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Abstract Large forest areas of South-Bast Asia, are dominated by the Dipterocarpaceae
tree family, which contains many important-timber species. Unlike many other tropical
trees, Dipterocarpaceae rely on ectomycorrhizal (ECM) root symbiosis for their mineral
nuirition. This study aims to document. the richness and community composition of ECM
fungi in a dry deciduous forest in Thailand. Gombining morphological and molecular
identification methods revealed 69 species of BCM fungi that belong to 17 phylogenetic
lineages. The /russula-lactarius, /tomentella-thielephora, /sordariales,. /sebacina and /can-
tharellus lineages were the most species-rich. The fungal richness isicomparable to other
tropical rain forest sites, but the phylogenetic. community structure has elements of both
tropical and temperate ecosystems. Unlike tropical rain forests, the Cenococeum geophilum
complex was one of the most frequent fungal taxa that had a relatively high :TS genetic
diversity over the small sampling area. This study provides the first snapshot insight into
the fungal community of dry dipterocarp forests, However, it is necessary to broaden the
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spatial and temporal scales of sampling to improve our understanding of the below-ground
relations of dry and humid tropical forests.

Keywords Community structure . Dipterocarpaceae - Dry tropical forest -
Ectomycorrhizal symbiosis - Southeast Asia

Iniroduction

Nearly 90% of terrestrial plants establish mycorrhizal interactions with soil fungi that
provide mineral nutrients to their host plants in exchange for carbon (Brundrett 2009).
Ectomycorrhizal (ECM) associations are formed by a restricted group of higher plant
families such as Pinaceae, Betulaceae, Fabaceae, Dipterocarpaceae, Fagaceae and Myrt-
aceae (Brundrett 2009). These trees are ecologically and economically important com-
ponents of boreal and temperate forest communities in the Northern Hemisphere and
Australia, and patches of rain forest habitats in Africa, South America and Southeast Asia
(Taylor and Alexander 2005).

Ectomycorrhizal fungi are estimated to comprise 20,000-25,000 species, most of which
belong to the Basidiomycota and Ascomycota (Rinaldi et al, 2008). These species belong to
>60 phylogenetic lineages that have independently evolved from saprotrophic ancestors
(Tedersoo et al. 20102). Most BCM fungi are able to establish symbioses with a broad
range of hosts in both temperate and tropical ecosystems (Bruns et al. 2002; Ishida et al.
2007; Diédhion et al. 2010; Smith et al. 201 I; Tedersoo-et al. 2011).

Knowledge of ECM fungal diversity has traditionally relied on fruit-body surveys, Such
‘above-ground’ surveys of fungal diversity in tropical forests have revealed diverse
communities of ECM fungi (e.g. Chalermpongse 1993; Watling and Lee 1995; Buyck et al.
1996; May and Simpson 1997; Sims et al. 1997, Watling et al. 2002; Ramanankierana et al.
2006; Riviere et al. 2007; Henkel et al. this issue). However, fruit-bodies are ephemeral
sexnal structures that often require specific detection methods such as raking of soil and
turning over dead wood. Moreover, many ECM fungal lineages have never been found
preducing froit-bodies (Tedersoo et al, 2010a). The absence of fruit-bodies and short-term
superficial search efforts have resulted in the discrepant view of above- and below-ground
fungal diversity and community structure (Gardes and Bruns 1996; but see Smith et al.
2007).

Molecular identification studies on ECM fungi on root tips have greatly benefited our
understanding about the ECM fungal communities and revealed many novel plant-fungal
associations (Taylor 2008; Tedersoo et al. 2010a). As most of the below-ground studies are
performed in the temperate Northern Hemisphere, information about ECM fungal com-
munities is sparse in tropical ecosystems (Tedersoo and Nara 20 10). Only recently, tropical
rain forests in SE Asia (Sirikantaramas et al, 2003; Yuwa-Amornpitak et al, 2006; Peay
et al. 2010), Africa (Tedersoo et al. 2007, 2010b, 2011; Diédhiou et al. 2010; Suvi et al.
2010) and South America (Tedersoo et al. 2010c; Smith et al. 2011) have been studied for
below-ground ECM fungal richness. However, to the best of our knowledge, no such
studies are available from tropical dry forests that cover relatively large areas in North
India and SE Asia, but also in South Africa and South America.

Communities of ECM fungi are usually dominated by members of the /tomentella-
thelephora and /russula-lactarius lineages in both temperate and tropical rain forest eco-
systefus, but temperate forests are more rich in terms of specics and phylogenetic lineages
(Tedersoo and Nara 2010). In temperate forests, the Cenococcum geophilum complex is
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one of the characteristic ECM fungal taxa. These asexual ascomycetes form short black
ECM on root tips of multiple hosts in various habitats (Trappe 1962; LoBuglio 1999). Due
to the lack of fruit-bodies, their life cycle, taxonomy and biogeography remains poorly
understoed (Douhan et al. 2007; Boehm et al. 2009). The reports of Cenococcum in
tropical ecosystems are restricted to SE Asia and Australia (Chen and Cairney 2002;
Brearley et al. 2003).

In this study, we examined the ECM fungal community in a 4-ha dry tropical dip-
terocarp forest in Phitsanulok province, Thailand. Our primary goals were to characterize
the below-ground ECM fungal diversity and to provide insights into their phylogenetic
community structure.

Materials and methods
Site description and sampling

The study was performed in a 200 m x 200 m square plot at the Wildlife Conservation,
Development and Extension station in Phitsanulok province, Thailand (100°34'48"N,
16°51'15"E, 160 m above sea level). A single site was selected to provide comparable data
to most previous studies on ECM fungal communities. The annual rainfall averages ca,
1,250 mm and mean annual temperature is around 27°C in the study area. The rainy season
usually lasts from May to October. The soils are ultisols and have a loamy texture. The
vegetation is dominated by species of Dipterocarpaceae including Shorea obtusa,
S. siamensis, Dipterocarpus obtusiforius and Dipterocarpus tuberculatus that account for
>90% of basal area (Panwittayakul and Srikampol 2006). The site is usually subjected to
annual burning that consumes most of the litter and understorey vegetation, but other
anthropogenic disturbance is minimal, The age of oldest trees is estimated to be around
100 years (Sawarng pers. comm.).

A total of 194 soil samples (15 cm x 15 cm to 10 em depth) were randomly collected
within a few meters of the Dipterocarpaceae hosts in March 2009 (early dry season) with
no attempt to distinguish among host species. Individual samples were taken at least 4 m
apart. Within 48 h after collection, roots were carefully separated from soil and cleaned by
rinsing in tap water. Roots were placed under an Olympus ZS40 stereomicroscope in large
Petri dishes filled with water and examined for the presence of colonized ECM roots. Root
tips were identified as ECM when they possessed a rounded apex and fungal mantle. Only
living ECM roots were analyzed further, Different ECM morphotypes were distingnished
based on mantle colour, surface roughness, the presence of emanating hyphae and rhizo-
morphs (Agerer 1987-2002). If available, at least two representative ECM root tips per
morphotype per sample were stored in CTAB buffer (1% cetylrimethylammonium-
bromide, 100 mM Tris-HCl (pH 8.0}, 1.4 M NaCl, and 20 mM EDTA) for molecular
analyses.

Molecular analyses
DNA was extracted from ECM root tips by using a Qiagen DNeasy 96 Plant Kit {(Qiagen,
Crawley, UK), following the manufacturer’s protocol. For identification of ECM fungi, the

rDNA Internal Transcribed Spacer (ITS) region was selected, because it has been most
. widely used in fungal identification studies and provides sufficient resolution at the species
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level (Taylor 2008; Begerow et al, 2010). The primer pair itsOF-T (5' acttggteatitagaggaagt
3) combined with LB-W (5 ctitteatettteecteacgg 3') was used to amplify all fungi, except

. black ascomycetes, for which the primer LA-W (5 cittteatctttcgateacte 3’) was used
instead (Tedersoo et al. 2008). Unsuecessfully amplified DNA extracts were re-amplified
using primers itsOF-T in combination with universal primers its4 (5 tcctecgcettattgatatge
3" or #ts2 (5 getgegttcttcategatge 3') or specific primers targeting each fungal lineage (see
Tedersoo et al. 2008, 2011; Bahram et al. 201 1). The PCR conditions followed Tedersoo
et al. (2006). PCR products were examined on 1% agarose gels under UV-light and purified
using Exo-Sap enzymes (Sigma, St. Louis, MO, USA). Sequencing was performed with the
primer its5 (5’ ggaaglaaaagtegtaacaagg 3") and/or itsd at Macrogen Inc., Seoul, South
Korea. Sequences were assembled into contigs, check, and, if necessary, manually cor-
rected using Sequencher 4.9 software (GeneCodes Corp., Ann Arbor, M, USA). Species
were delimited based on 97.0% ITS sequence similarity based on global pairwise sequence
alignments, except the asexual C, geophilum that was conservatively treated as a single
species. Fungal taxa were identified by running MEGABLAST and BLASTn queries
against the International Sequence Database (INSD) and UNITE database (Abarenkov
et al. 2010a) as implemented in the PlutoR workbench (Abarenkov et al, 2010b). All unique
sequences were submitted to both INSD and UNITE.

We conducted a phylogenetic analysis to address phylogenetic placement of members
of the C. geophilum complex in Thailand, First, we downloaded all 313 full-length ITS
sequences from the INSD and UNITE databases (as of November 2010). The alignment of
ITS sequences was constructed by use of Mafft ver. 6 (Katoh and Toh 2008) and corrected
manually. Introns in the fRNA 18S gene were trimmed off. Most redundant. (i.e. >99%
similar and from the same region) and all low-quality sequences were removed and the
remaining sequences were re-aligned. The final alignment comprised 71 sequences and 492
nucleotide characters. Maximum Likelihood phylograms were constructed by use of
RAXML with 200 fast bootstrap replicates and the Gamma model of rate heterogeneity
(Stamatakis et al. 2008). Because the only ITS sequence of Glonium, the closest known
relative of Cenococcum (Boehm et al. 2009), actually represents Epicoccum sp., we
selected a sequence (INSD accession AR373056; Girlanda et al. 2002) of a cultured isolate
from non-ectomycorrhizal root tissue as an outgroup, This sequence has 86.3% similarity
to the closest Cenococcum isolates,

Results

In total, 99 out of 194 soil samples (51.0%) contained living ECM roots. In these samples,
283 root tips were subjected to molecular analyses. ECM fungi were successfully identified
from 194 root tips (68.5% success), but many root tips yielded putatively endophytic fungi.
By using 97% sequence similarity threshold over the entire ITS region, we identified 69
fungal species that belong to 17 phylogenetic lineages of ECM fungi (Table 1). Except for
the C. geophilum complex, infraspecific ITS sequence similarity always exceeded 99%.
The C. geophilum complex comprised an additional seven ITS types at 97% sequence
similarity level (Fig. 1), but these were treated as a single species following most previous
studies. The phylogram revealed several moderately supported groups of putatively non-
mycorrhizal (mostly originating from plant tissues and soil) isolates basal to the C. geo-
Philum complex, although sharing high ITS sequence similarity (92-94% to Cenococcum).
Both the rarefied species accumulation curve and Jackknife2 minimal species richness
estimate continued rising with increasing sampling effort, whereas Chao? estimate started
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Table I Frequency and identification of ectomycorthizal fungal species in a dry deciduous forest

Species UNITE code Identity  Frequency
% .

/russula-lactarius Thai0l UDRBCO4700  Russula cf. pectinata HQ604335 9235 32

[russula-lactarius Thai02 UDB004701  Russulaceae sp. DQOG1886 913 7

frssula-lactarius Thai03 UDBO04702  Russula sp. FI196952 872 9

frassula-lactarius Thai04 UDBO04703  Gymmomyces redolens DQ403803 873 6

/russula-lactarius Thai05 UDB004704  Russwia sp. 1196952 873 3

/russula-lactarius ThaiQ6 UDBO0A70S  Lactarius cf, gerardii GU258272 878 5

frussula-lactarius Thai07 UDB004706  Russulaceae sp. FJ946953 935 3

frussula-lactarius Thai08 UDBO004707  Russula cf. viscida AB458634 982 2

frussola-factarius ThaiGo UDBO04708  Russula cf. foetens DQ422023 95.1 2

/russula-lactarias Thail( UDB004709  Russula sp. AF345248 987 1

frussula-lactarius Thaill UDBOO4710  Gymnomyces redolens DQ403803 909 1

Jrussula-lactarins Thail2 UDB004711  Lactarius aff, uyedne GU258206 989 1

frussula-lactarius Thail3 UDB0047i2  Russila sp. AF350059 99.0 1

Jrussula-lactasius Thaild UDBO047I3  Russula lepida DQ422013 879 1

/russula-lactarins Thails UDBO04714  Russula atrovirens GU222260 929 2

frussula-lactarius Thail6 UDBO0471S  Russula lawrocerasi BU598184 96.8 1

/russula-lactarius Thail7 UDBO004716  Lactarius pseudoluteoprs %00 1

FM999659

feussula-lactarius Thail$ UDBO04717  Russula densifolia AB291763 96.7 i

/russuta-tactarius ThailQ UDBO04718  Lactarius aff. gerardii GU258222 914 1

frussula-lactarius Thai20 UDB004719  n.a. 1

frussuta-lactarius Thai2l UDBO04720  Russula crustosa EUJS98193 866 |

frussula-lactarius Thai22 UDB004764  Lactarius cf. Plperatus AB459515 9%.1 i

ftomentella-thelephora UDB004721  Tomentella sublilacina 92 2
Thai0] UDB002972

/tomentella-thelephora UDBO04722  Thelephoraceae sp. FN669279 916 5
Thai02

/tomentella-thelephora UDBO004723  Tomentella sublilacing 95 4
Thai03 UDB002972

ftomentella-thelephora UDB004724  Fomentella subfilacina 91,7 2
Thai04 UDB002972

ftomentella-thelephora UDB004725  Thelephoraceae sp. GQ268671 921 2
Thai05

ftomentella-thelephora UDB004726  Thelephoraceae sp. DQ14637] 989 1
Thai6

/tomentella-thelephora UDBO004727  Thelephoraceae sp, FM955848 964 2
Thai(7

ftomentella-thelephora UDB004728  Thelephoraceae sp. FM955848 936 1
Thai08

/tomenteila-thelephora UDB004729  Tomentella sublilacing 928 1
Thai09 UDB002972

/tomentelta-thelephiora UDBO04730  Tomentella sublitacing 924 1
Thail0 : UDB002972

fomentella-thelephora UDBOD4731  Tomentella sublilacing 926 1
Thaill

UDB002972
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TFable 1 continned

Inocybe rimosa HQ604624

Species UNITE code Identity Freguency
% )
ftomentella-thelephora UDB004732  Thelephoraceae sp. G(Q268669 913 1
Thail2
Jtomentella.thelephora UDB004733  Thelephoraceae sp, AB453036 97.8 1
Thail3
Htomentella-thelephora UDBO04734  Thelephoraceae sp. F1455005 942 1
Thail4
fomentella-thelephora UDBO04735  Thelephoraceae sp. AY874385 942 2
Thail5
Htomentella-thelephora UDB004736  Thelepheraceae sp. GUS53373 9.7 2
Thail6
Htomentella-thelephora UDB004746  Thelephoraceae sp. ATB93308 916 1
Thail7
C. geophilum s. lato UDB004739.  Cenococcum geophilum 952 28
45 GU998677
fsordarinles Thai0l UDB004747  Phialemonium curvatim 854 9
GUR205097
fsordariales Thai02 UDB004748  Riedoveronaen varioseptaia 93.0 3
EI617560
/sordariales Thai03 UDBO04749  Rhodoveronasa variosepiata Partial 2
FIG17560
fsordariales Thai04 UDBQ04750  Sordasiales sp. GQ268561 88.0 3
famanita_Thai01 UDBO004751  Amanita sp. GQ268548 Partial {
lamanita_Thai(2 UDBO04755  Amanita sp. GQ268548 889 1
flaccaria_Thai(l UDB004752  Laccaria sp. FI168597 937 2
/marcelleina-peziza gerardii. ~ UDBO04753  Hydnobolites cerebriformis Partial 3
Thai0l EU784271
fmarcelleina-peziza gerardii. ~ UDBQ04754  Hydnobelites sp. EF417805 94.7 |
Thaif2
/sebacina Thai02 UDB004756  Sebacing sp. EU326168 882 5
/sebacina Thai03 UDBO004757  Sebacina sp. EF417803 943 3
{sebacina Thai05 UDB004758  Sebacina sp. HQ022221 89.1 1
fsebacina Thai06 UDBO04T59  Sebacina sp. EU910925 95.1 1
feeratobasidium! ThaiQl UDBO04760  Ceratobasidium sp. GQ268601 9.9 2
/ceratobasidium]1 Thai(2 UDB0G04761  Ceratobasidinm sp. GQI75300 9077 1
/clavalina Thai0l UBDB004762  Clavulina cf. cristatg AB459513 978 1
fclavuling Thai02 UDBO04763  Clavilina sp. F1454922 933 1
fcantharellus Thai0l UDB004765  Craterellus tubaeformis 30,5 4
HM468495
feantharellus ThaiO2 UDBG04766  Psendocraterellus sinuosus 818 1
GU5%0932
_ fcantharelius ThaiG3 UDBY4767  Craterellus tubaeformis 4.0 1
HM468495.1
Scleroderma coliimnare UDB{(04768  Scleroderma columnare 996 2
. AB459512
~ Astraeus odoratus UDBO0476%  Astraeus odoratus A}629878 996 2
finocybe ThaiQl UDB004770 35.7 1
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Table 1 continued

Species UNITE code Identity  Frequency
% :
finocybe Thai02 UDBO004771  Inocybe sp, GQ893000 94.1 1
finocybe Thai(3 UDB004772  Inocybe rimosa EU523562 897 2
felaphomyces Thai(! UDBQ04773  Elaphomyces guangdongensis 876 2
‘ HM357250
felaphomyces Thai02 UDB004774  Elaphonmyces guangdongensis 881 I
HM357250
Atheliales Thai0l UDB004775  Atheliaceae sp. HM488526 859 1
fboletus Thaidl UDB004776  Boletales sp. G()2635384 938 1

to level off (Fig, 2). Jackknife2 and Chao2 respectively estimated the minimum richness to
be 124 and 105 species at the study site.

In terms of species richness, the /russula-lactarius, /tomentella-thelephora, /sordariales,
/sebacina and /cantharellus lineages dominated, comprising 22, 17, 4, 4 and 3 species,
respectively (Table 1). Four lineages—/amanita, /boletus, /elaphomyces and an unas-
signed Atheliales group—were represented by a single species. Except for the species of
Atheliales, all sequences were confidently assigned to BCM fungal lineages. Only 9 of the
69 species matched with sequences from public databases at the 97% sequence simnilarity
cut-off (Russula cf. viscida, Lactarius off. uyedae, Clavulina cf. cristata, Lactarius cf.
piperatus, Scleroderma columnare, Astraeus odoratus, Russula sp. AF345248, Russula
sp. AF350059, Thelephoraceae sp. DQ146371), Four of these taxa were identified to species
based on the available reference sequences and identifications (Table 1). Among all species,
/russula-lactarius ThaiOl (92% similarity to Russula cf, pectinata) and the C. geophilum
complex were the most frequent species that were found in 32 and 28 samples, respectively.
All other species occurred in <10 samples and included 37 singletons.

Discussion

Richness of species and phylogenetic lineages of ECM fungi in the dry dipterocarp forest
site are comparable to previous studies in tropical rain forests, matching the lower limits of
tropical ecosystems (compare Tedersoo and Nara 2010; Tedersoo et al. 2011). The rising
species accumulation curve and Jackknife minimum richness estimator curve suggest that
many ECM fungal species remained undetected, This is consistent with the moderate
sequencing success and a single sampling event in the dry season.

The ECM fungal phylogenetic community has similar features to both tropical and
temperate forests, Substantial dominance of members of the /russula-lactarius and /tom-
entefla-thelephora lineages, and the lack of many temperate lineages are characteristic of
tropical ecosystems. Furthermore, an unidentified species of ECM Atheliales was found.
This species displayed close affinities to previously obtained sequences from tropical rain
forests of Borneo (Peay et al. 2010), Cameroon (Tedersoo et al. 2010b), Gabon (Tedersoo
et al. 2011) and Guyana (Smith et al. 2011), substantiating the tropical cross-continental
connection and indicating a wide distribution of this undescribed, potentially tropical
ECM fungal lincage. By contrast, the low richness of the /boletus lineage and the presence
of /cenococcum and /laccaria lineages in the dry dipterocarp forest site are indicative of
temperate affinities (Tedersoo and Nara 2010; Tedersoo et al. 2010a).
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Fig. I Maximum likelibood phylogram of the Cenococcum geophilum complex. (=the /cenococcum
lineage; thick branch) as based on ITS sequences. Phylogenetic placcment of isolates from Thailand is
indicated in bold. Fast bootstrap support valucs >70 are shown above branches
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Watling and Lee (2007) suggested that there are probably around 60 undescribed
species of Russula and Lactarius in Thailand and Malaysia. A large proportion of our
sequences in the /russula-lactarius lincage displayed low similarity to publicly available
DNA sequences of the ITS region due to paucity of molecular studies on taxonomy and
soil ecology of tropical fungi (Tedersoo et al. 2011, but see Smith et al. 201 1). Therefore,
many additional taxa are expected to be found if sampling is extended both spatially and
temporally.

The /tomentella-thelephora lineage was the second most species-rich group in this study,
which corroborates previous findings in SE Asian rain forests dominated by Dipterocarp-
aceae and other tropical forests (Sirikantaramas et al, 2003; Peay et al. 2010; Tedersoo and
Nara 2010). Lee and Patahayah (2003) and Lee et al. (2002) isolated a Tomenrella spp. from
roots of Shorea parvifolia and observed growih promotion of tree seedlings when inoculated
onto the Dipterocarpaceae and Fabaceae hosts. Although Corner ( 1968) monographed the
Thelephoraceae family in SE Asia and recognized 30 species, further work on the taxonomy
of this important group is clearly required.

Members of the C. geophilum complex were among of the most frequent colonizers on
Dipterocarpaceae root tips in this study. Although previous molecular identification studies
reported no Cenococcum on root tips of Dipterocarpaceae (Sirikantaramas et al. 2003,
Yuwa-Amornpitak et al. 2006; Peay et al. 2010; Tedersoo et al. 201 [), its conspicuous
ECM morphotypes have been described in forest nurseries (Breatley et al. 2003). As
revealed from long branches in the phylogram (Rig. 1), genetic variation of the ITS region
is relatively high among isolates of the C. geophilum complex in this single forest site.
Sequences from Thailand tended to cluster into two poorly supported groups. Interestingly,
all Cenococcum sequences from Australia grouped together and all sequences from
Argentina and New Zealand formed another cluster, raising a hypothesis that Cenococcum

-—h —
L] n
o @

Number of species
o]
<

0 10 20 3¢ 40 50 60 70 80 90 100
Number of samples

Fig. 2 Rarefied specics accumulation curve (indicated with a {arge triangle) from ECM samples taken from

a dry deciduous dipterocarp forest in Thailand, its 95% confidence intervals (dotted line, smail triangles),

Chao2 (closed circle) and Jackknife2 (open circle} minimnum species richness estimates as based on specics
distribution of ECM fungi
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may have only recently arrived to these regions, Close phylogenetic relationships with
putative endophytes are suggestive of relatively recent evolution of this ECM lineage from
biotrophic rather than saprotrophic ancestors. Clearly, sequence analysis of additional
genes is required to address biogeographic patterns and evolutionary origin of the
C. geophilum complex (Douhan et al, 2007). The great frequency of Cenrococcum in our
study site can be explained by annual burning and high summer temperatures, because
Cenococcum is regarded as highly tolerant of heat (LoBuglio 1999; Buscardo et al. 2010).
In conclusion, the dry dipterocarp forest site has comparable ECM fungal richness with
other tropical rain forest sites, but the fungal community has some temperate affinities,
Spatial and temporal extension in sampling is necessary to further generalize about the
ECM fungal community ecology in these habitats. The geophilum complex, charac-
teristic of temperate ecosystems appears to be genetically highly diverse in SE Asia.
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