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ABSTRACT We identified both the fungi and plants of ectomycorrhizal root tips of Dipterocarpaceae using the sequence of
mitochondrial large (ML) subunit ribosomal DNA, internal transcribed spacer (ITS) sequence of nuclear ribosomal DNA, partial matK
sequence of chloroplast DNA and trnL-trnF spacer sequence of chloroplast DNA. We compared the DNA sequences from ectomycorrhizal
roots with the sequences from the available databases using phylogenetic analysis. The ectomycorrhizal fungi identified by ML and/or ITS
sequences belonged to the following seven families: Russulaceae, Boletaceae, Cortinariaceae, Thelephoraceae, Hygrophoraceae,
Sclerodermataceae, Cantharellaceae and Amanitaceae. The Dipterocarpaceae species identified by partial matK and/or truL-trunF sequences
belonged to the following genera: Dryobalanops, Hopea, Vatica, Cotylelobium, Anisoptera, Upuna, Dipterocarpus and Shorea. Members of
Thelephoraceae, which have never been reported to form symbiotic roots with Dipterocarpaceae, appeared to be the most abundant and were
usually associated with Shorea species. Analyses of other Dipterocarpaceae species are needed to confirm these results.
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INTRODUCTION

Plants of the Dipterocarpaceae family are distributed in the tropics and predominantly in the rain forests of South East Asia.
Dipterocarpaceae consists of three subfamilies: Dipterocarpoideae in Asia, Monotoideae in Africa and South Africa, and
Pakaraimoideae in South America. The number of genera and species of Asian dipterocarps is much greater than in the
African and South American subfamilies. There are approximately 470 species in 13 genera in Dipterocarpoideae (Ashton,
1982). Many of these species are major sources of timber, comprising about 80% of the timber exports in South East Asia
(Ashton et al., 1988).

Dipterocarpaceae are believed to often form symbiotic roots with ectomycorrhizal (EM) fungi (Smits, 1992). Now, the
important role of EM fungi in soil ecology is widely accepted (Dahlberg, 2001). This kind of symbiosis involving nutrient
exchange between fungi and trees is important not only for normal tree growth, but also for the survival of seedlings (Smits,
1994). EM roots are very easy to observe because of their distinctive characteristics. They usually maintain juvenile roots,
have very few, or no, root hair, and they tend to be short and thick with various colors such as brown, black, white or yellow.
Within the root, the fungus forms a complex branching structure, known as the Hartig net, which mediates nutrient transfer
between fungus and plant (Smits, 1994).

Although the relationship between dipterocarps and EM fungi has been reported as early as the 1920s (Smits, 1992), the
EM fungal community in this group of plants has not been thoroughly examined. Some studies identified the dominant EM
fungi using fruiting body or root morphotype-based identification (Beaker, 1983; Lee, 1992; Watling, 1995). Most
observations suggest that the symbiotic fungi of dipterocarps belong to Basidiomycota (Lee, 1998). However, observations
based solely on fruiting bodies may not be sufficient when studying ectomycorrhizal communities, which are composed of
extremely diverse array of species. Moreover, different species are known to form similar morphological characteristics on
an EM root (Jonsson ef al., 1999). The results of recent studies on the EM fungal community of pines showed that there is a
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low correspondence between fungi that appear to be the most abundant as sporocarps and those that appear to be the most
abundant on roots (Gardes & Bruns, 1996a; Yamada & Katsuya, 2001). Typically, the species that are abundant below-ground
will seldom produce fruiting bodies, conversely the species that commonly form fruiting bodies may not be well represented
below-ground (Dahlberg, 2001). Therefore, fruiting body observation alone is insufficient for assessing the EM fungal
communities.

Molecular identification has been recently applied to characterize EM community structure (Buscot et al., 2000; Horton
& Bruns, 2001). In this study, we collected and identified the dipterocarp EM roots for both dipterocarps and EM fungi using
phylogenetic analysis. Our EM fungi identification was based on the ML region of the mitochondrial genome and the internal
transcribed spacer (ITS) region of nuclear genome while Dipterocarpaceae identification was based on the matK and the
trnL-trnF spacer region of the chloroplast genome. The objective of this study was to assess the presence and abundance of
EM fungi associated with Dipterocarpaceae species in Malaysia.

MATERIALS AND METHODS

Study sites

EM root samples were collected in Malaysia from the following five locations: Lambir National Park, Sarawak; Engkabang,
Sarawak; Semengoh, Sarawak; Kubah National Park, Sarawak; and Dipterocarp Arboretum, Forest Research Institute
Malaysia (FRIM), Kuala Lumpur (Table 1).

Table 1. List of sampling sites, number of root samples and DNA region used to identify
Dipterocarpaceae and EM fungi.

No. of

. No. of . . e Sample
Location samples DNA region lsiirlllt)llgzd designation
Lambir National Park, 25 trnL-trnF, matK, ML, ITS 20 L1-L20
Sarawak 1998
Engkabang,
Sarawak 2001 18 trL-trnF, ML 9 E1-E9
Semengoh,
Sarawak 2001 15 trnL-trnF, ML 9 S1-89
Kubah National Park,
Sarawak 2001 28 trnL-trnF, ML 26 K1-K26
Dipterocarp Arboretum, 4, trnL-trnF, ML 24 F1-F24

FRIM, Kuala Lumpur 2001

Sampling

The roots from different species of Dipterocarpaceae were randomly sampled to investigate the diversity of associated EM
fungi. EM roots were taken from soil not more than 60 cm away from the trees. We collected one or several root sample(s)
from different places around each tree. The species of the trees growing close to the root sampling site were also identified
and recorded. We collected 116 root samples in total. The roots were cleaned and examined under a dissecting microscope to
confirm the presence of typical structures of the EM roots. The EM roots were kept in 100% ethanol at 4°C until further
analysis. In addition, we collected fruiting bodies of the following five fungi: Scleroderma sinnamariense, Scleroderma
columnare, Amanita fritillaria, Russula alboareolata and Russula sect. llicinae.

DNA extraction

DNA was extracted from the root samples and from fruiting bodies with the CTAB method (Doyle & Doyle, 1987) with
minor modifications. Samples were ground to a powder in liquid nitrogen and incubated in 2xCTAB buffer for 2 hours. After
chloroform-isoamyl alcohol extraction and RNAse digestion, DNA was precipitated overnight with isopropanol.
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PCR and direct DNA sequencing

PCR amplification was performed using plant and fungi specific primers. For the identification of Dipterocarpaceae, the matK
and trnL-trnF regions were amplified using universal primers, matK-AF/matK-8R (Qoi et al., 1995), and trn-e/trn-f (Taberlet
et al., 1991), respectively. For the identification of mycorrhizal fungi, the ITS and ML regions were amplified using ITS-
1f/ITS-4b primers (Gardes & Bruns, 1993) and ML-5/ML-6 primers (White ef al., 1990), respectively. Amplified products
were purified with GeneCleanlIl (Bio 101, La Jolla, CA) following the manufacturer’s protocol. DNA sequences were
determined by cycle sequencing of double stranded products using ABI PRISM Dye Terminator Cycle Sequencing Ready
Reaction Kit following the supplier's instruction with an Applied Biosystems 3100 sequencer. The sequencing primers for
irnL-trnF spacer region, ITS region and ML region were the same as those used as PCR primers. For the matK region,
which is about 1.5 kb in length, the partial matK region, about 800 bp in length, was obtained using a pair of 8R and 1125R
primers (Kajita ef al., 1998).

Cloning of PCR product

For some samples, the 3° PCR primer of matK region did not produce good results in sequencing. Therefore, purified PCR
products were ligated to pGEM-T vector (Promega) following the manufacturer’s instructions and the resultant plasmids
were transformed into Escherichia coli (XL1-Blue, Stratagene) following standard protocols (Sambrook ef al., 1989). After the
resultant plasmids were amplified in XL1-Blue and purified (Sambrook et al., 1989), the inserted sequences were determined
using both the T7 and SP6 primers.

Phylogenetic analyses

Sequences obtained from both ectomycorrhizal roots and identified fruiting bodies were edited and assembled using
Sequence Navigator software for Macintosh. Phylogenetic trees were constructed based on each DNA region listed in Table
1. The sequences from each region were added into the following databases: 23 sequences of matK sequence database
(Kajita et al., 1998), 52 sequences of truL-trnF spacer sequence database (Kamiya et al., 1998), 130 sequences of ITS
sequence database (available at NCBI) and 175 sequences of ML sequence database (by Tom Horton, available at
http://plantbio.berkeley.edu/~bruns/). Alignments were performed using Clustal X program (Thompson et al., 1997).
Phylogenetic trees were constructed using the neighbor-joining method (Saitou & Nei, 1987) of the Clustal X program
(Thompson et al., 1997). The bootstrap analysis was performed based on 1000 replications.

RESULTS
Phylogenetic analyses

The sequences of 22 samples were not determined because the ML-5/ML-6 did not yield good results. Thus, these samples
were excluded from further analysis. The sequences of the trnL-trnF IGS region of chloroplast DNA and ML5-ML6 region of
mitochondrial large subunit rDNA gene in 94 out of 116 EM root samples collected in the vicinity of more than 50 trees were
successfully determined. In addition, the samples collected in Lambir were also analyzed based on partial sequences of matK
region of chloroplast DNA and ITS region of nuclear small subunit rDNA gene (Table 1). When using trn-e/trn-f and ML-
5/ML-6 primers, PCR products could be easily amplified and their sequence determined by direct sequencing. The
sequences of identified fruiting bodies of five Basidiomycetes fungi were also determined. Phylogenetic trees were
constructed to identify unknown samples based on the trnL-trnF spacer region for all samples, the matK region and
combined matK/trnL-trnF for the samples from Lambir, the ML-5/ML-6 region for all samples and ITS region for the
samples from Lambir (Table 1). The neighbor-joining tree based on the trnL-trnF spacer region had low bootstrap support
(data not shown). On the other hand, higher bootstrap values were obtained for the tree based on matK sequences and
combined matK/trnL-trnF sequences from Lambir (data not shown). The neighbor-joining trees based on ML sequences had
somewhat better bootstrap support for the cluster containing unknown root samples. We could not determine ITS sequence
for one sample (L4) from Lambir. The ITS sequences were difficult to align among fungi families. Therefore, individual
alignments were made separately for each family and used for tree construction. We could construct trees based on ITS
region of Thelephoraceae, Amanitaceae and Cortinariaceae. On the other hand, Russulaceae and the other families could not
be analyzed because of a lack of available sequences in the database. The trees based on the ITS sequence had strong
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bootstrap support (data not shown).

The placement of identified fruiting bodies and unknown root samples

Analyses based on trnF-trnl and matK sequences

On a phylogenetic tree based on trnl-trnF spacer regions, six of the unknown root samples were clearly separated from the
group containing dipterocarps (data not shown). These sequences were submitted to the BLAST search. The search result
confirmed that they do not belong to Dipterocarpaceae (data not shown). Therefore, these six samples were excluded from
further analysis leaving 88 unknown samples.

The placement of the unknown samples from Lambir on the phylogenetic trees based on truL-frnF spacer and partial
matK region was the same (data not shown). The identities of root samples determined using the frnl-truF spacer sequence
were subsequently compared with the field identification of trees growing close to the root sampling site. In most cases, the
identity established based on the trnL-trnF spacer sequence agreed with the field data. The identified dipterocarps belonged
to the following genera: Dryobalanops, Hopea, Vatica, Cotylelobium, Anisoptera, Upuna, Dipterocarpus and Shorea. Most
samples (60 out of 88) belonged to the Shorea genus.

Analyses based on ML and ITS sequences

The placement of unknown
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DISCUSSION

The aim of this study was to determine the most abundant EM fungi species associated with Dipterocarpaceae. Many
aspects of the EM fungi communities are still unknown including the number and abundance of species in the EM
communities and the factors that affect the communities (Horton & Bruns, 2001). In this study, to obtain a general picture of
the EM community structure in dipterocarp forests, root samples from a large number of different tree species growing at
several distant locations were collected. Because one or only a few root samples from each tree were collected, the results
can underestimate the number of EM fungal species associated with dipterocarps. However, identification of the most
common EM fungi, which can be often found in dipterocarp forests, was not negatively affected by the sampling method.

Recently, molecular identification has been widely applied to study below-ground community structure. By comparing
the restriction fragment length polymorphisms (RFLP) patterns or DNA sequences with the database constructed from
identified samples, the identification can be done easily with high reliability (Bidartondo et al., 2000; Bruns ef al., 1998;
Gardes & Bruns, 1993; Gardes & Bruns, 1996b; Horton & Bruns, 1998; Landeweert et al., 2003; Linder et al., 2000). The
PCR-RFLP method is more often used because of its low cost, but when the RFLP patterns that are not included in the
database are obtained, the comparison and identification cannot be done. Those samples are usually subsequently examined
using phylogenetic analysis. Identification using phylogenetic analysis has been successful in many studies and samples can
be identified to the family, genus or species level depending on the DNA region used (Bruns et al., 1998; Horton & Bruns,
1998). Therefore, the identification using phylogenetic analysis was employed for this study.

Good DNA sequences of ML region from 22 samples were not obtained. Contamination by other soil fungi or bacteria
that were homologous to the primers could be one possible cause. It is also possible that those unknown root samples
contained more than one species of EM fungi whose morphology was almost the same making it difficult to distinguish them
under the microscope. However, Dipterocarpaceae and EM fungi in a total of 88 EM root samples were successfully
identified. The trnL-trnF and matK regions were used to construct phylogenetic trees for dipterocarps identification. These
two regions evolve more rapidly than other regions in the chloroplast genome and are often used to study phylogenetic
relationships (Kajita ef al., 1998; Wang et al., 1999). The matK region provided better resolution at the species level because
of its large size and synonymous sites, which have evolved about 1.8 times faster than the spacer region. However, we used
the trul-trnF spacer region to analyze all samples because it is more easily sequenced. The tree obtained based on the
chloroplast DNA sequences had weak bootstrap support. However, our purpose was not to reconstruct dipterocarps
phylogeny but to confirm whether the root belonged to a member of the Dipterocarpaceae. We, therefore, believe that
identification based on the truL-trnF IGS region is sufficient for this purpose. The placement of unknown samples on the
tree based on combined partial matK/trnL-trnF sequences was similar to that on the tree based on only the frnL-trnF spacer
region. This further supports our identification of dipterocarps. In addition, in most cases the identity of root samples
inferred from the DNA sequence information agreed with the identity of trees growing close to the sampling site.

For the EM fungi, all samples were identified based on the ML region because of the large number of sequences in each
family available in the database. The number of available DNA sequences of the ITS region for some families is small making
phylogenetic analysis difficult. Unlike ITS region, which can identify individual species, the ML region can identify only
individual families or genera. However, the ML5-ML6 region is advantageous because: it is small, easy to align and fungal-
specific primers to amplify it are available (Bruns ef al., 1998). Fungi identification was confirmed by the congruence of the
phylogenetic trees based on the ML region and the ITS region of samples taken from Lambir and the high bootstrap support
for the branches on which the unknown samples were placed. In addition, the placement of morphologically identified fruiting
bodies was correct when the identification was based on only the ML region. None of the samples were grouped with the
non-mycorrhizal fungi. Biased selection of taxa in both Dipterocarpaceae and EM fungi could be a problem if the main
purpose is to study phylogenetic relationships (Bruns ef al., 1998). However, it should not affect the identification process.

The results showed that Thelephoraceae is one of the most common and abundant fungi families associated with
Dipterocarpaceae. However, previous studies based on the abundance of fruiting bodies and root morphology suggested that
species of Russulaceae, Amanitaceae and Boletaceae are the most common EM fungi of Dipterocarpaceae (Lee, 1998).
Thelephoraceae family has never been reported to form ectomycorrhizas with Dipterocarpaceae. On the other hand,
members of Thelephoraceae have been reported as one of the most abundant EM fungi in boreal forest ecosystems (Horton
& Bruns, 2001). The low correspondence between the EM fungi present above- and under-ground has often been observed
in the other studies on ectomycorrhizal communities (Gardes & Bruns, 1996b; Horton & Bruns, 2001). Furthermore, root
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morphology alone is not a good identification method because different species of fungi can have the same morphology.
Recently, EM roots of dipterocarp species were cultured iz vitro. The obtained fungus was identified as the member of
Thelephoraceae (Lee, S.S. personal communication). In addition, results of studies on Dipterocarpaceae in Thailand based on
molecular identification also suggest that members of Thelephoraceae are one of the most abundant EM fungi
(Vichitsoonthonkul, T. personal communication). Therefore, we believe that members of Thelephoraceae are indeed among
the most common EM fungi in Dipterocarpaceae.

Recently, research on EM communities has been advanced, especially in pine forests (Gardes & Bruns, 1996b: Horton
& Bruns, 1998; Yamada & Katsuya, 2001). However, EM community structure in dipterocarp forests has been little studied.
This study is the first attempt using molecular techniques to investigate the EM fungi associated with Dipterocarpaceae.
Most of the samples identified in this study belonged to Shorea genus, which is the most abundant genus in Malaysia. Studies
on other genera, such as Dipterocarpus, Dryobalanops, Hopea, etc., are still needed to complete the EM fungal investigation
on Dipterocarpaceae. Most of the studies suggested that EM fungi can associate with the multiple hosts (Horton & Bruns,
1998). Therefore, further investigations will focus on the host specificity of the EM fungi.

For rehabilitation and reforestation purposes, it is necessary to identify EM fungi at the species level. Unfortunately the
available ITS database is too small for this purpose and it does not contain sequences of Thelephoraceae species found in
dipterocarp forests. In fact, most of the fungal ITS sequences in the database were obtained from sporocarps found in pine
forests. Thelephoroid sporocarps taken from Dipterocarpaceae forests are needed to construct a better database for the
identification of EM fungi associated with Dipterocarpaceae.

In conclusion, we believe that the members of Thelephoraceae could be some of the most abundant EM fungi associated
with Dipterocarpaceae. However, the database containing only limited number of sequences for fungi occurring in
dipterocarp forest is still one problem that makes identification at the species level difficult. In addition, in order to cover all
genera in Dipterocarpaceae, additional samples from Hopea, Vatica, Dipterocarpus, Neobalanops, Dryobalanocarpus etc. must
be analyzed.
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