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Abstract

Introduction

Dominant trees in many forest ecosystems are associated with ectomycorrhizal
(ECM) fungi and depend on them for growth and survival. In fact, the availability of ECM
fungi and their species composition could be the most significant determinant of host
seedling establishment in disturbed areas, within boreal, temperate, and subtropical
regions. However, there is no previous study documenting ECM fungal communities in
heavily disturbed tropical areas. Available data of ECM fungi in Southeast Asia are
mostly from undisturbed Dipterocarpaceae forests, largely because this dominant ECM
host is often replaced by fast growing arbuscular mycorrhizal host trees after disturbance.
However, in some parts of Southeast Asia, potentially ECM trees belonging to Myrtaceae
become dominant in disturbed sites, although the information about their ECM

colonization and ECM fungal communities is scarce.

Myrtaceae includes both arbuscular mycorrhizal and ECM host lineages. The latter
includes Eucalyptus, on which many ECM fungi have been documented. Tristaniopsis is
another ECM host lineage in Myrtaceae, as a recent study showed that some Tristaniopsis
species endemic to New Caledonia are associated with diverse ECM fungi. In Indonesia,
other Tristaniopsis species are found in very different settings, such as heavily disturbed
areas, but their ECM associations were unknown. ECM fungi on such pioneer trees are
important because they may help the regeneration of late-successional ECM hosts like
Dipterocarpaceae. The objectives of this study are (1) to confirm the ECM colonization
of Tristaniopsis under secondary tropical forest settings, (2) to characterize ECM fungal
diversity and species composition, (3) to clarify how many ECM fungal species are shared

with other tree species, especially with Dipterocarpaceae, (4) to quantify the effects of
5



environmental and biogeographical factors on ECM fungal communities, (5) to infer
evolutional origin of individual ECM fungi found in secondary Tristaniopsis forests, and
(6) to clarify how the observed ECM fungal communities are related to those of the

surrounding areas, including Southeast Asia, Oceania, and New Caledonia.

Materials and Methods

Soil samples were collected from nine secondary Tristaniopsis forests located in
Bangka (four sites) and Palangka Raya (five sites). We randomly collected 25 soil
samples (5cm x 5cm to 10cm depth) per site in Bangka and 30 soil samples per site in
Palangka Raya. Each sampling point was selected within a few meters from a
Tristaniopsis tree to have a better chance of collecting its ECM roots. The interval
between samples was at least 5 m apart to avoid collecting the same ECM fungal clones.
ECM roots contained in each soil sample were carefully separated from soil aggregate,

cleaned in tap water, and classified into morphotypes under a stereomicroscope.

Three ECM tips per morphotype were subjected to DNA extraction separately. PCR
and sequencing were performed targeting ITS regions in ribosomal DNA. Obtained
sequences were grouped into molecular operational taxonomic units (MOTUSs) based on
>97% similarity threshold. The identify of each MOTU (species hereafter) was assigned
based on BLAST results in INSD (International Nucleotide Sequence Database). Host
species of each ECM tip was identified by chloroplast DNA. The relative importance of
soil parameters, successional stage, hosts and geographical distance in structuring ECM
fungal communities were analyzed by NMDS, perMANOVA and db-RDA. The
distribution of ECM fungi detected in this study and their evolutional origin were

explored beyond the research areas using INSD. Phylogenetic similarities of ECM fungal



communities were compared with those of other forests in Southeast Asia, Oceania, and

New Caledonia, by UniFrac.
Results and Discussion

Of 250 soil samples collected from the nine sites, 186 (74.4%) contained ECM tips
from which 1465 ECM root tips were used for molecular identification. Sequences were
successfully obtained from 853 root tips (58.2%). In total, 127 ECM fungal species (18
families) were identified with the ITS similarity threshold of 97%: 56 and 79 ECM fungal
species from Bangka and Palangka Raya, respectively. Only 18 ECM fungal species were
represented by five or more soil samples, while 81 species were singletons (i.e., found in
asingle soil) and 12 species were doubletons. The most species-rich ECM fungal families
were Thelephoraceae (26 species), Russulaceae (25 species), and Boletaceae (13 species).
The most frequently observed species was Thelephoraceae sp.1, which was found in 39
of 250 soil samples, followed by Russula sp.1 (29 soils) and Thelephoraceae sp.12 (19
soils). The jackknife2 richness estimator indicated that there would be at least 145 species

within the research sites.

In total, 11 host families were identified from ECM tips examined. Myrtaceae
(57.3%) represented by Tristaniopsis was the most dominant host group, followed by
Dipterocarpaceae (19.4%), Fagaceae (7.3%), Fabaceae (7.3%) and Gnetaceae (2.4%).
The existence and dominance of Dipterocarpaceae indicate that this late-successional host
group can regenerate after disturbance under the presence of Tristaniopsis and its ECM

fungi.

ECM fungal communities of co-exiting host families (Myrtaceae and

Dipterocarpaceae) were not significantly different (pseudo-F=1.09, R?=0.07, P=0.32). In
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fact, all the ECM fungal species that appeared five or more soil samples were shared
between Myrtaceae and Dipterocarpaceae, suggesting no host specificity in these tropical
ECM fungi. Disturbance type (pseudo-F=1.08, R?=0.22, P=0.35) also did not
significantly affect ECM fungal communities. However, ECM fungal communities were

affected by sampling locations (pseudo-F =2.51, R?=0.17, P=0.03).

Most of ECM fungal species detected in this study had no previous records in INSD.
Only 10 of 127 ECM fungi matched with previous records at >97% ITS similarities. Eight
of them were from Lambir Hill National Park, Sarawak (Peay et al., 2010). The other two
species were recorded from Seychelles (Tedersoo et al.,, 2007) and Heimioporus
sporocarps in Bangka. None of ECM fungal species in this study matched with those
associated with Tristaniopsis in New Caledonia (Waseem et al., 2017), Eucalyptus, and

numerous ECM host trees in temperate regions.

Due to the lack of host diversity in Bangka, relative importance of host, succession
stage and soil factors in structuring ECM fungal communities were analyzed only in
Palangka Raya. Although all soil properties (total C, total N, C/N ratio, and pH) were
significantly different among sampling locations, only pH (pseudo-F=3.74, P=0.001),
total nitrogen (pseudo-F=6.74, P=0.0001) and total carbon (pseudo-F=5.25, P=0.0001)
had significant effects on the ECM fungal communities. Successional stage (inferred from
DBH) was also a significant determinant of ECM fungal communities (pseudo-F=2.69,

P=0.014).

Palangka Raya shared eight ECM fungal species with Bangka Island, five species
each with Lambir Hill or Bukit Bangkirai, both of which are mixed dipterocarp forests.

Bangka shared four ECM fungal species with Lambir Hill and three species with



Bangkirai. All these regions belonged to Sunda land, which formed a continuous land
mass in the last ice age. No species sharing was confirmed with New Caledonia, where
four of the Tristaniopsis ECM fungi were shared with Australian Eucalyptus. These
results indicate that Wallace line could function as a biogeographical boundary for ECM

fungi as for plants and animals, although further research across the line is necessary.

In phylogenetic analyses, many ECM fungi confirmed in this study formed
monophyletic clades with species from Africa, South America, Australia (including New
Zealand), all of which belonged to Gondwana, the southern super continent existed until
the Jurassic. Some other ECM fungi formed endemic clades that were composed of
Indomalaya sequences including ours, suggesting long history of local diversification.
These results suggest that ECM fungi in Indonesian Tristaniopsis forests are of

Gondwana origin, corresponding well with host Myrtaceae biogeography.

Conclusion

Secondary tropical forests dominated by Tristaniopsis trees in Bangka and
Palangka Raya were found to harbor diverse ECM fungi, many of which were highly
likely to be new species that had no records in previous studies. All dominant ECM fungi
were shared between Tristaniopsis and Dipterocarpaceae, which was confirmed to be
regenerating naturally at the research sites. In addition, some ECM fungi confirmed in
this study were also shared with primary dipterocarp forests. While primary dipterocarp
rainforests often become arbuscular mycorrhizal ecosystems after disturbance, our results
suggest that secondary forests dominated by Tristaniopsis trees remain ECM ecosystems
and could function as ECM fungal refugia during the era of escalating human induced

disturbance. We may be able to apply pioneer tropical ECM trees like Tristaniopsis to the



recovery of dipterocarp forests in Southeast Asia, providing compatible ECM fungi to

late-successional dipterocarps.
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Chapter 1 General introduction

1.1 Biodiversity loss and restoration attempts in tropical rainforests areas

The tropical rainforest is a hot and moist biome, typically occurring in a band within
15-20° on both sites of the equator. Tropical rainforests receive a monthly average
precipitation of at least 60 mm, with no prolonged dry season. The combination of
constant warmth and abundant moisture makes the tropical rainforest a suitable
environment for many plants and animals. The latitudinal diversity gradient, in which
biodiversity increases from the poles to the equator, is well documented for various plant
and animal groups (Sechrest et al., 2002) are endemic to 25 global biodiversity hotspots
(Myers et al., 2000), more than half of which are located in tropical forests.

Southeast Asia harbors four biodiversity hotspots (Sundaland, Indo-Burma, the
Philippines, and Wallacea). More than 5,000 species of vascular plants, including many
endemic species, are distributed within a 10,000 km? area (Dirzo & Raven, 2003).
However, forest degradation and deforestation have impacted the region over the last few
decades. The main drive of this destruction is industrial agriculture (i.e., oil palm
plantations) (FAO, 2016). Unmanaged slash-and-burn for the opening of new agriculture
areas is also responsible for the loss of tropical rainforests. These practices have released
large amounts of carbon dioxide into the atmosphere, approximately 1.5 PgC per year
from 2000 through 2006 alone (Canadell et al., 2007). Within the past two decades,
Southeast Asia has lost more than 33 million ha of forest, with an annual deforestation
rate of 0.72% (Figure 1.1). Such tremendous forest loss is becoming a severe threat to

biodiversity (Fitzherbert et al., 2008).

11



Forest restoration has become a global issue (Chazdon, 2008; Normile, 2010).
However, attempts at reforestation are affected by many factors. Adequate stocks of
seedlings of native tree species and proper understanding of their ecological traits are the
most critical factors (Koh et al., 2013). In Southeast Asia, the Dipterocarpaceae family is
the focal tree group for reforestation because of its economic and ecological importance.
Dipterocarpaceae make up 10% of all tree species and 80% of canopy species in primary
forests on Borneo Island (Ashton, 1988), supporting the forestry-based economy and
numerous wildlife in the area. Dipterocarp species produce seeds at irregular intervals,
often once in several years, in regional synchrony with other plants of the same species,
a phenomenon known as mast seeding or masting (Curran & Webb, 2000). Their seeds
start to germinate immediately after landing, and do not survive drying or freezing
(Bonner, 1990) which makes their preservation difficult. These biological traits present a
significant challenge to providing enough seeds and seedlings for the restoration of
dipterocarp forests (Kettle et al., 2011). Seedling production from cuttings is applicable
to some dipterocarp species (Kenzo et al., 2019), yet genetically uniform seedlings could

be a concern.
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Figure 1.1 Forest coverage loss in Borneo and projection toward 2020 (GRID-Arendal,
2008).

1.2 Mycorrhiza symbiosis

Most land plants develop mutually beneficial relationships with soil fungi on their
fine roots. In this symbiosis, called mycorrhiza, soil fungi effectively absorb and transfer
soil nutrients to the host in exchange for photosynthesis products (Smith & Read, 2008).
There are two major types of mycorrhizal symbiosis: arbuscular mycorrhizal (AM) and
ectomycorrhizal (ECM) (Figure 1.2). AM is the most primitive and widespread type,
observed in more than 85% of terrestrial plant families. ECM associations are found in

about 10% of terrestrial plant families, which are mostly woody plants
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Figure 1.2 Two major types of mycorrhizal symbiosis (Bonfante & Genre, 2010).

Dominant trees in many forest ecosystems form ECM symbioses (Figure 1.3). The
dominance of ECM trees is generally lower in the tropics than in temperate regions, yet
the most dominant tree group in tropical primary forests, namely, Dipterocarpaceae in
Southeast Asia, forms ECM associations (Figure 1.4).

Most ECM fungi belong to the highly evolved fungal group Basidiomycota, which
often produce mushrooms on the soil. ECM fungi are very species-rich, and hundreds of
species inhabit a single 1 ha forest (Miyamoto et al., 2018). By associating with various
ECM fungi, host trees can utilize various organic nutrient forms and adapt to broader
habitat conditions (Baxter & Dighton, 2001), as well as increase their tolerance to drought
(Parke et al., 1983) and disease (Sylvia, 1983). The availability and composition of ECM
fungi might be the most significant determinant of seedling establishment in heavily

disturbed areas (Nara, 2006a). ECM fungi also have essential roles in nutrient cycling in
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forest ecosystems (Courty et al., 2010; Dickie et al., 2013; Finlay, 2004). Therefore, they
are considered critical components of forest ecosystems, although they have been long

overlooked, simply due to the difficulty observing them.

0 10 20 30 40 50 60 70 &0 010%
Figure 1.3 Percent biomass of trees associated with ectomycorrhizal fungi (Steidinger et
al., 2019).

Available data of ECM symbioses in Southeast Asia are mostly from undisturbed
Dipterocarpaceae forests (Henkel et al., 2002; Peay et al., 2010; Phosri et al., 2012;
Sirikantaramas et al., 2003). These dominant ECM host trees are often replaced by fast-
growing AM trees (e.g., Macaranga and Mallotus) after disturbance (Brearley et al.,
2004; Slik et al., 2003). However, in some parts of Southeast Asia, potential ECM trees
belonging to the Myrtaceae become dominant in disturbed forests (Sancayaningsih & Bait,
2015). Although their ECM colonization and ECM fungal communities are unknown,
they may have critical roles in maintaining ECM ecosystems and facilitating the

establishment of late-successional ECM trees.
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Figure 1.4 Total numbers of confirmed ECM plant species in tropical regions: Neotropic,
Afrotropic, Indomalaya, and Australasia. Colors correspond to the number of species
from individual plant families (Corrales et al., 2018).

1.3 Tristaniopsis in Indonesian secondary forests

The Myrtaceae family are evergreen dicotyledonous plants. All species in this
group are woody plants (tall trees and shrubs), usually with numerous showy stamens,
often with peeling bark, and always containing essential oils. Recent estimations suggest
that the Myrtaceae family includes more than 5000 species in more than 130 genera. This
family has a wide distribution in tropical and temperate regions and is commonly found

in the world’s biodiversity hotspots (Christenhusz & Byng, 2016; Govaerts et al., 2019).

Myrtaceae includes both arbuscular and ECM lineages. The latter includes
Eucalyptus, on which ECM fungi have been documented in native areas such as Australia
(Adams et al., 2006) and some introduced areas such as Seychelles (Tedersoo et al., 2007)
and Africa (Ducousso et al., 2012). Tristaniopsis is another ECM host lineage in the

Myrtaceae (Figure 1.5), distributed widely in Southeast Asia (Cambodia, Myanmar,
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Malaysia, Indonesia), New Guinea, New Caledonia, and Australia (Wilson & Waterhouse,

1982).

Tristaniopsis is one of 8 members of the tribe Kanieae, in the subfamily Myrtoide
(Wilson & Waterhouse, 1982). Tristaniopsis can be canopy trees with heights reaching
30 m and diameters of up to 40 cm. Many Tristaniopsis species have red to brown bark,
which is irregularly cracked and coarsely flaky in scroll-like pieces. Flowers are yellow-
brown, hairy, inflorescence rachis, calyx lobes 1 x 1 mm, petal 1.5 mm long, filament
stamen 1-2 mm long, 3-10 per cluster, anther 0.1 mm. Elliptic seeds are up to 1 x 0.8 cm.
Leaves are elliptic to obovate, 6-17 x 2—7 cm; auriculate leaves are found in the juvenile
stage, and are less distinct at maturity (Ashton, 2005). Tristaniopsis is common at higher
elevations of 1000-2000 m, but seldom at lower altitudes. Many species can re-sprout
from the trunk and branches (Benson & McDougall, 1998), having high fire resistance

(Burrows, 2008).

Waseem et al. (2017) recently described ECM fungi associated with Tristaniopsis
endemic to New Caledonia. In their study, Tristaniopsis forests were located in ultramafic
and volcano-sedimentary soils. In Indonesia, other Tristaniopsis species are found in
secondary forests, usually in podzol and latosol soils, and rarely in peat soil. The types of
ECM fungal communities present on such pioneer Tristaniopsis trees in Indonesia remain
unknown. Because ECM fungi that colonize pioneer trees play important roles in
facilitating late-successional ECM tree species (Nara, 2006b), Tristaniopsis ECM fungi

may be key to the regeneration of dipterocarp trees.
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Figure 1.5 Leaves and trunk of a Tristaniopsis sp. (a) and its flowers and immature
fruits (b).

1.4 Objectives and the outline of the thesis

The main objective of this study was to obtain scientific knowledge about pioneer
ECM trees and ECM fungal communities that can be potentially applicable to the
regeneration of dipterocarp forests. To achieve this goal, we investigated ECM fungal
communities of secondary tropical forests in Indonesia, specifically in Bangka and
Central Kalimantan (Figure 1.6). In Chapter 2, we describe how we confirmed ECM
colonization of Tristaniopsis under secondary tropical forest settings and give
descriptions of ECM fungal communities. The relative importance of host, environmental,
and geographical factors in structuring ECM fungal communities is also quantified. As
described in Chapter 3, to infer the evolutional origin of ECM fungi in secondary
Tristaniopsis forests, we performed phylogenetic analyses of individual ECM fungal

components with closely related sequences in the International Nucleotide Sequence
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Database Collaboration (INSDC) databases. We also compared the ECM fungal
communities with those of surrounding regions (Southeast Asia, Oceania, and New
Caledonia) based on the number of shared species and phylogenetic distance. Chapter 4
summarizes the key findings of this study and provides overall discussions including the
potential application to forestry and conservation in the tropics. The knowledge obtained
from this study will broaden our understanding of tropical ECM fungal ecology and

biogeography.

INDONESIA

Figure 1.6 Location of the study sites: Bangka Island (black) and Central Kalimantan
(red).
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Chapter 4. General discussion

4.1 Key findings

Late-successional host trees such as Dipterocarpaceae cannot grow well in
disturbed sites because of the intense sunlight that induces photoinhibition (Kenzo et al.,
2011; Turner, 1990) and the lack ECM fungi. Therefore, pioneer ECM trees that can
survive the disturbance might be the key to the recovery of dipterocarp forests. The key
findings of this study are as follows:
1) Tristaniopsis species in secondary forests in Indonesia were associated with diverse
ECM fungi, many of which did not have previous records and are potentially new species.
2) Dipterocarp tree regeneration was confirmed in secondary Tristaniopsis forests in
Palangka Raya, where all dominant ECM fungi were shared between Tristaniopsis and
Dipterocarpaceae.
3) ECM fungal communities in Indonesian Tristaniopsis forests were structured by
environmental factors, particularly pH, soil nutrients, and successional stage, but not by
host identity.
4) Bangka and Kalimantan Islands shared many common ECM fungal species,
irrespective of forest type, namely, secondary Tristaniopsis forests and primary
dipterocarp forests. Nevertheless, no species were shared between Indonesian and New
Caledonian Tristaniopsis forests.
5) Many ECM fungi inhabiting Indonesian Tristaniopsis forests were phylogenetically
close to species from Gondwana components. Some other ECM fungi were included in

endemic clades.
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4.2 Barriers to ECM fungal migration

Potential barriers to ECM fungal migration include host specificity, different
environmental conditions, and geographical isolation. As we found no sign of host
specificity in tropical ECM fungi, host differences could not be the limiting factor for
tropical ECM fungal migrations. In fact, Tristaniopsis forests and primary dipterocarp
forests shared substantial numbers of common ECM fungi even across different islands.
As for the environmental factors, succession stage, pH, and soil nutrients (N and C) were
the most significant in shaping ECM fungal communities. Environmental factors would
affect ECM fungal establishment. Moreover, the absence of shared ECM fungal species
between Indonesia and Thailand (Phosri et al., 2012), which were connected in the last
ice age, may be the result of these environmental factors and not from the limitation of
spore dispersal.

The absence of shared ECM fungal species between Indonesian and New
Caledonian Tristaniopsis forests could be explained by distance decay effect and
geographic isolation. Moreover, Indonesian Tristaniopsis forests shared no common
ECM fungi with tropical Africa, South America, or Australia. This is in sharp contrast to
temperate ECM fungi, most of which are shared among Asia, Europe, and North America
(Miyamoto et al., 2018), probably due to the land bridges in recent ice ages. Because
biogeographical boundaries in the tropics (e.g., the Wallace Line) have remained
disconnected even during ice ages (Bird et al., 2005; Cannon & Manos, 2003), the period
of isolation would be much longer in the tropics. Interestingly, these patterns correspond
well with the floristic regions, where Africa, Southeast Asia, and South American tropics
are separated into different realms while temperate Asia, North America, and Europe are

all grouped into the Holarctic realm (Gentry, 1982; Olson et al., 2001). Therefore,
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geographic isolation mechanisms for land plants (e.g., the sea) may have equally affected
ECM fungal migration. We may be able to distinguish relevant biogeographic realms for

ECM fungi by further studies in the tropics.

4.3 Potential applications of Tristaniopsis trees

The absence of compatible ECM fungi could be the most critical factor preventing
the establishment of ECM host trees (Nara, 2006a). After the clearcutting of primary
dipterocarp forests, pioneer species Macaranga or Mallotus become dominant (Slik et al.,
2003), changing ECM ecosystems into AM environments. This can inhibit the re-
establishment of dipterocarp trees, which depend on ECM fungi.

In this study, we found that pioneer Tristaniopsis trees can harbor ECM fungi that
are compatible with Dipterocarpaceae. Moreover, in belowground roots, we detected
many dipterocarp ECM tips in secondary Tristaniopsis forests after clearcutting,
indicating the natural regeneration of Dipterocarpaceae at the sites. Thus, it is very likely
that Tristaniopsis trees and their ECM fungi are promoting the establishment of
Dipterocarpaceae. We may be able to develop effective application methods from these
findings. Direct planting of dipterocarp trees in disturbed sites often results in failure
because of intense sunlight. Instead, pioneer trees such as Acacia mangium, Acacia
auriculiformis, and Falcataria moluccana are often used for initial planting (Nibbering,
1999; Otsamo et al., 1997). However, all of these trees are AM species, and thus would
not help dipterocarp re-establishment in terms of mycorrhizal associations. If we use
Tristaniopsis trees for initial planting after clearcutting or forest fires, they can provide
adequate shade and compatible ECM fungi, and thus may be able to facilitate the

establishment of Dipterocarpaceae.
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We may also be able to apply Tristaniopsis trees for the conservation of regional
ECM fungal resources. As shown in Chapter 3, most ECM fungi in the studied region are
endemic. Thus, escalating deforestation in this region would increase the risk of
extinction of these endemic ECM fungi, as well as local plants and animals. When we
consider the essential roles of ECM fungi in forest ecosystems, we should develop
effective conservation methods to conserve such endemic ECM fungi. Unfortunately,
many ECM fungi are difficult to cultivate on nutrient media, and require substantial costs
and efforts when possible. Instead, ECM fungal strains can be maintained in association
with host seedlings in greenhouses or nurseries. Natural Tristaniopsis forests could also
function as conservation areas for ECM fungi, but we do not know where or to what
extent Tristaniopsis forests are distributed in Indonesia. Apparently, further research is

needed before considering the applications.
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Table S1 ECM fungal species and their frequencies in secondary Tristaniopsis forests in Indonesia.

Frequency

1 *

Lineage Bl B2 B3 B4 PL P2 P3 P4 P5 Host

/amanita
Amanita sp. 1 1 0 0 0 1 0o 1 1 0 MD
Amanita sp. 2 6o 1. 0 0 o O O O O M
Amanita sp. 3 o 1. 0 0 o O O O O -
Amanita sp. 4 o 0 1 0 o O O O 0 -

/atheliales2
Atheliaceae sp. 1 4 0 1 0 O O 1 0 2 M
Atheliaceae sp. 2 o 0 1 0 o O O O 0 M
Atheliaceae sp. 3 o 0 1. 0 o o O O O -
Atheliaceae sp. 4 0O 0 O O o0 o0 2 0 1 M,D
Atheliaceae sp. 5 o 0o 0 0 o o O O 1 -

/boletus
Austroboletus sp. 1 1 0 0 0 o O O O O -
Austroboletus sp. 2 0 1. 0 0 0o O O O 0O WM
Austroboletus sp. 3 0o 0 0 0 o O O O 1 WM
Boletaceae sp. 1 6o 1. 0o 0 o O O O O -
Boletaceae sp. 2 0 0 0 0O 3 0 O O 0 D,FbGn
Boletales sp. 1 2 0 0 0 2 1 o0 2 1 MD
Boletellus sp. 1 o 0 0 1 o O O O O M
Boletellus sp. 2 o 0 0 012 o O O O -
Boletus sp. 3 0o 0 0 0 0o O 1 0 0 M
Borofutus sp. 0 0 0 0 o 3 0O O 0 WM
Heimioporus sp. 0o 1. 0 0 o O O O o0 M
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/cenococcum
Cenococcum
geophilum 1
Cenococcum
geophilum 2
Cenococcum
geophilum 3
Cenococcum
geophilum 4
/clavulina
Clavulina sp. 1
Clavulina sp. 2
Clavulina sp. 3
Clavulina sp. 4
Clavulina sp. 5
Sistotrema sp. 1
Sistotrema sp. 2
Sistotrema sp. 3
[coltricia
Coltricia sp. 1
Coltricia sp. 2
Coltricia sp. 3
Coltriciella sp.
Coltriciella sp.
Coltriciella sp.
Coltriciella sp.
Coltriciella sp.
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/cortinarius

Cortinarius sp. 1 0 0 0 1
Cortinarius sp. 2 0O 1 0 O
Cortinarius sp. 3 1 0 0 O
Cortinarius sp. 4 0O 0 0 O
Cortinarius sp. 5 0 0 O O
Cortinarius sp. 6 0 0 0 O
Cortinarius sp. 7 0 0 0 O
Cortinarius sp. 8 0O 0 O O
/elaphomyces
Elaphomyces sp. 1 1 1 0 O
Elaphomyces sp. 2 0 0 0 O
Elaphomyces sp. 3 0O 0 0 O
Elaphomyces sp. 4 0 0 0 O
/inocybe
Inocybe sp. 1 0 0 0 O
Inocybe sp. 2 0 0 0 O
Inocybe sp. 3 0 0 0 O
Inocybe sp. 4 0 0 0 O
/laccaria
Laccaria sp. 1 1 0 0 O
Laccaria sp. 2 0 0 0 O
/pisolithus-scleroderma
Scleroderma sp. 1 0 0 0 O
Scleroderma sp. 2 0O 0 0 O

/russula-lactarius
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Lactarius sp. 1
Lactarius sp. 2
Lactarius sp. 3

Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.
Russula sp.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22

/tomentella-thelephora
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Thelephoraceae sp. 1 13 11
Thelephoraceae sp. 2
Thelephoraceae sp. 3
Thelephoraceae sp. 4
Thelephoraceae sp. 5
Thelephoraceae sp.
Thelephoraceae sp.
Thelephoraceae sp.
Thelephoraceae sp.
Thelephoraceae sp. 10
Thelephoraceae sp. 11
Thelephoraceae sp. 12
Thelephoraceae sp. 13
Thelephoraceae sp. 14
Thelephoraceae sp. 15
Thelephoraceae sp. 16
Thelephoraceae sp. 17
Thelephoraceae sp. 18
Thelephoraceae sp. 19
Thelephoraceae sp. 20
Thelephoraceae sp. 21
Thelephoraceae sp. 22
Thelephoraceae sp. 23
Thelephoraceae sp. 24
Thelephoraceae sp. 25
Thelephoraceae sp. 26

Not assigned to lineages

, Fb, Fg, Gn
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Agaricomycetes
Clavariaceae sp. 1
Clavariacae sp. 2
Clavulinaceae sp. 1
Clavulinaceae sp. 2
Clavulinaceae sp. 3
Clavulinaceae sp. 4
Corticiales
Cortinariaceae sp. 1
Craterellus sp. 1
Craterellus sp. 2
Craterellus sp. 3
Sebacina sp. 1
Xenasmatella sp.1
Xenasmatella sp.2
Xerocomus sp. 1

*Based on UNITE information
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Abbreviations for hosts are as follows, M (Myrtaceae), D (Dipterocarpaceae), Fg (Fagaceae), Fb (Fabaceae), Gn (Gnetaceae).
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Table S2 ECM fungal host species identified in this study.

Frequency Closest BLAST match
Host Bangka Pal;lg;%ka Total assi%ig/{e & Acc No. Organism Query Cover  %ldent

Myrtaceae sp.1 - 108 108 36 KU564752.1  Actephila sessilifolia 99 99.28
Dipterocarpaceae sp.1 1 52 53 29 NC_040966.1 Shorea pachyphylla 100 98.22
Myrtaceae sp.2 45 3 48 27 KM895945.1  Tristaniopsis laurina 99 99.42
Fagaceae sp.1 1 20 21 14 KX163021.1  Quercus robur 99 99.46
Fabaceae sp.1 - 18 18 9 KM510309.1  Dalbergia velutina 99 99.63
Dipterocarpaceae sp.2 - 9 9 4 KY973108.1  Cotylelobium burkii 100 99.64
Gnetaceae - 7 7 2 AP014923.1  Gnetum ula 99 99.46
Chyrsobalanaceae - 6 6 1 JQ898702.1 Magnistipula glaberrima 99 99.46
Moraceae - 4 4 - MH332390.1  Ficus deltoidea 99 99.81
Santalaceae - 3 3 2 EF464520.1 Dendrotrophe varians 100 99.82
Dipterocarpaceae sp.3 - 3 3 2 MH791329.1 Hopea dryobalanoides 100 99.81
Calophyllaceae - 2 2 1 MF435428.1  Calophyllum sp. 99 100

Anacardiaceae - 2 2 1 MN126106.1  Magnifera indica 100 99.79
Fabaceae sp.2 - 1 1 - MH549715.1  Acacia auriculiformis 100 100

Fabaceae sp.3 - 1 1 - MN591110.1  Dialium guineense 99 99.62
Nepenthaceae - 1 1 2 NC _041271.1 Nepenthes mirabilis 100 99.44
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7o

ale)
Figure S1 Photographs of ECM fungi found in the study sites. (a) Thelephoraceae sp. 1; (b) Thelephoraceae sp. 12; (c) Russula sp. 1; (d)
Cenococcum geophilum; (e) Heimioporus sp.; and (f) Borofutus sp.
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AB925607 Tristaniopsis burmanica

@ Tristaniopsis Leaf Bangka

KIMB895945 Tristaniopsis laurina

@ llyrtaceae sp1 Bangka

KF496649 Tristaniopsis exiliflora
—— @ Myrtaceae sp Palangkaraya
59 @ lyrtaceae sp1 Palangkaraya

53 @ Tristaniopsis Leaf Palangkaraya
AM235660 Tristaniopsis sp. Rutschmann 70

50 AB925851 Syzygium chanlos
AB925850 Syzygium syzygioides
MF435656 Syzygium sp.
KU761895 Osbornia octodonta
64 AB925620 Melaleuca cajuputi
GU135164 Melaleuca quinquenervia
KY228850 Callistemon citrinus
82 MH748843 Callistemon acuminatus
U26318 Backhousia citriodora
KUT7E1890 Backhousia myrtifolia
KIMB96076 Backhousia kingii
KU761897 Tristania neriifolia
KF496519 Thaleropia gqueenslandica
AM235659 Metrosideros excelsa
JQ025055 Heteropyxis natalensis

96 KIMB896125 Xanthostemon oppositifolius

KF496720 Xanthostemon whitei

79 KF496643 Lophostemon suaveolens

86 KU761892 Lophostemon confertus

EE KY047656 Legrandia concinna
KY047632 Myrceugenia fernandeziana

#

E1

i

L

i

KUT7E1891 Lindsayomyrtus racemoides
MN126118 Psidium guajava
54 KF496869 Corymbia torelliana
U26317 Angophora hispida
KMB95675 Syncarpia hillii
KF381130 Eucalyptus globulus
MF804321 Eucalyptus obliqua

—— KF496530 Sphaerantia discolor
8 L— KF496365 Ristantia gouldii
AB925662 Baeckea frutescens
HM850121 Leptospermum scoparium
KT626835 Kunzea ericoides
KF496839 Leptospermum wooroonooran
AM235655 Kunzea vestita
FJ381796 Calopyxis grandidieri QUTGROUP

oA

Figure S2 Phylogenetic tree topography of Myrtaceae including Tristaniopsis in Bangka
and Palangka Raya (bullets) based on ML using rbcL gene sequences. Bootstrap values
are indicated along the branches; support values > 50% are shown.



KY973160 Parashorea macrophylla
51 KY973164 Parashorea cf. tomentella
MF435809 Parashorea sp.
KY973254 Shorea smithiana
KY973252 Shorea scaberrima
MF435807 Shorea sp.
a4 KY973249 Shorea robusta
@ Dipterocarpaceae sp1 Bangka
@ Dipterocarpaceae sp2 Palangkaraya
MK030569 Parashorea chinensis
—— KX828978 Doona venulosa
7 KX944294 Doona macrophylla
_|: KX828982 Doona nervosa
KY973162 Parashorea malanoon
KY973151 Hopea vaccinifolia
@ Dipterocarpaceae sp3 Palangkaraya
KY973147 Hopea odorata
—— KY973149 Hopea pentanervia
KY973250 Shorea roxburghii
MF435540 Hopea sp.
£3 @ Dipterocarpaceae sp4 Palangkaraya
KY973108 Cotylelobium burckii
MF435530 Anisoptera sp.
AB925371 Anisoptera costata
MF435589 Vatica sp.
KY973282 Vatica sarawakensis
52 KY973284 Vatica vinosa
KY973279 Vatica oblongifolia subsp. Oblongifolia
KY973260 Vateria copallifera
- KY973258 Stemonoporus elegans

FH

o

a5 KX828977 Stemonoporus acuminatus
KY973154 Marquesia sp.

AF030238 Pseudomonotes tropenbosii
JX572785 Monotes glaber

KY973155 Monotes adenophylius
KY973156 Monotes kerstingii
KY973131 Dryobalanops rappa

E2

:

—— KY973127 Dryobalanops aromatica

MF435536 Dryobalanops lanceolata
MF435535 Dryobalanops beccarii
MF435533 Dipterocarpus sp.

KY973123 Dipterocarpus palembanicus
i

FH

79 KY973125 Dipterocarpus zeylanicus
AF022127 Tilia americana OutGroup

Figure S3 Phylogenetic tree topography of Dipterocarpaceae including ECM tips from
Bangka and Palangka Raya (bullets) based on ML using rbcL gene sequences. Bootstrap
values are indicated along the branches; support values > 50% are shown.
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Figure S4 Species compositions and frequencies of ECM fungi found on Myrtaceae (blue) and Dipterocarpaceae (orange) in Palangka
Raya, Indonesia
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J2396480 Uncultured fungus China
83| MK580742 Amanita augusta USA
KX389097 Amanita flavoconia USA
KC581322 Amanita franchetii Canada
MH508346 Amanita flavipes China

@ Amanita sp.3 Bangka
”
i

GU222314 Amanita australis NewZealand
KYT73998 Amanita sp. NewCaledonia
59

a7

@ Amanita sp.2 Bangka
@ Amanita sp.1 Palangkaraya
@ Amanita sp.1 Bangka

@ Amanita sp.4 Bangka
— MH496790 Amanita rubescens USA

— MH166804 Amanita cf flavoconia Mexico

a7 _| MH508356 Amanita flavosquamosa China

95 " AY436474 Amanita China

KJ5TT960 Agaricus amicosus OUTGROUP

Figure S5 Phylogenetic tree of the ECM fungal lineage /amanita based on ML using ITS
region sequences. Bootstrap values are indicated along the branches; support values >
50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and
Australia) are shown in red; species from Southeast Asia are in orange.
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@ Atheliaceae? Palangkaraya

93 KYTT74006 Atheliales sp. NewCaledonia

@ Atheliaceae! Bangka

E5 5 @ Atheliaceae! Palangkaraya

KT272136 Uncultured Atheliaceae Canada

— EU597019 Uncultured ectomycorrhiza (Atheliaceae) UK

35 L KP866117 Uncultured Atheliaceae China

FJ475627. Uncultured Atheliaceae Sweden
MH508658 Limacella glioderma Out

0.050

Figure S6 Phylogenetic tree of the ECM fungal lineage /atheliacea based on ML using
ITS region sequences. Bootstrap values are indicated along the branches; support values
> 50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and
Australia) are shown in red; species from Southeast Asia are in orange.
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i: @ Austroboletus sp1
@ Austroboletus sp2
_|: @ Boletaceae sp.2
L]
KC5B52015.1 Austroboletus lacunosus Australia
E KP242215 1 Austroboletus sp. Australia
KYT774009.1 Austroboletus sp. NewCaledonia

—— @ Austroboletus sp.3
98 L—— KP242202 Austroboletus mutabilis Australia

—— @ Boletales

KX610675. 1 Boletus subvelutipes USA
MKS3T7327 .1 Alessioporus rubriflavus USA

3| KP754040.1 Uncultured ectomycorrhizal Madagascar
i|£ FR731416.1 Uncultured ectomycorrhizal fungus Madagascar
il AB973766.1 Boletellus obscurococcineus Japan

@ Boletellus sp.1

%5 I: @ Boletaceae sp.1

56 ——— KRO061493.1 Heimioporus sp. Indonesia

p- —E @ Heimioporus sp

@ Borofutus sp.1
MN422052 1 Pisolithus sp. OUTGROUP

Figure S7 Phylogenetic tree topography of ECM fungal lineage /boletus based on ML
using ITS region sequences. Bootstrap values are indicated along the branches; support
values > 50% are shown. Sequences obtained from Bangka and Palangka Raya are
marked with bullet points. Species from Gondwana components (Africa, South America,
and Australia) are shown in red; species from Southeast Asia are in orange.
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gar FJ456977 Uncultured ectomycorrhiza Mexico

55| EF433999 Uncultured fungus Alaska

DQ474356 Uncultured ectomycorrhiza Unknown
DQ474343 Uncultured ectomycorrhiza Unknown

56 ' ELI0ST125 Uncultured ectomycorrhiza Unknown
LC364257 Uncultured fungus Japan
LC149758 Cenococcum geophilum Japan
LC148764 Cenococcum geophilum Japan

— JX316410 Uncultured fungus Argentina
LC171558 Uncultured fungus Japan

ﬁf ® CG1
® CG4
36 @® CG2
?‘f. CG3

AF373056 Fungal endophyte Qutgroup

—_
0.050
Figure S8 Phylogenetic tree of ECM fungal lineage /cenococcum based on ML using ITS
region sequences. Bootstrap values are indicated along the branches; support values >
50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and
Australia) are shown in red; species from Southeast Asia are in orange.
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[=32]

92 | KFE17777.1 Uncultured fungus USA

ﬂij— FNBB9254 1 Sistotrema sp. Estonia
EF434018.1 Uncultured fungus USA

@ Sistotrema sp. 2

KY684570.1 Uncultured Sistotrema China

DQ054574.1 Uncultured fungus ltaly

KC791100.1 Uncultured fungus USA

EUBE8296.1 Uncultured Sistotrema Germany

@ Sistotrema sp. 1

BG

g7 @ Sistotrema sp. 3
@ Clavulina sp1
— HEG01872.1 Uncultured Clavulina ltaly
KX885971.1 Uncultured fungus Switzerland
g2 | | FJ946959 1 Uncultured ectomycorrhizal fungus Spain
KU924308.1 Clavulina sp. France
% | | FNBB9173.1 Clawulina sp. Estonia
KR019838.1 Clavulina sp. Latvia

£4 | EFO77489.1 Uncultured ectomycorrhiza Austria

AJ534708.1 Clavulinaceae sp. Estonia

JX989974 1 Uncultured ectomycorrhizal fungus France

93 | KR819031 1 Uncultured Clavulinaceae Cameroon
FR731785.1 Uncultured ectomycorrhizal fungus Cameroon
KF218964.1 Sistotrema pistilliferum Spain
HQB25485.1 Uncultured fungus Portugal

JN1686895 1 Uncultured Clavulina Guyana
@ Clavulinasp. 4

LC315836.1 Uncultured fungus Japan
I— @ Clavulinasp. 5

LC260426.1 Uncultured fungus Japan
FR731325.1 Uncultured ectomycorrhizal fungus Madagascar
@ Clavulinasp. 2
KXYT74035.1 Clavulinaceae sp. NewCaledonia
AM412265 1 Uncultured ectomycorrhizal fungus Seychelles

_|— @ Clavulina sp. 3

EF029226.1 Aegerita candida QUTGROUP

—_

0.050

Figure S9 Phylogenetic tree of ECM fungal lineage /clavulina based on ML using ITS
region sequences. Bootstrap values are indicated along the branches; support values >
50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and
Australia) are shown in red; species from Southeast Asia are in orange.
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78

711 AB769892. 1 Uncultured Coltricia China

B k1360702.1 Coltriciella subglobosa Guyana
KX364799.1 Coltriciella baoshanensis China
AB769893.1 Uncultured Coltricia China

AM412254 1 Coltriciella dependens Seychelles

FR731386.1 Uncultured ectomycorrhizal fungus Madagascar
KC155387.1 Coltriciella oblectabilis China

100 ' KC 155387 1 Coltriciella oblectabilis Guyana

@ Coltriciella sp.5
f KT338262.1 Coltriciella navispora Guyana

f 100" KT290013.1 Uncultured fungus Guyana
30, JQ991688.1 Uncultured Coltriciella China
AM412252 1 Coltriciella dependens China
KJ540931.1 Coltriciella pseudodependens China
@ Colticiella sp1
@ Coltriciella sp4
LC315860.1 Uncultured fungus Japan
KM594923 1 Uncultured fungus China

@ Coltriciella sp2

EEir v

| 4,7 @ Coltriciella sp3
56 @ Coltriciasp 3
100 MK966429.1 Coltricia sp. USA

KC152087.1 Coltricia sp. Mexico

98
_EKUBGDETUJ Caoltricia austrosinensis China
100 | KY744568.1 Coltricia sp. Spain
EF619668.1 Uncultured Coltricia USA
@ Coltricia sp1
JN168708.1 Uncultured Coltricia Guyana
FR731388.1 Uncultured ectomycorrhizal fungus Madagascar
@ Coltricia sp. 2
KY693730.1 Coltricia cinnamomea China

54

AB251822.1 Uncultured ectomycorrhizal fungus Japan
MK343518.1 Coltricia pyrophila China

KX364784.1 Coltricia abieticola China

KU360674.1 Coltricia abieticola China

MG966155.1 Coltricia sp. Mexico

KYB93736.1 Coltricia subperennis China

KYB93735.1 Coltricia subperennis China

| KU360699.1 Coltricia weii China

100 ' ABS87747.1 Uncultured ectomycorrhizal fungus China
KY907683.1 Arambarria destruens CUTGROUP

100

=)

020

Figure S10 Phylogenetic tree of ECM fungal lineage /coltricia based on ML using ITS
region sequences. Bootstrap values are indicated along the branches; support values >
50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and
Australia) are shown in red; species from Southeast Asia are in orange.
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KY462606.1 Cortinarius sp. Argentina

KT875207 1 Cortinarius ixomolynus NewZealand
KP191905.1 Cortinarius porphyroideus NewZealand
JX178610.1 Cortinarius cycneus NewZealand
MH101565.1 Cortinarius cycneus NewZealand
KP311430.1 Cortinarius sp. Australia

MH018944.1 Uncultured fungus Argentina
JX679153.1 Cortinarius austrovenetus Australia
KY462554 1 Cortinarius sp. Chile

FJ039602.1 Cortinarius illuminus Canada
FJ039603 .1 Cortinarius iluminus Canada

NR 153064 1 Cortinarius cremeorufus NewZealand
KT833622.1 Cortinarius sp. NewZealand
KT875178.1 Cortinarius cramesinus NewZealand

KJ635242.1 Cortinarius sp. NewZealand

KJ635207.1 Cortinarius xenosma NewZealand

FJ717516.1 Cortinarius delibutus Canada

63 I: EUB21685.1 Cortinarius ilibatus Canada
KY964802 1 Cortinarius delibutus USA

MF379832.1 Cortinarius heterocycloideus Norway
@® Cortinarius sp. 7
MF379631.1 Cortinarius subheterocyclus Finland
KY777403.1 Cortinarius sp.USA
KC905158.1 Cortinarius bovarius USA
KX885984 1 Uncultured fungus Switzerland

3 1MH784788 1 Cortinarius tacitus France
KX964564 1 Cortinarius subbulliardioides France
IMH784663 1 Cortinarius torvoides France
KX964580.1 Cortinarius subfirmus France

KY774124.1 Cortinarius sp. isolate NewCaledonia
KY774124.1 Cortinarius sp. NewCaledonia

KT339228.1 Cortinarius sp. Guyana
KT875174.1 Cortinarius achrous NewZealand

i3
[ [
@ Cortinarius sp2
MF599243 1 Cortinarius sp. Guyana
MH108576.1 Cortinarius sp. USA

@ Cortinarius sp. 4
@ Cortinarius sp. 6
’7 MK865081.1 Cortinarius mediterraneensis Germany

@ Cortinarius sp3

KT875201 1 Cortinarius sp. NewZealand
JQ287690.1 Cortinarius sp. NewZealand
KJ635244 1 Cortinarius orixanthus NewZealand
KT875186.1 Cortinarius orixanthus NewZealand
KT875181.1 Cortinarius elaiops NewZealand
JX316449.1 Uncultured fungus Argentina

5 FJ039658.1 Cortinarius cf. anomalus Canada
72— FJ157134.1 Cortinarius cf. barlowensis Canada

’7 @® Cortinarius sp1

JX316338.1 Uncultured fungus Argentina
LIE AM412268.1 Uncultured ectomycorrhizal fungus Seychelles
hl FJ717496.1 Cortinarius sp. Canada
— NR 119793.1 Cortinarius dysodes NewZealand

71 L MH101614.1 Cortinarius dysodes voucher NewZealand
50— @ Cortinarius sp. 5
@ Cortinarius sp. 8-

FJ717556.1 Cortinarius subtortus USA
FJ717555.1 Cortinarius subtortus USA
FJ039627_1 Cortinarius subtortus Canada

NR 130273.1 Cortinarius subtortus Sweden
LC175536.1 Uncultured Cortinarius Japan
MK357371.1 Cortinarius subtortus CzechRepublic

;13

MK866583.1 Hebeloma quercetorum OUTGROUP

Figure S11 Phylogenetic tree topography of ECM fungal lineage /cortinarius based on
ML using ITS region sequences. Bootstrap values are indicated along the branches;
support values > 50% are shown. Sequences obtained from Bangka and Palangka Raya
are marked with bullet points. Species from Gondwana components (Africa, South
America, and Australia) are shown in red; species from Southeast Asia are in orange.
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KY548852.1 Elaphomyces sp. Panama
87 | KX238828.1 Elaphomyces persoonii Spain
MF074844 1 Elaphomyces sp. USA
KY825737 1 Elaphomyces sp. Panama
@ Elaphomyces sp1
89 @ Elaphomyces sp4

@ Elaphomyces sp2

— JN168718.1 Uncultured Elaphomyces Guyana
JN711441 1 Elaphomyces compleximurus Guyana
—9?{ MR 121522 1 Elaphomyces compleximurus Guyana
97 | KX238854 .1 Elaphomyces maorettii var. echinatus Norway
_{ KX238798.1 Elaphomyces sp. Spain
— LC367721.1 Uncultured Elaphomyces Japan
MH496798.1 Elaphomyces sp. isolate USA
459'— KT894141 1 Elaphomyces iuppitercellus Cameroon

KU934218.1 Pseudotulostoma japonicum QUTGROUP

@ Elaphomyces sp3

63

_
0.080
Figure S12 Phylogenetic tree of ECM fungal lineage /elaphomyces based on ML using
ITS region sequences. Bootstrap values are indicated along the branches; support values
> 50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and
Australia) are shown in red; species from Southeast Asia are in orange.
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— FMN550884.1 Inocybe egenula Sweden
KC865702.1 Uncultured fungus USA
— FJ378759.1 Uncultured Inocybe isolate Himalaya
—— KXB97408.1 Inocybe sp. Canda
FJ378776.1 Uncultured Inocybe Himalaya
@ Inocybe sp. 3
JX456860.1 Uncultured fungus China

KT329452 1 Inocybe virosa India
JQB01416.1 Inocybe sp. PapualewGuinea
@ Inocybe sp. 2
@ Inocybe sp. 4
—— KP836878.1 Inocybe subferruginea Australia

@ Inocybe sp. 1
MKE07041.1 Inocybe ventricosa Canada

92 | MH310765.1 Inocybe teraturgus Sweden
MK583518.1 Inocybe lanuginosa isolate Bialowieza Poland
AMBB2789 2 Inocybe teraturgus Sweden
KP403064.1 Uncultured Inocybe Japan
FMN550879.1 Inocybe lanuginosa var. alpina Sweden
AM182533.1 Uncultured ectomycorrhiza Denmark
57 'KFB17711.1 Uncultured fungus USA
— KJ778850.1 Inocybe alloumbrina Australia
MR 152351.1 Inocybe alloumbrina Australia
LC271353.1 Uncultured fungus NewCaledonia
LC271369.1 Uncultured fungus genes NewCaledonia
MF374767.1 Auritella spiculosa OutGroup

—

0.020

Figure S13 Phylogenetic tree of ECM fungal lineage /Inocybe based on ML using ITS
region sequences. Bootstrap values are indicated along the branches; support values >
50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and

Australia) are shown in red; species from Southeast Asia are in orange.
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az r AB711993.1 Uncultured Basidiomycota China
7 MK982193.1 Laccaria bicolor USA
HIM240531.1 Laccaria bicolor Columbia
; 98 ' KJ146719.1 Laccaria bicolor Canada
MKS882194.1 Laccaria cf. laccata/bicolor USA
[T7 — AB712000.1 Uncultured Basidiomycota China

@ Laccaria sp1
i— KYT06162.1 Laccaria laccata Canada
— JX198545 1 Uncultured Laccaria USA
FMNEE9225.1 Laccaria sp. Estonia
9?'— EU486434 .1 Laccaria montana Canada
FR852306.1 Uncultured Laccaria Iran
— E‘_LFNGGQEELH Laccaria sp. Estonia
63 — JF519148.1 Uncultured Laccaria Austria
JX316722 1 Uncultured fungus Estonia
KFB17748. 1 Uncultured fungus USA
EF433978 1 Uncultured fungus USA
KF779447 1 Uncultured Laccaria Switzerland
EF434065.1 Uncultured fungus USA
@ Laccaria sp2

- JX318477 1 Uncultured fungus Argentina
MKO66622 1 Lepista nuda QUTGROUP

0.050

Figure S14 Phylogenetic tree of ECM fungal lineage /laccaria based on ML using ITS
region sequences. Bootstrap values are indicated along the branches; support values >
50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and
Australia) are shown in red; species from Southeast Asia are in orange.
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JX316742.1 Uncultured ectomycorrhizal fungus Cameroon
a7
o Scleroderma sp2
AB908177.1 Scleroderma sinnamariense India

97 JX316737.1 Uncultured ectomycorrhizal fungus PapualNewGuinea
=l

KT339213.1 Scleroderma aff. sinnamariense Guyana
KP012727 1 Scleroderma sp. Australia

52,;7 KT3392156.1 Scleroderma sp. Guyana
KT339220.1 Scleroderma sp. Guyana

FJ196958.1 Uncultured ectomycorrhiza Mexico
a 475:&055545.1 Uncultured Scleroderma Austria
99 GU055525.1 Uncultured Scleroderma Austria
@ Scleroderma sp1
KP012756.1 Scleroderma sp. 1 Australia
£ FR731192.1 Uncultured ectomycorrhizal fungus Madagascar
JN569354.1 Uncultured Scleroderma USA
KT724170.1 Tremellogaster surinamensis OUTGROUP

—_—
0.020

Figure S15 Phylogenetic tree of ECM fungal lineage /scleroderma based on ML using
ITS region sequences. Bootstrap values are indicated along the branches; support values
> 50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and
Australia) are shown in red; species from Southeast Asia are in orange.
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@ Russula spl

@ Russulasp?

@ Russulasp16

@ Russula sp9

3| @ Russulaspl?

KY462460.1 Russula sp. Argentina
KJ834615.1 Russula sp. USA
FR852094 1 Uncultured Russula Iran
93 | LC096952 1 Uncultured fungus Japan
LC096938.1 Uncultured fungus Japan
KJ482565.1 Russulaceae sp. Japan
MN704817 1 Russula foetens China
JX425383.1 Russula sp. China

92 | KF245487 1 Russula foetens USA
KY681430.1 Russula subfoetens China

AB568440 2 Uncuttured Russulaceae Japan
@ Russulasp3
KU141303.1 Uncultured Russula Korea
JX556180.1 Uncultured fungus China
9z - LC315877 1 Uncultured fungus Japan

@ Russulasp10

@ Russulasp11

@ Russulaspd
[ @ Russula sp5
9| MF433037.1 Russula subatropurpurea China

36 - AB769908.1 Uncultured Russula China

w2, @ Russulaspl3
I— @ Russulasp19

a0 KX899331 1 Uncultured Russulaceae USA
MH211964 1 Russula sp. USA

4 KR135351.1 Russulales sp. Mexico

KR135350.1 Russulales sp. Mexico

KM386692 1 Russula shingbaensis India

@ Russula sp2

@ Russulaspl4

JX266623 1 Russula cheelii Australia
JF273535.1 Russulales sp. China
GQ900533.1 Russula sp. China

MH724923 1 Russula substriata China
AB594966.1 Uncultured Basidiomycota Japan
KX441231 1 Russula sp. voucher China

93, @ Russula sp8

@ Russulaspls

@ Russulasp22
95 | MK244695.1 Russula sp. India

KX441112.1 Russula sp. China
LT602955.1 Russula sp. China

@ Russula spé
AB973714.1 Russula sp. Japan
33| AB831860.1 Russula sp. Japan
@ Lactarius spi
AJB33573.1 Uncultured ectomycorrhizal fungus Spain
GU328542 1 Uncultured Basidiomycota USA
LC096448 1 Uncultured fungus Korea
KY859396.1 Lactarius camphoratus Japan
EUB44700.1 Lactarius silviae Estonia

MG770939 1 Lactarius sp. India

@ Lactarius sp2
KP012861.1 Lactarius sp. Australia
JF519291 1 Uncultured Lactarius Austria
HE979266.1 Uncultured ectomycorrhizal fungus China
MG028639.1 Lactarius sp. India
KR364089 1 Lactarius olympianus USA

MGE63249.1 Lactarius Zonarius var. riparius USA
JQ396464.1 Uncultured mycorrhizal fungus China
JQ396449 1 Uncultured fungus China
@ Lactarius sp3
MF508946.1 Lactarius lignicola China
DQ099898 1 Lactarius alnicola Canada

KX394293 1 Lactarius aff. olivinus USA
KX394276.1 Lactarius alnicola USA
&7 || KF432968.1 Lactarius scrobiculatus Slovakia

70' AF140263 1 Lactarius scrobiculatus Germany

Figure S16 Phylogenetic tree of ECM fungal lineage /russula-lactarius based on ML using ITS
region sequences. Bootstrap values are indicated along the branches; support values >
50% are shown. Sequences obtained from Bangka and Palangka Raya are marked with
bullet points. Species from Gondwana components (Africa, South America, and
Australia) are shown in red; species from Southeast Asia are in orange.
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MNE22773.1 Auricularia fibrillifera OUTGROUP



@ Thelephoraceae sp.26

JX316649 1 Uncultured fungus Estonia
FJ554019.1 Uncultured Tomentella Canada
KY574418.1 Uncuttured Tomentella Mexico
KC965297.1 Uncultured fungus Canada
AJB93327 1 Uncultured ectomycorrhiza Estonia
KP754077 1 Uncultured ectomycorrhizal fungus Madagascar
AJ893331 .1 Uncultured ectomycorrhiza Estonia
KM402892 1 Uncultured Tomentella Canada
EF411115.1 Uncultured ectomycorrhiza USA
KPT783474.1 Tomentella lateritia Russia
MGT15439.1 Uncultured Thelephoraceae Slovakia
@ Thelephoraceae sp.15

@ Thelephoraceae sp 19

@ Thelephoraceae sp.18

@ Thelephoraceae sp.14

EUB25888 1 Uncultured Tomentella USA
EF411108.1 Uncuttured ectomycorrhiza USA
B9 JN168767.1 Uncultured Tomentella Guyana
JN168769.1 Uncultured Tomentella Guyana
5 JN168772 1 Uncultured Tomentella Guyana
99 JNB90476 1 Uncultured fungus Guyana
JNBB9941 1 Uncultured fungus Guyana
FR731633 .1 Uncultured ectomycorrhizal fungus Zambia
84 KC222759.1 Uncultured fungus Australia

60 |—[ LC122166.1 Uncultured Tomentella NewCaledonia

FR731537 1 Uncultured ectomycorrhizal fungus Zambia
93 KP012951 1 Thelephora sp. 1 Australia
@ Thelephoraceae sp.20
| @ Thelephoraceae sp.12
kll @ Thelephoraceae sp3
@ Thelephoraceae sp'
@ Thelephoraceae sp 24
— JX556181.1 Uncultured fungus clone China
80 KX899648 1 Uncultured Thelephoraceae USA

AJB33591.1 Uncultured ectomycorrhizal fungus USA
£9 JX456678.1 Uncultured fungus China
a2 AB629001.1 Uncultured Basidiomycota Japan
99 KX664711.1 Uncuttured fungus China
GU174337 1 Uncultured fungus USA

% @ Thelephoraceae sp.16

) @ Thelephoraceae sp.13

@ HES79226 1 Uncultured ectomycorrhizal fungus China
95 JX316660.1 Uncultured fungus Estonia

MGT715431.1 Uncultured Thelephoraceae CzechRepublic
HE979253.1 Uncultured ectomycorrhizal fungus China
@ Thelephoraceae sp.17
61 AlM412287 1 Uncultured ectomycorrhizal fungus Seychelles
9 FN396381.1 Uncultured ectomycorrhizal fungus Seychelles

97 FN396379.1 Uncultured ectomycorrhizal fungus Seychelles
] a1 AM412298.1 Tomentella sp. Seychelles
73 AM412297 1 Tomentella beaverae Seychelles
33 @ Thelephoraceae sp4
L @ Thelephoraceae sp5
53 EF634080.1 Uncuttured Thelephora NewZealand

50 @ Thelephoraceae sp.21

@ Thelephoraceae sp.22

35— @ Thelephoraceae sp 23

@ Thelephoraceae sp.25

AM412281.1 Uncultured ectomycorrhizal fungus Seychelles
@ Thelephoraceae sp2
63 @ Thelephoraceae sp7

@ Thelephoraceae sp6

@ Thelephoraceae sp10

@ Thelephoraceae sp8

@ Thelephoraceae sp9
MH855330 Sclerotium cacticola Out

9
93

Figure S17 Phylogenetic tree topography of ECM fungal lineage /tomentella-thelephora
based on ML using ITS region sequences. Bootstrap values are indicated along the
branches; support values > 50% are shown. Sequences obtained from Bangka and
Palangka Raya are marked with bullet points. Species from Gondwana components
(Africa, South America, and Australia) are shown in red; species from Southeast Asia are
in orange.
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