roads, and forest edges from 24
localities in Colombia (TABLE 1; SUPPLEMENTARY
TABLE 1). Dry specimens are stored in the ANDES_F
collection in the Museo de Historia Natural (Universidad
de Los Andes) and registered in the Specify 6.6.02 software
(www.specifysoftware.org; Specify, Lawrence, Kansas,
USA). We estimated the sizes of plantations and forests
where basidiomes were found, and the distances among
target Q. humboldtii forests and P. patula plantations, by
using Google Earth Pro 7.1.5.1557 (Google, Mountain
View, California, USA; May 2015) and ArcMap 10.3.1
(ESRI, Redlands, California, USA; May 2015).

Morphological and molecular analyses of fungi and
plants of root tips collected from a Q. humboldtii
forest.—Soils with root tips were sampled to a depth of
10 cm under the basidiomes of A. muscaria growing in
a Q. humboldltii forest (6°2'33.38"N, 72°59'59.11"W) in the
Vereda San José de la Montana in the department of
Santander. Root tips were isolated from soil with a 2 mm
sieve and washed with distilled water. Root tips matching
the described morphology of Amanita root tips (Agerer
2006) were common and were pooled in microcentrifuge
tubes with 50% ethanol for root staining or DNA lysis

buffer for DNA extraction. To test whether putative
A. muscaria form a Hartig net or other features typical of
an ectomycorrhizal association, we stained root tips with
trypan blue (Brundrett et al. 1996). Stained cross-sections
were observed and photographed under a microscope
(Axioskop 40; Zeiss, Gottingen, Germany), and
anatomical characteristics including mantle type (Agerer
2006) were observed and recorded.

Protocols for DNA extraction, amplification, and
sequencing.—To  genotype new A. rmuscaria
basidiomes and confirm collected root tips as
associations between A. muscaria and Q. humboldtii, we
extracted DNA from basidiomes and root tips using the
DNeasy Plant Mini Kit (Qiagen, Hilden, Germany).
Template DNA for sequencing the fungal nuc rDNA
internal transcribed spacer region ITS1-5.8S-ITS2 (ITS
barcode) from basidiomes was obtained by polymerase
chain reaction (PCR), using primers ITS4 and the ITS5
(White et al. 1990). PCR was performed with a Peltier
thermal cycler (Bio-Rad, Hércules, California, USA) in
25-pL reaction mixtures containing double-distilled H,
O, 1 pL of 200 ng DNA template, 0.5 pL of each 10 uM
primer, 2.5 pL of Taq 10x buffer, 0.5 pL of 10 mM dNTP
mix, 2 uL of 25 mM MgCl,, and 1 pL of 5 U/uL Taq
polymerase. Cycling parameters were as follows: initial
denaturation at 94 C for 1 min, followed by 35 cycles of
denaturation at 96 C for 2 min, annealing at 55 C for 1
min, and extension at 72 C for 2 min, and a final extension
at 72 C for 10 min.
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In addition to sequencing basidiomes, we sequenced
both plant and fungal markers from root tips. Template
DNA for sequencing plant and fungal ITS from root tips
was obtained from PCR, using primers ITS 17F/26
(Baraloto et al. 2012) to amplify plant ITS and the same
fungal primers as used previously to amplify fungal ITS.
PCR was performed with a Peltier thermal cycler (Bio-Rad)
in 25-uL reaction mixtures containing double-distilled
H,0, 2 pL of DNA template, 1 uL of each 10 uM primer,
2.5 uL of Taq 10x buffer, 0.5 pL of 10 mM dNTP mix, 3 pL
of 25 mM MgCl,, 0.5 uL of 10x bovine serum albumin
(BSA), and 0.2 uL of 5 U/uL Taq polymerase. Cycling
parameters were as follows: initial denaturation at 94
C for 2 min, followed by 35 cycles of denaturation at 94
C for 30 s, annealing at 48 C for 30 s, and extension at 72
C for 2 min, and a final extension at 72 C for 10 min. PCR
amplification of rbcL was carried out with primers rbcL 1F/
724R (Baraloto et al. 2012), using 25-pL reaction mixtures
containing double-distilled H,O, 1 pL of DNA template,
1.25 uL of each 10 pM primer, 2.5 uL of Taq 10x buffer, 1
L of 10 mM dNTP mix, 2.5 pL of 25 mM MgCl,, 0.5 uL of
10x BSA, and 0.2 pL of 5 U/puL Taq polymerase. Cycling
parameters were as follows: initial denaturation at 95 C for
4 min, followed by 5 cycles of denaturation at 94 C for 30 s,
annealing at 55 C for 1 min, and extension at 72 C for 1
min, 30 cycles of denaturation at 94 C for 30 s, annealing at
54 C for 1 min, and extension at 72 C for 1 min, and a final
extension at 72 C for 10 min.

Amplified PCR products were visualized by gel elec-
trophoresis on a 1% agarose gel. Reverse and forward
PCR products were sequenced using a ChemiDoc MP
Imaging system (Bio-Rad, Hércules, California, USA),
and were assembled with Geneious Basic 4.8.5
(Biomatters, Auckland, New Zealand; April 2010).

Phylogenetic analyses.—A total of 141 A. muscaria ITS
sequences were used to infer a phylogeny and place
sequences from Colombia in a global context
(SUPPLEMENTARY TABLE 2). The alignment
encompassed 24 sequences from Colombian basidiomes
and 117 retrieved from GenBank, most of them published
previously by Oda et al. (2004) and Geml et al. (2006,
2008). We used Amanita pantherina voucher KA12-1393
as an outgroup (Kim et al. 2013).

To confirm the identity of plants from root tips
collected in Q. humboldtii forests, we compared root
tip sequences with previously sequenced ITS amplified
from Q. humboldtii leaves (collected from Santander
forests; Vargas et al., unpublished) and other plant
ITS sequences from species in the Quercus section
Lobatae. That analysis included 26 ITS sequences in

section Lobatae plus 3 sequences in section Quercus as
an outgroup (SUPPLEMENTARY TABLE 3).

The A. muscaria and Quercus ITS data sets were aligned
with MUSCLE (Edgar 2004), using default parameters. The
alignment files can be accessed on TreeBASE (http://purl.
org/phylo/treebase/phylows/study/TB2:523403). Bayesian
inference was performed wusing MrBayes 3.2.2
(Huelsenbeck and Ronquist 2001) in CIPRES Science
Gateway 3.3 (Miller et al. 2010). Ten million Metropolis-
coupled Markov chain Monte Carlo (MCMCMC) genera-
tions were run, using a sample frequency of 1000 and
a burn-in of 25%. The selected substitution model for
both data sets was Kimura 2-parameter + Gamma, esti-
mated with jModelTest (Posada 2008). Two runs using
four chains each, one cold and three heated chains, were
performed (Huelsenbeck and Ronquist 2001; Ronquist and
Huelsenbeck 2003). Each run was examined using Tracer
1.5 (Rambaut and Drummond 2009) to determine whether
the burn-in procedures were correctly assumed and
whether there was convergence between the chains and
the runs. Recognition of monophyletic groups was based
on the identification of highly supported clades on the
phylogeny (i.e., Bayesian posterior probability [PP] >0.95)
(Dettman et al. 2003). Individual sequences of the clade II
A. muscaria ITS set, which comprised 97 sequences (each
656 bp), were collapsed into unique haplotypes using Snap
Map (Price and Carbone 2005; Monacell and Carbone
2014), recoding indels as unique integers and excluding
infinite-sites violation (Geml et al. 2010).

Reports of fungal introductions and the areas of
land used for plantations in South America.—We
compared Colombian data of numbers of fungal
introductions with data of other South American
countries (Vellinga et al. 2009). We also searched for
published data on the land areas planted with exotic
plantations in the different countries (FAO 2010;
Overbeek et al. 2012). We tested an apparent correlation
between the total area of plantations and fungal
introductions with Pearson’s product-moment correlation
in RStudio 1.1.442 (RStudio 2018).

RESULTS

In Colombia, the trees most often planted for commercial
purposes are P. patula and E. grandis, typically in Andean
montane habitats (Sicard and Suarez 1998; Von Christen
et al. 1998, Ospina et al. 2011). These species are used for
both pulp and timber (Wright et al. 1996; Ramirez 2009;
Caro et al. 2012). The extensive literature describing plan-
tations in Colombia contrasts with the scant literature
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describing introduced ECM fungi and Colombian
A. muscaria. However, the history of A. muscaria in
Colombia is clearly tied to plantation forestry, and the
fungus was not recorded in Colombia until plantation
forestry was well established (FIG. 1).

In Colombia, A. muscaria often associates with
P. patula, a plant species that occurs naturally in Mexico
(Richardson and Rundel 1998). According to Ladrach and
Lambeth (1991) and Ospina et al. (2011), seeds of
P. patula used in Colombia are imported primarily from
South Africa, Malawi, Zimbabwe, and Transvaal (South
Africa), where advanced genetic breeding programs exist.
It is not clear whether soils or fungi were ever imported
from these countries. In the literature, ECM spp. used to
inoculate P. patula seedlings are documented as Boletus
sp., Rhizopogon roseolus, and Pisolithus tinctorius (Sicard
and Suarez 1998; Rivera et al. 1998). Even though
A. muscaria is not discussed in this literature, personal
communications suggest that A. muscaria has also been
used: for example, Smurfit Kappa is a global business
providing paper-based packaging to world markets, and
in Colombia A. muscaria basidiomes from their planta-
tions are ground and mixed with soils in nurseries to
promote seedling growth (Norman Parra, Smurfit
Kappa Carton de Colombia, pers. comm.).

Amanita muscaria also was observed in Pinus taeda,
Eucalyptus globulus, and Acacia melanoxylon plantations
(TABLE 1). Loblolly pine (P. taeda) comes from the south-
east United States (Richardson and Rundel 1998), where it
is an important commercial species. It is used widely in
South Africa and Zimbabwe, and in South America it is
important for pulpwood (Peterson 2001). Eucalyptus glo-
bulus comes from the southeast and west coast of Tasmania
(Hall et al. 1975) and is planted extensively in Southern
Hemisphere countries because it grows rapidly (Turnbull
and Pryor 1984). Acacia melanoxylon also is native to
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southeast Australia (Cowan and Maslin 2001), and this
tree is currently reported as invasive in Colombia
(Camelo et al. 2012).

The literature reporting A. muscaria in Colombia is
scarce but makes clear that the fungus is associated
with planted trees. The earliest report of the fungus
was made by Nasi (1977) from planted forests near
the city of Bogotd and along roads to the cities of
Villavicencio and Medellin. Two reports were found
in the database of fungal invasions provided by
Vellinga et al. (2009): Pulido (1983) described
A. muscaria associated with Pinus plantations located
in the departments of Antioquia and Cundinamarca,
and Franco-Molano et al. (2000) described the species
as commonly associated with introduced pines in the
whole country. Vargas et al. (2017) also reported the
species as commonly associated with Pinus spp. Our
additional searches revealed two additional localities: in
P. patula forests in the department of Antioquia, muni-
cipality of Jardin (Montoya et al. 2005), and in the
department of Cundinamarca, municipality of Cota
(Vargas et al. 2011). Google searches of local media
identified one additional putative locality, Sumapaz
(Cundinamarca), where A. muscaria basidiomes were
observed in a pine plantation (Shroomery 2015).

Early A. muscaria specimen records, deposited in her-
baria, dating up to and including 1995 are constrained to
the central and eastern cordilleras of the Colombian Andes.
The first A. muscaria specimen dates to 1968 (Idrobo 6268)
(FIG. 1) and was made on the National University campus
in the city of Bogota near a tree of the Californian species
Pinus radiata. No additional information is provided about
the host tree of this first A. muscaria specimen record. In
the decades following, A. muscaria specimen records began
to be more frequent (FIG. 1), but none reported outside of
plantations.

@ First introduction of Pinus patula to
South Africa from Mexico

@ Breeding programs to

improve seed quaility P Creation of norms

for forest management

P Licenses and Forestry concessions
were required to use native wood

P Increasing use of local timber causes
conservation concerns: Early forest reserves

P Beginning of Eucalyptus
grandis use

P Research documents
adaptability of pine seed
sourced from southern Africa *Acosta 1225

P P. patula introduced

P Tree improvement program for

P. patula by Carton de Colombia P Industrial tree

plantations reach
an area of

p Creation of Forest
405,000 hectares|

Use Regulation

*Velazques 75
*Guzman 29200
*Tobon & Henao
*Pulido et al. 743
*Pulido et al. 704
*Pulido et al. 382

« First observations
and records
of A. muscaria
with Quercus
humboldtii
forests

*Saldarriaga 911
*Pineda 849
*Saldarriaga 488
* Franco-Molano
*Franco-Molano 759

* Nassi
*Buritica
* |drobo 6268

*Velez

P History of forest use in Colombia

© History of P. patula in South Africa

D Tree plantations in Colombia

* Earliest specimen records of A. muscaria in Colombia

Figure 1. Chronology of events related to Colombian tree plantations and early specimen records of Amanita muscaria in Colombia.
Events described in Cavelier and Tobler (1998), Le Maitre (1998), Ospina et al. (2011), Poyton (1961), Ramirez (2009), Richardson et al.
(1997), Richardson and Rundel (1998), Sicard and Suarez (1998), Wells et al. (1986), and Wormald (1975).
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Current distribution of A. muscaria and its
association with a native oak.—Basidiomes were
found fruiting near four exotic tree species: P. patula,
P. taeda, E. globulus, and A. melanoxylon, and near the
native Q. humboldtii. According to early and recent
specimen records, most basidiomes are found or reported
in P. patula plantations (TABLE 1; SUPPLEMENTARY
TABLE 1), at sites within departments distributed in the
Colombian Andes (Antioquia, Boyacd, Cundinamarca,
Santander, Quindio, Tolima, and Valle del Cauca)
(TABLE 1) where plantations of P. patula are common
(Lopez et al. 2010). Site elevations range from 2100 to
3400 m asl (SUPPLEMENTARY TABLE 1). So far,
associations between A. muscaria and native
Q. humboldtii are demonstrated in this study at a single
location in the department of Santander (FIG. 2), within
three forest patches totaling approximately 3.77 ha
(SUPPLEMENTARY TABLE 1). A road divides two of
the patches, and the third is approximately 950 m away
from the others. The estimated distances between the

Q. humboldtii forests where A. muscaria is found, and
local P. patula plantations,

range from 851 to

Elevation (m) .
00-80
081-200
0201700
[701-1400
1401-2000
m2001-2600 ¢
m2600-3500
m3501-5450

B A. muscaria with
tree plantations

B A. muscaria with
native Q. humboldtii

A
N

0 175 350 Km

2423 m. Recently, additional observations of A. muscaria
have been made in other oak forests near the municipality
of Villa de Leyva, department of Boyaca (Vargas, personal
observation).

Morphological and molecular data generated from
root tips confirm the association between A. muscaria
and Q. humboldtii (TABLE 2, FIG. 3). The mantle of
A. muscaria-Q. humboldtii mycorrhizas was character-
istic of the genus Amanita, with white and bright
mycelia (FIG. 3A1-A2), thin-walled, hyaline hyphae
(FIG. 3B1-B2), clamp connections, and a lack of cysti-
dia. BLAST results revealed that plant and fungal ITS
genes amplified from DNA extracted from single root
tips belonged to the genus Quercus and the species
A. muscaria, respectively (TABLE 2). We note that, as
far as we are aware, no published molecular phylogeny
of Quercus includes Q. humboldtii; we are the first to
sequence the ITS from the species using both leaves
and root tip samples. The sequences obtained from root
tips cluster together in section Lobatae (FIG. 3C), the
section thought to encompass Q. humboldtii
(Rodriguez-Correa et al. 2015).

Figure 2. A. Distribution of early and recent specimen records of A. muscaria associated to plantations (blue squares) and to
Q. humboldtii forests (red square). The localities are described in TABLE 1. B. Basidiomes of A. muscaria found in Q. humboldtii forests
(white stars), in P. patula plantations (purple circles), and in a mixed plantations of P. patula and A. melanoxylon (yellow squares).
C. Young and mature basidiomes of A. muscaria growing near Q. humboldtii.
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Table 2. BLAST matches and scores for plant and fungal ITS sequences amplified from root tips (NVE_9rt and NVE_11rt) collected
under Amanita muscaria basidiomes from a Quercus humboldtii forest in Colombia.

Root tips sample

Primers Accession Match sequence Max Total Query Identity
number Accession number score score cover E value percentage
NVE_Ort Amanita muscaria isolate ANDES_F401 NVE157, 18S ribosomal 821 821 99% 0.0 91%
ITS4-ITS5 RNA gene
MK138671 FJ890026.1
NVE_11rt Amanita muscaria isolate ANDES_F401 NVE157, 18S ribosomal 217 217 19% 4e-52 99%
ITS4-ITS5 RNA gene
MK138670 FJ890026.1
NVE_Ort Quercus sp. KK-2014, 18S ribosomal RNA gene 1022 1022 100% 0.0 99%
ITS7F-ITS26 KM978077.1
MK138673
NVE_11rt Quercus sp. KK-2014, 18S ribosomal RNA gene 974 974 100% 0.0 99%
ITS7F-ITS26 KM978077.1
MK138672

Eurasian origins of Colombian A. muscaria.—A  DISCUSSION

Bayesian phylogeny reconstructed the clades of
A. muscaria documented by Geml et al. (2008) with
robust statistical support (PP > 0.95) (FIG. 4A).
Colombian A. muscaria from P. patula, P. taeda,
A. melanoxylon, E. globulus, and Q. humboldtii
grouped together within the monophyletic Eurasian
clade II sensu Geml et al. (2008) (FIG. 4A; we note that
this clade includes samples from the US state of Alaska).
Colombian A. muscaria are not from the continental
United States or Mexico. Instead, Colombian
A. muscaria group in the same clade as samples from
European and Asian countries, including Germany,
Scotland, Switzerland, Japan, and Russia. Nevertheless,
Colombian samples are genetically heterogeneous and
belong to two haplotypes (A and J sensu Geml et al.
2010) (FIG. 4A and C). The two haplotypes are
distributed along the eastern cordillera in the
departments of Santander, Boyaca, and Cundinamarca.
The majority of Colombian samples are haplotype A,
currently found in Africa, Asia, Europe, and Oceania,
but nine Colombian samples are haplotype J, found in
England, Germany, and Poland (FIG. 4B and C).

In South American countries, numbers of fungal
introductions increase as more land is used for
plantation forestry.—Data from 12 countries
demonstrate a significant, positive correlation between
the area (hectares) of planted exotic trees and records of
fungal introductions (FIG. 5), r(10) = 0.9667, P < 0.001).
However, few reports target A. muscaria (FIG. 5): there
are five records of A. muscaria from Brazil (Stijve and De
Meijer 1993; De Meijer 2001; Giachini et al. 2000, 2004;
Sobestiansky 2005) and one each from Chile (Garrido
1986), Argentina (Wright and Alberté 2002), and
Uruguay (Malvérez et al. 1997).

We aimed to decipher the origins of introduced
Colombian A. muscaria and, in addition to probing the
literature, focused on herbarium specimen records, mor-
phological and molecular descriptions of root tips col-
lected from an undisturbed, native forest, sequencing of
the ITS region from recently collected Colombian speci-
mens, and subsequent phylogenetic analyses. Evidence
suggests that A. muscaria first appeared in Colombia in
the 1960s (FIG. 1). Nowadays, it is found in tree planta-
tions distributed along three cordilleras (FIG. 2A), and in
the northeastern cordillera it is associating with the roots
of endemic Q. humboldtii. In spite of its conspicuous red-
and-white spotted fruiting body, reports of the species in
South America remain scarce, and ours is the first report
of a shift to a native South American host.

Phylogenetic analyses integrating newly sequenced
Colombian specimens with specimens made elsewhere
(Oda et al. 2004; Geml et al. 2006, 2008) suggest that
(i) introduced Colombian A. muscaria have a common
Eurasian origin; (ii) A. muscaria basidiomes in native
forests have the same origin as basidiomes collected
from introduced plantations; and (iii) A. muscaria
collected in Colombia are genetically diverse, made
up of at least two Eurasian haplotypes (A and
] sensu Geml et al. 2010) (FIG. 4). The association
between A. muscaria and P. patula in Colombia
reveals the extent to which novel symbioses can be
created by global markets: neither P. patula nor
A. muscaria is native to Colombia, but the plant and
fungus now grow together in the country; P. patula is
Mexican but seeds of P. patula in Colombia are typi-
cally imported from southern African countries
(Ladrach and Lambeth 1991; Ospina et al. 2011), and
A. muscaria associated with Colombian P. patula is
Eurasian in origin (FIG. 4).
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Figure 3. A1-A2. Stereoscope images of root tips isolated from soil collected underneath A. muscaria growing near Q. humboldtii
(sample NVE_9rt). B1-B2. Micrographs of cross-sections treated with trypan blue; m: mantle; black arrows: Hartig net. C. Bayesian
phylogenetic reconstruction of sections Lobatae and Quercus in the genus Quercus, based on publicly available ITS sequence data.
Posterior probability (PP) values are shown next to the nodes. Plant sequences from our own root tips Quercus humboldtii NVE_9rt

and leaves Quercus humboldtii NVE_2L are shown in bold.

A logical hypothesis for the Eurasian origin of
Colombian A. muscaria links the early importation of
soils from Europe to Africa (Mikola 1970) with the
extensive movement of plant material and soils among
southern African countries (Deacon 1986; Wells et al.
1986; Richardson et al. 1997, 2014; Read 1998) and
subsequent introduction of both soils and seeds to
Colombia (FIG. 1). Particularly relevant is the history
provided by Mikola (1970). In an attempt to track the
movements of soils used to inoculate plants, including
P. patula, Mikola (1970) demonstrated that soil was
repeatedly moved between Europe and Africa and
among southern African countries. Moreover, Amanita
spp- were commonly used to inoculate trees of African

plantations (Wormald 1975). However, although seeds
have clearly moved from southern Africa to Colombia,
no literature explicitly records the movement of soils
from southern Africa to Colombia.

A. muscaria is invasive in Colombia.—Although the
term “invasive” is used differently by different authors
(Mooney and Drake 1989; Richardson et al. 2000;
Rejmének et al. 2002; Richardson and Rejmdnek 2004;
Diez 2005; Keller et al. 2011; Simberloff et al. 2012); in
general, an invasive species is defined as one that
spreads naturally in areas distant from its sites of
introduction (even if the spread does not cause any
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Figure 4. A. Bayesian phylogenetic reconstruction of A. muscaria based on publicly available and our own ITS sequence data.
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Figure 5. Relationship between the reports of introduced ECM
fungi and area (hectares) of industrial tree plantations, for
different countries in South America. Sources: *Vellinga et al.
(2009); **Overbeek et al. (2012).

economic or environment impact; Richardson et al.
2000; Rejmanek et al. 2002). According to Nufiez and
Dickie (2014), ECM fungi can be considered invasive
even if a species is constrained to associate with
introduced or invasive plants, although ECM fungi
forming novel associations with native plants may
present especially interesting ecological dynamics.

According to each of these definitions, A. muscaria is
invasive in Colombia. Although we do not yet know
whether A. muscaria is causing environmental harm, the
fungus is now associating with the roots of a native plant
(FIG. 3). The minimum distance between A. muscaria
associated with that host and A. muscaria within
a plantation (of P. patula) is 851 m, suggesting that the
fungus has colonized a novel host at a considerable dis-
tance from the parent source (Richardson and Rejmének
2004). More generally, during the last eight consecutive
years, the fungus has persisted, survived, and produced
basidiomes in association with Q. humboldtii (Vargas,
personal observation); the fungus has clearly overcome
both geographic and host barriers.

Concluding remarks.—Plantation forestry can have
unintended consequences for local biodiversity,
although the consequences are not well documented in
Colombia. But in Colombia, one consequence of
plantation forestry was the introduction of A. muscaria.
Our data are evidence that two haplotypes of
A. muscaria, both of Eurasian origin, are present in the
Colombian Andes, and that A. muscaria has spread from
plantations and is now associating with the native
Colombian tree Q. humboldtii. The costs of eliminating
an invasive species can be prohibitive (Keller et al. 2011).

To prevent additional invasions by other fungi, more
effective strategies may be the prevention of additional
host shifts, or prevention of additional introductions.
Exotic tree plantations should be planted apart from
native forests (Jairus et al. 2011) to limit potential
dispersal to native forests (although exact distances will
depend on the dispersal abilities of the associated fungi).
It would also be useful to focus on developing local
inocula, rather than using inocula of introduced fungi
(Schwartz et al. 2006; Dickie et al. 2016). It is quite likely
that native fungi can associate with exotic hosts (Bahram
et al. 2013), providing the required benefits to planted
trees.

The introduction of A. muscaria to Colombia was
clearly tied to industry and trade, and in fact increases
in trade appear to be generally correlated with increases
in exotic species introductions (Levine and D’Antonio
2003; Nuifiez and Pauchard 2010). In South America, the
larger the area used for plantation forestry, the more
reports there are of introductions. The expansion of
commerce related to plantation forestry seems probable,
and unfortunately, more introductions and invasions are
likely to occur. Designing policies to reduce the move-
ment and release of non-native species, and to manage
those already established (Keller et al. 2011), must emerge
as priorities for future programs related to native forest
conservation and fungal diversity in Colombia.
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