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Abstract A new species of whitish truffle, Tuber
thailandicum, is described based on collections from northern
Thailand. This species is characterized by whitish ascomata
with dark brown gleba and subglobose spores with an alveo-
late reticulum. Tuber thailandicum is similar to T. castilloi, but
differs in the thicker peridium and wider spores in one-spored
asci. Molecular analysis of the internal transcribed spacer re-
gion and large subunit of ribosomal DNA also supports that
T. thailandicum is clearly different from previously described
whitish truffle species. It grows in mycorrhizal association
with Betula alnoides, and the morphology and anatomy of
mycorrhizae are described. Moreover, the identification of
mycorrhizal status was confirmed by molecular methods.
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Introduction

Truffles (Tuber spp.) are edible fungi and belong to the order
Pezizales, family Tuberaceae. Generally, truffle species pro-
duce hypogeous ascocarps and are the most expensive fungi in

the world (Hall et al. 2007; Stobbe et al. 2012, 2013). Périgord
black truffle (T. melanosporum Vittad.), Italian white truffle
(T. magnatum Pico) and summer truffle (T. aestivum Vittad.)
are a highly prized food in European countries (Hall et al.
2007; Bonito et al. 2010a; Stobbe et al. 2013). Oregon whitish
truffles (T. gibbosum Harkn. and T. oregonense Trapp, Bonito
& P. Rawl.) are commercially harvested in North America
(Bonito et al. 2010b). Tuber indicum Cooke & Massee is
one of the renowned commercial black truffles in China
(García-Montero et al. 2010; Mortimer et al. 2012). Chinese
truffles have been exported to Australia, Europe, Japan and
America since the 1980s, and the popularity of truffles world-
wide has increased (Rey 2001; Hall et al. 2003;Mortimer et al.
2012). Truffles form ectomycorrhizal symbiosis on a wide
range of shrubs and trees including members of the families
Betulaceae, Cistaceae, Corylaceae, Fagaceae and Pinaceae
(Weden et al. 2004; Hall et al. 2007; Trappe et al. 2009; Bonito
et al. 2011). Currently, more than half of the harvested truffle
yield is produced in orchards (Hall et al. 2003). Traditional
identification of Tuber species is based on morphological
characteristics. There are 296 Tuber records in Index
Fungorum (http://www.indexfungorum.org/ Names/Names.
asp). This index might include many synonyms and
misidentifications; therefore, it is difficult to estimate
worldwide Tuber species diversity. Morphological variations
associated with environmental conditions and developmental
stage maymake this manner of identification difficult. Closely
related truffles are difficult to distinguish visually (Chen and
Liu 2007; Kinoshita et al. 2011). Although Kirk et al. (2008)
noted 86 Tuber species worldwide, this figure remains uncer-
tain because of the limitations regarding information from
Asia. Recently, molecular taxonomical analyses have provid-
ed powerful tools in the identification of Tuber species (Chen
and Liu 2007; Karkouri et al. 2007; Bonito et al. 2010a, b;
Kinoshita et al. 2011; Guevara et al. 2013).
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Truffles have been researched in Asia for many decades
(Trappe 1976; Liu 1985). Tuber indicum Cooke & Massee,
found in India, was the first Asian truffle to be discovered
(Cooke and Massee 1892). In the 1980s, four new Tuber spe-
cies were reported, T. liaotongenseWang, T. taiyuanense Liu,
T. tianshanense Tao and T. xizangense Xu from China (Liu
and Liu 1994; Tao 1988; Wang et al. 1998; Xu 1999; Chen
and Gong 2000) . Tuber huidongense Wang and
T. zhongdianense He, Hai, Li & Y. Wang were reported from
China in 2002 and 2004, respectively (Wang and He 2002; He
et al. 2004). In 2005, T. umbilicatum Chen & P.G. Liu and
T. furfuraceumHu&Y.I. Wang were reported fromChina and
Taiwan, respectively (Chen et al. 2005; Hu and Wang 2005).
Since 2010, more than ten known new species of Tuber were
reported from China (García-Montero et al. 2010; Fan et al.
2011a, 2011b, 2012a, 2012b, 2012c, 2013; 2014; Deng et al.
2013; Su et al. 2013; Li et al. 2014). In addition, Kinoshita
et al. (2011) reported that Tuber biodiversity in Asia is consid-
ered to be high and not well documented. However, no Tuber
species have been reported from Thailand. During an investi-
gation of ectomycorrhizal fungi associated with tree species in
northern Thailand, we found an interesting species of Tuber
under Betula alnoides Buch.-Ham. ex G. Don. (Betulaceae),
which has white ascomata. It resembled several known whitish
truffles, such as T. castilloi Guevara, Bonito & Trappe
(Guevara et al. 2013) and T. oregonense Trappe, Bonito & P.
Rawl. (Bonito et al. 2010b) fromNorth America, T. magnatum
and T. borchii Vittad. from Europe (Riousset et al. 2001) and
T. latisporum Juan Chen& P.G. Liu from China (Chen and Liu
2007). However, detailed morphological observation and phy-
logenetic analysis of internal transcribed spacer (ITS) and large
subunit (LSU) regions of ribosomal DNA revealed that it is a
new species, which we describe in this present paper. More-
over, the ectomycorrhizal association with B. alnoides was
confirmed and described by molecular techniques.

Material and methods

Sample collection

Ascomata of Tuber thailandicum were collected from Huay
Kok Ma village (18°40′30″N, 98°54′25″E, elevation 1240 m),
Doi Suthep-Pui National Park, Chiang Mai Province, Thailand
inMay 2014. Soil type in the field was sandy clay loam (52.5%
sand, 19.1 % silt and 28.4 % clay) with a pH of 4.5. Ascomata
were wrapped in aluminum foil or kept in plastic specimen
boxes until they were transported back to the laboratory, and
photographs were taken within 24 h. The specimens were dried
at 40–45 °C and deposited at the Research Laboratory for Ex-
cellence in Sustainable Development of Biological Resources,
Faculty of Science, Chiang Mai University, Thailand (SDBR-
CMU).

Morphological studies

Macromorphological data were derived from fresh specimens.
Color names and codes follow Kornerup and Wanscher
(1967). Themicromorphological data were derived from dried
specimens rehydrated in 95 % ethanol followed by distilled
water, 5 % potassium hydroxide (KOH) or Melzer’s reagent.
Size data of anatomical features are based on at least 50 mea-
surements of each structure under a light microscope (Olym-
pus CX51, Japan). For spore statistics, Q is the ratio of spore
length divided by spore width and Q is the average Q of all
specimens±standard deviation. For scanning electron micros-
copy (SEM), ascospores were scraped from the dried speci-
men onto double-sided tape, which was mounted directly on
an SEM stub, coated with gold, examined and photographed
with a JEOL JSM-5910 LV SEM (JEOL, Japan).

Molecular studies

Genomic DNA of dried specimens (1–10 mg) was extracted
using the fungal Genomic DNA Extraction Mini Kit
(FAVORGEN, Taiwan). The internal transcribed spacer
(ITS) region of ribosomal DNA (rDNA) was amplified by
PCR using ITS1F and ITS4 primers (White et al. 1990) under
the following thermal conditions: 95 °C for 2min, 30 cycles of
95 °C for 30 s, 50 °C for 30 s, 72 °C for 1 min, and 72 °C for
10 min on a GeneAmp 9700 thermal cycler (Applied
Biosystems, USA). In addition, the large subunit (LSU) region
of rDNA was also amplified with LROR and LRO5 primers
(Vilgalys and Hester 1990) under the following thermal con-
ditions: 94 °C for 2 min, 30 cycles of 95 °C for 30 s, 52 °C for
30 s, 72 °C for 1 min, and 72 °C for 10 min. Negative controls
lacking fungal DNAwere run for each experiment to check for
any contamination of the reagents. PCR products were
checked on 1 % agarose gels stained with ethidium bromide
under UV light and purified using NucleoSpin® Gel and PCR
Clean-up Kit (Macherey-Nagel, Germany). The purified PCR
products were directly sequenced. Sequencing reactions were
preformed and the sequences were automatically determined
in the genetic analyzer at the 1ST Base Company (Malaysia)
using the same PCR primers mentioned above. Sequences
were used to query GenBank via BLAST (http://blast.ddbj.
nig.ac.jp/top-e.html).

For the phylogenetic analysis, a multiple sequence align-
ment was carried out using the alignment subroutines in
Clustal X (Thompson et al. 1997), and the aligned ITS and
LSU sequences deposited at TreeBASE under the numbers
16701 and 16704, respectively. A phylogenetic tree was con-
structed using the PAUP beta 10 software version 4.0
(Swofford 2002). In maximum parsimony analysis, all char-
acters were equally weighted and gaps were treated as missing
data. Heuristic searches with 100 random-addition sequence
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replicates and tree-bisection reconnection branch swapping
were performed. Bootstrap analysis was conducted with 1,
000 replicates using the same settings as above (Felsenstein
1985). The parsimony tree scores, including tree length and
consistency, retention, rescaled consistency, and homoplasy
indices (CI, RI, RC, and HI), were calculated. Bayensian phy-
logenetic analyses were carried out using the Metropolis-
coupled Markov chain Monte Carlo (MCMCMC) method
with MrBayes v3.2 (Ronquist et al. 2012), under a GRT+I+
G model. Markov chains were run for 1,000,000 generations,
with six chains and random starting trees. The chains were
sampled every 100 generations. Among these, the first 2000
trees were discarded as the burn-in phase of each analysis and
the resulting trees were used to calculate Bayesian posterior
probabilities.

Characterization of Tuber thailandicum ectomycorrhizas

Morphological analysis

Ten ectomycorrhizal root samples were collected in the field
point where the ascocarps were found, and separated from soil
samples under the stereomicroscope (Olympus TL3, Japan).
Ectomycorrhizal morphotypes were characterized based on
anatomical and morphological characters following Agerer
(1986, 1991, 2006). For anatomical characterization, sections
of root tips mounted in 3 % KOH or 1 % Congo Red were
observed under a light microscope.

Molecular analysis

The ectomycorrhizal roots having the macro-morphological
characteristics of Tuber sp. were then analyzed molecularly
(Rauscher et al. 1996; Kovács and Jakucs 2006; Boutahir
et al. 2013). The ectomycorhizal roots were washed three
times with sterilized water. Genomic DNAwas extracted from
single mycorrhizal root tips as described by Paolocci et al.
(1999), using the Nucleospin Plant II kit (Macherey-Nagel,
Germany) according to the manufacturer’s protocols. The
ITS regions of the rDNA of the fungal symbiont were ampli-
fied by polymerase chain reaction with ITS1F and ITS4
primers following the thermal conditions described above.
PCR products were checked, purified and sequenced. For
phylogenetic analysis of the sequences, the same settings as
above were used.

For plant identification, the ITS regions of rDNA were
amplified from total genomic DNA extracted from
ectomycorrhizal colonized root using the primers ITS4
and ITSLeu (Baum et al. 1998) under the following ther-
mal conditions: 94 °C for 3 min, 35 cycles of 91 °C for
1 min, 55 °C for 2 min, 72 °C for 1 min, and 72 °C for
10 min. PCR products were checked, purified and

sequenced. Sequences were used to query GenBank via
BLAST.

Results

Taxonomy

Tuber thailandicum N. Suwannarach, J. Kumla & S.
Lumyong, sp. nov. Figure 1

MycoBank No.: MB811502
Diagnosis: Differs from T. castilloi due to its thicker perid-

ium and wider spores in one-spored asci.
Holotypus: Thailand, Chiang Mai Province, Muang

Distric, Doi Suthep-Pui National Park, Huay Kok Ma village,
18°40′30″N, 98°54′25″E, elevation 1240 m, in a tropical de-
ciduous forest, dominated byBetula alnoides andCastanopsis
spp., 20 May 2014, Nakarin Suwannarach and Jaturong
Kumla, SDBR-CMU-MTUF001 (holotypus), GenBank se-
quence KP196329.

Etymology: thailandicum referring to Thailand, where the
new species was found.

Ascomata hypogeous, globose to subglobose or irreg-
ularly lobed, 2−3.5 cm in diameter, white (2A1) to pale
yellow (4A3) when fresh, gradually becoming pale yel-
low (3A3) to brown (6D8) when dry (Fig. 1a, b). Odor
slightly aromatic when mature. Peridium surface minute-
ly verrucose, mostly 150−255 μm thick, composed of
two layers (Fig. 1c). Outer cortical layer 75−112.5 μm
thick, pseudoparenchymatous, composed of subglobose
to subangular, pale yellow or hyaline cells 6−20×4
−10.5 μm (Fig. 1d). The outer most cells giving rise
the hyphae-like hairs, the hairs 20−63.5 μm long, sep-
tate, tapered, usually acute at the apex (Fig. 1e). Inner
layer 70−170 μm thick, of intricately interwoven, hyaline
hyphae 2−5 μm in diameter, the walls thin to somewhat
thickened. Gleba solid, white when young, becoming
dark brown at maturity, marbled with distinct, white
and meandering veins. Asci globose to subglobose or
ellipsoid, hyaline, with thin or slightly thickened walls,
37.5−80×50−87.5 μm, sessile with a short stalk 3−4 μm
in diameter, one-spored to four-spored (Fig. 1f). Asco-
spores subglobose, sometimes globose or broadly ellip-
soid, hyaline when young, becoming yellowish brown to
brown at maturity, excluding their alveolate-recticulate
ornamentation, in one-spored asci 40−65×40−62 μm, in
two-spored asci 25−48×20−50 μm, in three-spored asci
22−33×20−29 μm, in four-spored asci 20−28×15
−25 μm, Q=1.00−1.28, Q=1.09±0.08, ornamented with
a regular alveolate reticulum, 3−5 μm high, constituted
of mostly hexagonal meshes 10−17.5×7.5−12.5 μm and
3−4 μm across the spore width (Fig. 1g, h).
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Ecology and Distribution: Hypogeous, solitary or in
groups in calcareous soils under B. alnoides, fruiting during
the rainy season. Known only from Thailand.

Other Material Examined: THAILAND: Huay Kok Ma
village, 20 May 2014, Nakarin Suwannarach (SDBR-CMU-
MTUF001, SDBR-CMU-MTUF002), 5 June 2014, Jaturong
Kumla and Santhiti Vadthanarat (SDBR-CMU-MTUF003).

Note: Tuber thailandicum resembles T. castilloi but
T. castilloi has a smaller ascomata size (1.1−2.5 cm in diam-
eter), thinner peridium (80−150 μm), and narrower spores in
one-spored asci (40−65×40−62 μm). Tuber thailandicum and
T. castilloi spores are subglobose to broadly ellipsoid, while
those of T. castilloi are mostly broadly ellipsoid (Guevara et al.

2013). Tuber castilloi forms mycorrhizal associations with
Quercus spp. in North America.

Phylogenetic analysis

The ITS sequences from ascomata of T. thailandicum SDBR-
CMU-MTUF001, SDBR-CMU-MTUF002 and SDBR-
CMU-MTUF003 were deposited at GenBank under accession
numbers KP196328, KP196329 and KP196330, respectively.
In addition, the LSU sequences of T. thailandicum SDBR-
CMU-MTUF001, SDBR-CMU-MTUF002 and SDBR-
CMU-MTUF003 were deposited under accession numbers
KP196333, KP196334 and KP196335, respectively. The

Fig. 1 Tuber thailandicum. (a)
and (b), Ascomata. (c). A cross
section of peridium. (d).
Pseudoparenchymatous tissue of
the outer layer of peridium. (e).
The hyhae-like hairs on the sur-
face of a peridium. (f) and (g).
Asci and ascospores as observed
under a compound microscope.
(h). Ascospore as observed with a
scanning electron microscope.
Scale bar a and b=1 cm, c=
50 μm, d and e=10 μm, f=
25 μm, a and h=10 μm
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Tuber sequences for phylogenetic analysis were obtained in
this study and from GenBank database (Table 1). Tuber
magnatum was used as the outgroup. The aligned dataset of
55 sequences of the ITS consisted of 773 characters, of which
221 characters were constant, 131 variable characters were
parsimony uninformative, and 431 characters were parsimony
informative. Heuristic searches resulted in 22 equally parsi-
monious trees with a length of 1779 steps, CI=0.567, RI=
0.816, RC=0.462 and HI=0.473. While the aligned data set
of 46 sequences of LSU consisted of 733 characters of which
421 characters were constant, 137 variable characters were
parsimony uninformative, and 175 characters were parsimony
informative. Heuristic searches resulted in ten equally parsi-
monious trees with a length of 546 steps, CI=0.703, RI=
0.861, RC=0.606 and HI=0.404. The phylogenetic dendro-
grams of ITS and LSU sequences are shown in Figs. 2 and 3.
Both phylograms indicated that T. thailandicum clearly dif-
fered from other whitish truffle species and formed a mono-
phyletic clade with a bootstrap support of 100%. Based on the
ITS analysis, the whitish truffles were separated into three
main clades. Tuber thailandicum stands within the Gibbosum
clade together with T. bellisporum, T. castellanoi, T. gibbosum
and T. pseudospaerosporum, and forms a sister taxon to
T. pseudospaerosporum with 98 % bootstrap support. The
Maculatum clade comprises ten whitish truffle species
(T. castilloi, T. foetidum, T. guevarai, T. lauryi, T. maculatum,
T. mexiusanum, T. miquihuanense, T. pseudomagnatum,
T. shearii and T. walkeri). The remaining clade includes 16
species, T. alboumbilicum, T. borchii, T. dryophilum,
T. latisporum, T. liui, T. liyuanum, T. microspaerosporum,
T. oligospermum, T. panzhihuanense, T. puberulum,
T. sinosphaerosporum, T. sinopuberulum, T. spherosporum,
T. sphaerospermum, T. vesicoperidium and T. zhongdianense.
From the LSU region analysis, the number of operational
taxonomic units used in phylogenetic analysis were fewer
than in the ITS analysis because of limited availability of
LSU sequence data in the database. Moreover, the ITS region
is a more precise marker for the identification and species-
level determination of Tuber than the LSU region (Chen and
Liu 2007; Bonito et al. 2010a). Therefore, this study used only
the ITS analysis to group the Tuber species corresponding to
Bonito et al. (2010a).

Characterization of Tuber thailandicum ectomycorrhizas

Two ITS sequences of the mycorrhizae were obtained. Phylo-
genetic analysis confirmed that the fungal symbiont of the
selected mycorrhizas was in the same clade as T. thailandicum
fruiting bodies (Fig. 2). These sequences were deposited at
GenBank under accession numbers KP196331 and
KP196332, respectively and both sequences had 100 % sim-
ilarity with T. thailandicum. Therefore, the fungal symbiont
was T. thailandicum. For plant identification, the ITS

sequence from ectomycorrhizal roots in field, containing
592 bp, was deposited in GenBank under accession number
KP713780 and closely resembled the ITS sequence
AY763114 and AY761101 from B. alnoides (Li and Shoup
2005), with a similarity of 99 % by BLAST. Therefore, the
mycorrhiza l root formed by the coloniza t ion of
T. thailandicum was B. alnoides.

The mycorrhizae are simple or monopodial-pinnate,
straight, cylindrical or sometimes club-shaped and always
with rounded ends, 2.0–5.0 mm in length and 0.3–0.6 mm
in diameter (Fig. 4a, b). Rhizomorphs were not observed.
The color varied with different developmental stages; white
when young then becoming pale grey, and dark grey when
older. Two kinds of peritrophic elements, emanating hyphae
and cystidia, were observed on T. thailandicum mycorrhizae.
The emanating hyphae are hyaline, 2.0–3.0 μm in diameter,
thin-walled, septate, ramified and tortuous (Fig. 4c). They
bear abundant crystals and generally grow from a network
on the surface of the mycorrhizae. The cystidia are hyaline,
needle-shaped, septate, smooth, straight or slightly bent, 40–
60 μm in length, 3.0–5.0 μm in diameter and have rounded
tips (Fig. 4d). The cystidia grow radially from the surface of
mantle and are arranged in a restricted area, often at the apex
of the mycorrhizae. Mycorrhizae with cystidia are very rare
and sometimes may lack these structures. The outer and inner
mantle layers formed a pseudoparenchymatous mantle
consisting of angular cells, 4.5–10.0 μm in diameter. The
mantle type of hypha was designated as L type after Agerer’s
(2006) categorization (Fig. 4e). A cross section of the mycor-
rhizal roots showed a 25–30 μm thick mantle arranged in four
to six cell layers, with the Hartig net only reaching the epider-
mal layer and apparently only the first row of the cortical cells
(Fig. 4f).

Discussion

The present study is the first report to describe a new whitish
truffle from Thailand and its ectomycorrhizal association. Tu-
ber thailandicum is characterized by its white ascomata and
subglobose spores with an alveolate reticulum; thus, it belongs
to the gibbosum group. The morphological characteristics
clearly separate the new species, T. thailandicum from other
whitish truffle. It has a two-layered peridium that easily sepa-
rated it from T. cistophilum, T. glabrum, T. gennadii,
T. lacunosum , T. macula tum , T. o l igospermum ,
T. panzhihuanense,T. sphaerospermum andT. vesicoperidium,
which have a one-layered peridium (Bulman et al. 2010;
Alvarado et al. 2012; Fan and Cao 2012c, 2014, Fan et al.
2014; Deng et al. 2013). The presence of hyphae-like hairs on
peridial surface of T. thailandicum distinguishes it from
T. alboumbilicum, T. bellisporum, T. castellanoi, T. gibbosum,
T. microspiculatum, T. miquihuanense, T. oregonense,
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Table 1 Details of the Tuber sequences used in this study

Taxon Voucher Location GenBank number

ITS LSU

T. alboumbilicum YAAS L2324 Sichuan, China KJ742702

T. bellisporum JT7270 Oregon, USA FJ809856 FJ809827

T. bellisporum JT6060 Oregon, USA FJ809828

T. borchii B-1481 Nagyegyháza, Hungary AJ557542

T. borchii ZB1529 Hungary JF261384

T. borchii CI.-38 Hungary AJ557541

T. borchii AH39139 Madrid, Spain JN392291

T. borchii GB32 Italy FJ809852

T. borchii GB14 Italy JQ925682

T. castellanoi JT19924 California, USA FJ809859 FJ809830

T. castellanoi JT28069 California, USA FJ809860 FJ809831

T. castellanoi JT4568 California, USA FJ809829

T. castelloi ITCV149 Mexico HM485403 JF419288

T. castelloi ITCV142 Mexico HM485404 JF419287

T. dryophilum Italy AF003917

T. dryophilum GB37 Italy JQ925688

T. dryophilum GB35 Italy JQ925687

T. dryophilum GB66 Italy FJ809800

T. foetidum ZB2452 Garé, Hungary AJ557543 JF261361

T. foetidum ZB2489 Szigetújfalu, Hungary AJ557544 JF261362

T. gibbosum JT30580 Oregon, USA FJ809868

T. gibbosum JT29402 Oregon, USA FJ809870

T. gibbosum JT6555 California, USA FJ809833

T. gibbosum JT27987 Oregon, USA FJ809834

T. gibbosum AFTOL-ID1344 Oregon, USA FJ176877

T. guevarai ITCV180 Mexico HM485405

T. guevarai 4B Mexico JF419251

T. latisporum HKAS44315 Yunnan, China DQ898183

T. latisporum HKAS30838B Yunnan, China DQ898185

T. lauryi JT19425 Oregon, USA HM485365 JF419314

T. lauryi JT5880 Oregon, USA JF419279

T. liui HKAS48269 Xizang, China DQ898182

T. liyuanum FAN162 Yunnan, China JQ771191

T. liyuanum FAN187 Yunnan, China JQ771193

T. maculatum FHS-399 Serbia FM205644

T. maculatum ZB2656 Hungary JF261366

T. maculatum TL5974 Denmark AJ969627

T. magnatum GB13 Italy JQ925646

T. magnatum T100_mag Italy GU979030

T. magnatum JT19369 Unknown FJ809847

T. magnatum JT19460 Emilia-Romagna, Italy FJ809848

T. mexiusanum ITCV181 Mexico HM485411

T. mexiusanum ITCV3785 Mexico JF419294

T. mexiusanum GB391 USA JF419295

T. microsphaerosporum BJTC FAN152 China KF805726

T. miquihuanense ITCV885 Mexico HM485414 JF419292

T. miquihuanense ITCV4026 Mexico JF419290
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T. pseudomagna tum , T. pseudosphaerosporum ,
T. sinoalbidum and T. sinopuberulum (Guevara et al. 2013).
Moreover, the spore shape of T. thailandicum differs from the
broadly ellipsoidal, ellipsoid and long-ellipsoid spores of
T. bellisporum, T. borchii, T. dryophilum, T. foetidum,
T. gibbosum, T. glabrum, T. latisporum, T. liui, T. liyuanum,
T. maculatum, T. oregonense, T. pseudomagnatum,
T. rapaeodorum, T. sinoalbidum and T. zhongdianense (Xu
1999; He et al. 2004; Chen and Liu, 2007; Bonito et al.
2010a; Bulman et al. 2010; Fan and Cao 2012b; Fan et al.
2014). Tuber microsphaerosporum and T. sinosphaerosporum

are distinguished from T. thailandicum by their reticulated
globose spores (Fan and Yue 2013; Fan et al. 2012a). Tuber
shearii has spores similar to T. thailandicum, but can be easily
differentiated by its smaller reticulum size (9−10×5−6 μm)
(Murill 1920). Tuber thailandicum shares some morphologi-
cal characteristics with five North American truffles,
T. castilloi, T. guevaria, T. lauryi, T. mexiusanum and
T. walkeri, including a two-layered peridium with hyphae-
like hair on its surface and subglobose, sometime globose or
broadly ellipsoid reticulated spores (Table 2). However, the
peridial thickness in T. thailandicum (150−225 μm) was

Table 1 (continued)

Taxon Voucher Location GenBank number

ITS LSU

T. oregonense JT15112 Oregon, USA FJ809881

T. oregonense JT28263 Oregon, USA FJ809882

T. oregonense JT27945 Oregon, USA FJ809836

T. oregonense JT8767 Oregon, USA FJ809837

T. oligospermum AH37867 Italy JN392259 JN392322

T. oligospermum AH39338 France JN392266 JN392319

T. oligospermum AH39281 Spain JN392315

T. panzhihuanense HKAS72015 Sichuan, China JQ978648

T. pseudomaganatum BJTC FAN163 Yunnan, China JQ771192

T.pseudosphaerosporum BJTC FAN260 Yunnan, China KF744062

T.pseudosphaerosporum BJTC FAN250 Yunnan, China KF744063

T. puberulum FHS-389 Serbia FM205642

T. puberulum TL3857 Denmark AJ969625

T. puberulum TL11885 Denmark AJ969626

T. shaerospermum AH39197 Cáceres, Spain JN392242 JN392307

T. shaerospermum AH37798 Temara, Morocco JN392245 JN392304

T. shaerosporum OSC75864 Oregon, USA HM485390

T. shaerosporum JT19772 Oregon, USA FJ809854

T. shearii OSC51052 North Carolina, USA HM485389 JF419280

T. sinopuberulum BJTC FAN157 Yunnan, China JQ690073 JQ690070

T. sinosphaerosporum BJTC FAN135 Yunnan, China JX092086

T. sinosphaerosporum BJTC FAN136 Yunnan, China JX092087

T. thailandicum SDBR-CMU-MTUF001 Chiang Mai, Thailand KP196328 KP196333

T. thailandicum SDBR-CMU-MTUF002 Chiang Mai, Thailand KP196329 KP196334

T. thailandicum SDBR-CMU-MTUF003 Chiang Mai, Thailand KP196330 KP196335

T. thailandicum CMU-MYMTUF01 Chiang Mai, Thailand KP196331

T. thailandicum CMU-MYMTUF02 Chiang Mai, Thailand KP196332

T. walkeri RH569 USA JF419261

T. walkeri RH754 USA JF419265

T. walkeri RH794 USA JF419307

T. walkeri RH521 USA JF419308

T. vesicoperidium BJTC FAN155 Yunnan, China JQ690071 JQ690068

T. vesicoperidium BJTC FAN156 Yunnan, China JQ690072 JQ690069

T. zhongdianense HKAS45388B Yunnan, China DQ898186
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different from T. castilloi (80−150 μm) and T. lauryi (300
−1000 μm) (Guevara et al. 2013). The smaller ascomata size
and 1−5 spores in asci of T. guevaria, T. mexiusanum and
T. walkeri distinguished them from the new species reported
here (Guevara et al. 2013). Interestingly, our ITS and LSU

sequence analyses clearly separate T. thailandicum from the
other whitish truffles. Based on the ITS sequence analysis,
Tu b e r t h a i l a n d i c um f o rm s a s i s t e r t a x o n t o
T. pseudosphaerosporum known from southwestern China
with 87 % similarity, while T. pseudosphaerosporum has

Fig. 2 One of 22 maximum parsimonious trees inferred from a heuristic
search of the ITS region of rDNA of 55 sequences. Tuber magnatumwas
used as the outgroup. Numbers above branches identify the bootstrap
statistics percentages (left) and Bayesian posterior probabilities (right).

Branches with bootstrap values≥50 % are shown at each branch and
the bar represents ten shown substitutions per nucleotide position. The
sequences from this study are in bold. a Sequence from ascomata and b

Sequence from mycorrhizae
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thicker outer peridium (150−250 μm) and regularly recticuted
globose spores (Fan and Yue 2013). Therefore, the combina-
tion of morhphological and molecular characteristics strongly
supported a new whitish truffle, T. thailandicum from
Thailand.

Truffles grow in symbiosis with several trees such as beech
(Fagus spp.), birch (Butula spp.), hazel (Corylus spp.), oaks
(Quercus spp.), pine (Pinus spp.) and spruce (Picea spp.)
(Weden et al. 2004; Hall 2007; Trappe et al. 2009; Bonito
et al. 2011; Stobbe et al. 2012). The ectomycorrhzae of

Fig. 3 One of ten maximum parsimonious trees inferred from a heuristic
search of the LSU region of rDNA of 46 sequences. Tuber magnatumwas
used as the outgroup. Number above branches identify the bootstrap
statistics percentages (left) and Bayesian posterior probabilities (right).

Branches with bootstrap values≥50 % are shown at each branch and
the bar represents ten shown substitutions per nucleotide position. The
sequences from this study are in bold
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Fig. 4 Morphological and
anatomical traits of
T. thailandicummycorrhizae with
Betula alnoides. a and b.
Ectomycorrhizal root tips. c.
Emanating hyphae with crystals.
d. Cystidia. e. The angular cell of
the outer mantle layer. f. Cross
section of mycorrhizal root tips
showing mantle sheath (M) and
Hartig net (arrowed). Scale bars:
a and b=1 mm, c=20 μm, d and
e=10 μm, f=25 μm

Table 2 Morphological characters of Tuber castilloi, T. guevaria, T. lauryi, T. mexiusanum, T. thailandicum and T. walkeri

Fugal taxa Ascomata
(cm in
diameter)

Peridium Hair-like
structure

Gleba Number of
spore in asci

Ascospore

Color/ surface Thickness
(μm)

Shape Size without
reticulation
(μm)

T. castilloia 0.1−2.5 Cream/ verrucose 80−150 Present Light brown 1−4 Subglobose to
broadly ellipsoid
(mostly broadly
ellipsoid)

27−63×0−40

T. guevaraia 1.5 Cream to light
brown/ finely
verrucose

160−220 Present Brown to
dark
brown

1−5 Subglobose to
broadly ellipsoid

18−55×16−42

T. lauryia 0.6−1.0 Light brown/ smooth
to finely verrucose

300
−1000

Present Brown 1−5 Subglobose to
broadly ellipsoid

22−50×20−41

T. maxiusanuma 1.1−1.4 Cream to light
brown/ verrucose

130−350 Present Brown 1−5 Subglobose to
broadly ellipsoid

15−50×12−36

T.thailandicum-
b

2.0−3.5 White to
brown/ verrucose

150−255 Present Dark brown 1−4 Subglobose to
broadly ellipsoid
(mostly subglobose)

20−65×15−62

T. walkeria 0.9−1.2 Ocher brown/ smooth
to finely verrucose

150−600 Present Dark brown 1−5 Globose to
broadly ellipsoid

18−53×15−45

aGuevara et al. (2013)
b Present study
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whitish truffle generally have a pseudoparenchymatous-
epidermoid mantle (M type) and needle-shaped cystidia, as
have also been detected in T. borchii (Rauscher et al. 1996;
Benucci et al. 2012; Lancellotti et al. 2014), T. maculatum
(Zambonelli et al. 1999), T. oligospermum (Boutahir et al.
2013), T. puberulum (Blaschke 1987), T. rapaeodorum
(Kovács and Jakucs 2006) mycorrhizae. The shape and size
of cystidia and the anatomy of mantle are characteristics used
to identify the mycorrhizae of the most economically impor-
tant Tuber species (Kovács and Jakucs 2006; García-Montero
et al. 2008; Benucci et al. 2012). In this study, the pseudopar-
enchymatous, angular outer mantle layer (L type) of
T. thailandicum mycorrhizae was a important characteristic
in distinguishing it from other whitish truffle mycorrhizae.
However, previous studies reported that the comparison of
younger and older parts of the same mycorrhizal specimen
showed variable feature overlap. Variable mantle patterns in
the ectomycorrhizae of T. borchii were observed and these
phenomena were explained as intraspecific and age-related
variabilities of the strains (Giomaro et al. 2000). Those obser-
vations suggested that the anatomical characteristics of my-
corrhizas are not sufficient for identification of the fungal
symbiont species (Kovács and Jakucs 2006; Boutahir et al.
2013). Conversely, the molecular analyses have provided
powerful tools to identify the genetic differences between fun-
gal symbiont species. Therefore, combining molecular and
anatomical approaches is suitable to identify ectomycorrhizae
of truffle (Baciarelli-Falini et al. 2006; Kovács and Jakucs
2006; Rubini et al. 2001; Boutahir et al. 2013). In conclusion,
our study presents a new whitish truffle, T. thailandicum from
Thailand. This discovery is important to stimulate the investi-
gations of Tuber in Thailand, and will help us understand
more on the distribution and ecology of Tuber in Asia.
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