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A b s tra c t
The truffle genus Tuber (Ascomycota, Pezizales, Tuberaceae) produces
underground mushrooms widely sought as edible fungi. Tuber species are distributed
throughout Northern hemisphere forests and form obligate ectomycorrhizal
symbiosis with trees within the Pinaceae, Fagaceae, Betulaceae, and Juglandaceae.
The transition to a truffle form (from an epigeous form) has occurred
independently, multiple times in both the Ascomycetes and Basidiomycetes. One
instance has given rise to the Tuberaceae, which is composed entirely of obligate
ectomycorrhizal species. Attempts to cultivate European truffle species T.
melanosporum, T. aestivum, and T. borchii are underway in North America and other
parts of the world and have been met with mixed success.
The overarching goal of my dissertation is to address the systematics, ecology,
and biogeography of Tuber within a phylogenetic framework. Multiple loci were
sequenced from Tuber ascoma collected worldwide including ectomycorrhizae, though an
emphasis was placed on sampling taxon within North American. Maximum likelihood,
maximum parsimony, and Bayesian inference were used for phylogenetic
reconstructions.
A taxonomic and phylogenetic overview of the family Tuberaceae is presented in
Chapter 1. Tuber is resolved as monophyletic. In Chapter 2, through greater taxon
sampling including epigeous and hypogeous Helvellaceae outgroups and related South
American taxa, a resolved multi-gene phylogeny of the Tuberaceae and putative
epigeous ancestor of Tuber is presented. A previously unknown South American lineage
that contains both epigeous and hypogeous taxa is resolved as sister to the Tuberaceae.
Chapter 3 is focused on issues of cryptic speciation and taxonomy within the Tuber
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gibbosum clade. The four species resolved in the Gibbosum clade appear to be endemic
to the Pacific Northwest and associated primarily with Gymnosperms. Chapter 4 is a
meta-analysis of all known Tuber ITS rDNA sequences (e.g. from Genbank and generated
from herbarium collections) available at the time. These were placed within the Tuber
phylogeny to assess species diversity, long-distance dispersal, and host associations. In
total, 120 phylotypes were detected (based on a 96% similarity criterion). Tuber shows
high levels of continental endemism. I hypothesize that species shared between
continents and having low ITS variability (<1%) are the results of recent humanmediated introduction. Chapters 5 and 6 are focused on the ectomycorrhizal ecology of
the economic truffle T. lyonii, which is native to Eastern and Southern North America.
There is a phenomenon of Tuber lyonii fruiting in pecan orchards. Pecans (Carya
illinoinensis) are in the Juglandaceae, an understudied ectomycorrhizal plant family. I
sampled the ectomycorrhizal communities of pecan orchards (associated with the
production of the North American truffle species Tuber lyonii). In Chapter 5 I discuss
four Tuber taxa discovered in these pecan orchards, their abundance and haplotype
diversity. Chapter 6 examines the ectomycorrhizal communities across the five pecan
orchards sampled. I show that multiple Tuber species, including Tuber lyonii, are
dominant in the ectomycorrhizal community. Chapters 7 and 8 focus on black truffles in
the Melanosporum clade. In Chapter 7 I document that Tuber indicum has been
introduced into North America multiple times, and through ectomycorrhizal synthesis I
demonstrate that this Asian species can associate readily with angiosperm and
gymnosperm hosts endemic to North American. In Chapter 8 I describe a quick and
reliable method for the determination of Tuber melanosporum. The method is based on
direct PCR and species-specific primers and is very useful for rapid diagnostics. I have
adapted this approach for other truffle and mushroom species. Three major findings
v

emerge from my dissertation research: 1) Tuber is more diverse than previously realized;
2) Tuber exhibits high levels of regional and continental endemism; 3) Taxonomic issues
remain in many species complexes worldwide (including the Tuber candidum complex in
North America, the Tuber excavatum complex in Europe, the Tuber indicum complex in
Asia). Taxonomic challenges also remain regarding species known only from
ectomycorrhizal or anamorphic states. The discovery of additional Tuber species is
expected as the truffle flora of undersampled regions becomes studied and incorporated
into the Tuberaceae phylogeny.
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S yno p s is o f Cha p t ers
Chapter 1. North American truffles in the Tuberaceae: Molecular
and morphological perspectives.
The truffle genus Tuber (Ascomycota, Pezizales, Tuberaceae) produces underground
mushrooms widely sought as edible fungi. Tuber species are distributed throughout
Northern hemisphere forests and form obligate ectomycorrhizal symbiosis with trees
within the Pinaceae, Fagaceae, Betulaceae, and Juglandaceae. Of the approximately 100
species of Tuber worldwide, half are suspected to be endemic to North America. In this
study multiple genetic loci are used to assess patterns of phylogenetic diversity within
Tuber in order to infer species boundaries and to define morphological and
phylogeographic species groupings. Seven major clades were resolved (Aestivum,
Melanosporum, Rufum, Canaliculatum, Gibbosum, Puberulum, and Maculatum). Two
morphologically distinctive species T. asa & T. excavatum were unresolved. The three
most specious clades of Tuber (Rufum, Puberulum, Maculatum) are distributed across
Europe, Asia, and North America and are comprised mainly of non-commercial species.

Chapter 2. The epigeous – hypogeous transition: Phylogenetic
insights into the origin of truffles (Tuber).
Truffles (fungi that fruit below ground) have evolved independently more than 90
times from above ground epigeous ancestors in almost every major lineage of fleshy
fungi. The accelerated rates of morphological evolution accompanying the transition to
the truffle form, however, obscures epigeous - hypogeous relationships. This is true for
Tuber, the ‘true-truffles’. Tuber is regarded as the quintessential truffle genus because
many species have socio-economic importance and esteemed culinary attributes (Mello
et al., 2006). Although Tuber is distributed across the Northern Hemisphere, other genera
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in the family Tuberaceae occur in the Southern Hemisphere. Limited geographic sampling
and poor resolution of previous phylogenetic studies on the Tuberaceae have made it
difficult to test alternate hypotheses on the biogeography, host preferences, and
diversification within the genus Tuber, or on the origin of its belowground fruiting habit.
To address this problem, the largest global biogeographic sampling of Tuberaceae to
date has been assembled. DNA sequence data from four loci are used for phylogenetic
inference and hypotheses testing. The first resolved phylogeny for the Tuberaceae is
presented and the closest known epigeous relative of Tuber is identified – an unusual
South American fleshy ascomycete called Underwoodia singeri Gamundí & E. Horak.
These discoveries of regional and continental endemism as well as anamorphic (asexual)
states challenge conventional wisdom concerning truffle ecology and biodiversity. The
phylogeography of the Tuberaceae suggests that Tuber had a Gondwanian center of
origin and evolved from an aboveground ancestor in close association with angiosperm
hosts, implying the lineage is <180 million years old. Subsequent intra-continental
diversification, limited long-distance dispersal and multiple transitions to gymnosperm
hosts all appear to have shaped the evolutionary history of the genus Tuber.

Chapter 3. Resolution of major clades within Tuber and species
diversity within the Tuber gibbosum complex.
Tuber gibbosum Harkn., described from northern California, was originally
thought to be a single, variable species that fruited from autumn through winter to
spring. It has become popular as a culinary truffle in the Pacific Northwestern USA,
where it is commercially harvested. Morphological studies suggested that it may be a
species complex that includes at least two species. Morphological and phylogenetic
studies of the complex were carried out to determine how many species it might contain
and how they differed morphologically, geographically and seasonally. The first LSU
xxi

phylogeny for the genus Tuber is provided. Phylogenetic analyses resolve nine major
clades in the genus with high bootstrap support and distinguish the Gibbosum clade
from the Aestivum, Excavatum, Gibbosum, Macrosporum, Magnatum, Melanosporum,
Puberulum, Rufum, and Spinoreticulatum clades, Further analyses of ITS and LSU
regions revealed four distinct species in the Gibbosum complex. Although
morphologically similar, the four species differ in spore size and shape and in peridial
anatomy. These four species share the synapomorphy of having distinctive hyphal tips
with irregular wall swellings emergent from the peridium at maturity; we have not seen
this type of hypha in any other Tuber spp. world–wide. The three new species are
named and described as T. bellisporum Bonito & Trappe, T. castellanoi Bonito & Trappe
and T. oregonense Trappe, Bonito, & Rawlingson.

Chapter 4. A global meta-analysis of Tuber ITS rDNA sequences:
species diversity, host specificity, and long-distance dispersal.
Little is known about Tuber’s biodiversity, host associations, or geographic
distribution. ITS sequences of Tuber are commonly recovered from molecular surveys of
fungal communities, but most cannot be sufficiently identified. It is unclear whether these
sequences represent conspecifics or novel taxa. In this study over 400 insufficiently
identified Tuber sequences were analyzed within a phylogenetic framework. Geographic
distributions, species ranges, host associates, and levels of intra- and interspecific ITS
variation were assessed. Putative introductions of Tuber as alien species are made.
Ninety-seven percent of the insufficiently identified Tuber sequences grouped within
economically unimportant clades (Maculatum, Puberulum, & Rufum). Sixty-one novel
phylotypes were distinguished including 33 known only from ectomycorrhizae or soil.
Most species of Tuber showed 1-3% intraspecific ITS variability and >4% interspecific
ITS sequence variation. It is estimated that Tuber contains a minimum of 180 species.
xxii

These data demonstrate that species in the Excavatum, Maculatum and Rufum clades
have strong preference for angiosperm hosts, whereas those in the Gibbosum clade
exhibit preference to gymnosperm hosts. Sixteen Tuber species (>13% of the known
diversity) have putatively been introduced to continents or islands outside their native
range.

Chapter 5. Tuber ectomycorrhizae on Pecan trees (Carya
illinoinensis: Juglandaceae).
The Juglandaceae is an ectomycorrhizal plant lineage that includes the important
pecan nut-producing tree Carya illinoinensis. Abundant fruiting of the ectomycorrhizal
truffle species Tuber lyonii was first noted in pecan orchards in Georgia, USA, in the
1980’s, but over the past decade truffle production appears to have declined. A survey
of the ectomycorrhizal communities across five pecan orchards was conducted to assess
whether ectomycorrhizae of T. lyonii were still present in formally productive sites. In
addition to finding ectomycorrhizae of T. lyonii, those of three other Tuber species were
detected in these orchards. Phylogenetic analyses place the three novel Tuber species
within the Maculatum clade.

Chapter 6. Ectomycorrhizae of pecan trees (Carya illinoinensis)
naturalized by Tuber lyonii and success in inoculating seedlings
with this North American truffle.
An edible truffle, Tuber lyonii, native to North America was found fruiting
abundantly in commercial pecan orchards in southern Georgia, USA during the mid1980’s. Over the past decade truffle fruiting at formerly productive sites appears to
have declined significantly. The cause of this decline is unexplained. To determine
whether the truffle production decline is correlated to the presence of T. lyonii
mycorrhizae, mycorrhizae from fifty trees across five sites were sampled. Mycorrhizaes
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were identified based internal transcribed spacer (ITS) and large subunit (LSU)
ribosomal DNA sequence similarities. From 137 individual root tips, 47 distict
phylotypes were detected. Hypogeous taxa including Tuber, Scleroderma, Hymenogaster
appeared to dominate the ectomycorrhizal flora. The two most abundant phylotypes
were Tuber lyonii (17%) and undescribed Tuber species (~20%). Tuber lyonii was found
abundantly in truffle producing and non-producing sites, and haplotypes diversity was
high within and between sites. This suggests that the decline in truffle production is not
caused by a lack of T. lyonii mycorrhizae. Roots of pecan and oak seedlings were
receptive to spores indicating that in addition to associating with mature trees, T. lyonii
may function as a pioneer ectomycorrhizal species. Further research is needed to
determine whether management and environmental regimes can be optimized for dual
cropping of pecans and truffles.

Chapter 7. The Asian black truffle Tuber indicum can associate
with North American host species and complete its life cycle in
North American soils.
Tuber indicum is an Asian truffle species that is morphologically and
phylogenetically very close to the Perigord black truffle (Tuber melanosporum). Tuber
melanosporum is native in Europe and is widely cultivated throughout the world via
mycorrhizal-inoculated orchards due to its high market value. Until recently, native
black truffle species were unknown from North America, however fruitbodies of two
species belonging to the T. melanosporum clade have been recently collected in sites
forested by native vegetation. Tuber regimontanum was discovered in an undisturbed
montane oak forest near Monterrey, Mexico where it appears to be endemic. The other
collection, from Oregon, proved to be the Asian species T. indicum. This is the first
report of T. indicum in North America and provides the first molecular evidence of this
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species fruiting outside of its native range. Subsequently, on a different part of the
continent, the same species was found on ectomycorrhizal roots within a truffle orchard.
Tuber indicum ectomycorrhiza has also been discovered in Italy, where it is considered a
thread to trufficulture due its presumed competitiveness in European soils with the
black truffle T. melanosporum that is endemic to Europe. Tuber indicum has been shown
to form ectomycorrhizal associations with European Quercus and Pinus species. To
further assess the host-range and potential of T. indicum to establish ectomycorrhizae
and escape onto host plants native to North America, I inoculated T. indicum on to
seedlings of the North American species Pinus taeda (loblolly pine) and Carya illinoinensis
(pecan). I was able to produced T. indicum ectomycorrhizae on both species indicating
T. indicum’s broad host adaptibility. In order to prevent unintentional introductions of
T. indicum and other species of truffles outside of its native range the use of molecular
tools to verify the identification of truffles used as seedling inoculum is urged. Molecular
screening of truffles can be accomplished relatively inexpensively with published
methods based on direct / multiplex PCR and species-specific primers.

Chapter 8. Fast DNA-based identification of the black truffle
Tuber melanosporum using direct PCR and species-specific
primers.
A quick and sensitive DNA-based assay for identifying the black truffle species
Tuber melanosporum is presented. Both direct PCR and species-specific primers are used
to amplify a phylogenetically informative region of T. melanosporum rDNA. This method
was successfully employed to screen fresh and frozen T. melanosporum fruitbodies, and
can easily be modified for the molecular detection of other truffle and mushroom
species.
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1. Nort h A merica n tru ffles in t h e
Tu b era cea e: Molecu lar an d morp holo g i ca l
p ers p ec t i ves
Introduction
The ‘true truffles’ are Ascomycete fungi belonging to the genus Tuber and are
distributed throughout the northern hemisphere. There are estimated to be around 100
species of Tuber worldwide, half of which appear to be endemic to North America. Tuber
belongs within the Tuberaceae, a family that includes northern hemisphere genera (Tuber,
Choiromyces) and southern hemisphere genera (Reddellomyces, Dinglyea, Labyrinthomyces)
(O'Donnell et al., 1997).
Tuber species form ectomycorrhizal (EM) symbiosis with many important timber
and nut tree species, including those belonging to the Pinaceae, Fagaceae, Salicaceae,
Betulaceae, and Juglandaceae. These hypogeous fungi have coevolved with mammals,
which are known to be important agents in the dispersal of truffle spores. Additionally,
many European and a few North American Tuber species are prized edibles and have
the potential to be lucrative agricultural crops.
The first valid description of the genus Tuber was by F. H. Wiggers (1780),
according to the current International Code of Botanical Nomenclature (Greuter et al.,
1999). Wiggers recorded a single species from north Germany, named it T. gulosorum and
described it as (translated from Latin): "a subglobose fungus filled with tasty flesh."
While this description is of little taxonomic value, it meets the requirements of the
Botanical Code (Trappe, 2001). The first useable descriptions of species of Tuber were
by Vittadini (1831). Collections representing most of his species are preserved in good
condition at the University of Turin herbarium in Italy.
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Figure 1: Pioneers of North America truffle taxonomy.
A. Taxonomy of North American truffles began with Dr. Harvey Harkness
(1821-1901). B. Dr. Helen Gilkey (1886 -1972) described and illustrated many new
species of North American truffles. C. Dr. Jim Trappe (1933 – present) has described
and revised truffle taxonomy and systematics throughout his career.
The taxonomic literature on North American Tuber spp. began with H. W.
Harkness (1899) (Figure 1) and was expanded by Helen Gilkey (1916; , 1925; , 1939; ,
1947; , 1954). Other useful contributions include those of Butters (1903), Heimsch
(1958), Trappe and Guzmán (1971), Trappe (1975; , 1979), Uecker and Burdsall
(1977), Cázares et al. (1992), Trappe et al. (1996), Colgan and Trappe (1997), Trappe
and Castellano (2000), Trappe & Cázares (2000; , 2006) and Frank et al. (2006b).
Fortunately, unlike many European species, all described North American species (Table
1) are represented by type collections.

2

Table 1: Tuber species described from North America. Species with
commercial value are labeled with an asterix (*).
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At present, about 250 names have been applied to species and varieties in the
genus Tuber. Many species have been named more than once by different authors. For
Asia at least 11 species of Tuber have been validly described (Table 2), and an unknown
and likely large number are still undescribed (Cooke & Massee, 1892; Hu, 1992; Wang &
He, 2002; He et al., 2004; Chen et al., 2005; Hu & Wang, 2005; Song et al., 2005; Zhang et
al., 2005; Chen & Liu, 2007; Jeandroz et al., 2008). By eliminating probable synonyms,
we estimate for Europe about 33 of species of Tuber are recognized (Table 3) (Montecchi
& Sarasini, 2000; Ceruti et al., 2003; Paolocci et al., 2004) and 35 species of Tuber in
North America. No endemic Tuber species are known from the Southern hemisphere.
Species of Tuber described from Australasia and South America have in all cases been
associated with trees introduced from the northern hemisphere and probably came as
hitchhikers on roots of imported seedlings (Trappe & Cázares, 2000).
The main goal of this research is to define morphological and phylogeographic
groupings within the Tuberaceae, particularly within species complexes and widely
distributed taxa (e.g. T. rufum complex, T. maculatum complex). In addition, using the
resulting phylogenetic framework, we aim to place sequences of Tuber from
ectomycorrhizal root tips and unidentified fruitbodies into the phylogeny.
Table 2: Tuber species described from Asia. Species with commercial value
are labeled with an asterix (*).
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Table 3: Tuber species described from Europe. Species with commercial value
are labeled with an asterix (*).
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Figure 2: Morphological variation within Tuber.
Truffles vary in size along a continuum from very small to very large, as
exemplified by a collection of and undescribed Tuber species (A) and T.gibbosum,
respectively (B). Tuber species are characterized by a pattern of sterile and fertile veins
filling the gleba, which darken as the fertile tissue matures and vary in color by species
as shown with T. canaliculatum (C) and T. lyonii (D). Other gross morphological features
help to distinguish Tuber species, such as the texture of the peridium. The peridium may
bear large warts as in T. aestivum (E), or it could be rough, scaly, pubescent, or glabrous
as in T. oregonense nom. prov. (F). Microscopic characters of the asci and spores are
necessary for distinguishing species of Tuber. Asci may be globose or sub-globose as
shown for unidentified Tuber (G) or more flask-shaped and bearing a stem as in T. lyonii
(H). Finally, spores may be alveolate-reticulate or spiny, illustrated by T. maculatum (I)
and T. melanosporum (J), respectively.
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Methods
The ‘true truffles’ are Ascomycete fungi belonging to the genus Tuber and are
distributed throughout the northern hemisphere. There are estimated to be around 100
species of Tuber worldwide, half of which appear to be endemic to North America. Tuber
belongs within the Tuberaceae, a family that includes northern hemisphere genera (Tuber,
Choiromyces) and southern hemisphere genera (Reddellomyces,
Dinglyea, Labyrinthomyces) (O'Donnell et al., 1997).

Morphological
Variation of the extremes in Tuber morphology is shown in Figure 2. Tuber spp.
form stereothecia with a distinct, simple to layered peridium enclosing a gleba of fertile
tissue marbled with sterile, hypha-stuffed veins that tend to open through the peridium.
The asci are randomly embedded in the fertile tissue and within a specimen may contain
from one to 4 (-6) spores. The following character states have proven useful in
differentiating species, in general order of importance. Spores spiny, spiny with a
reticulum of low lines, or reticulate with tall reticular walls; ellipsoid to subglobose or
globose; spores in 1- or 2-spored asci up to 45, 55, 65 or 75 µm long. Asci astipitate,
with a short stipe, or a long stipe with a forked base; thin-walled or with walls up to 1,
2 or 4 µm thick. Ascomatal surface smooth, pubescent with outgrowing hyphae,
pubescent with tapered cystidia, scabrous, verrucose with rounded warts, verrucose
with angular warts, white, gray, yellow, olive, brown, reddish brown, dark brown or
black. Peridium a single, undifferentiated layer or with two or more layers differentiated
by size, shape, wall thickness, or pigmentation of the cells; greatly inflated cells absent
or present in one or more layers. Glebal cells similar to those of inner peridium or
differentiated by cell diameter or presence of inflated cells. Species can usually be
differentiated by the large number of combinations of these various characters, but
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complexes of closely related species can be difficult to separate without supporting
molecular data (Mello et al., 2000; Halász et al., 2005; Frank et al., 2006b).

Molecular
DNA was extracted with 24:1 chloroform:isoamyl alcohol and precipitated in
isopropanol. Both the internal transcribed spacer region (ITS1, 5.8S, and ITS2) and
three divergent domains (D1, D2, D3) of the ribosomal large subunit (LSU) locus were
amplified using the universal fungal primer set ITS5 - LR5 (Vilgalys & Hester, 1990;
White et al., 1990). Other loci from these extractions were PCR amplified, including the
ribosomal small subunit (SSU), elongation factor 1 alpha (EF1α), the second subunit of
RNA polymerase (RPB2). PCR conditions and the handling of PCR products were as
described in (Healy et al., 2009). Sanger sequencing was performed on an ABI3700
(Applied Biosystems, Foster City, CA) using Big Dye chemistry version 3.1 (Applied
Biosystems, Foster City, CA) in both directions. DNA sequences were assembled and
manually edited using Sequencher 4.0 (Gene Codes, Ann Arbor, MI) and queried against
the NCBI public database GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with the
BLASTN algorithm to compare with other sequences and to verify that sequences were
of the target group. Sequences were aligned manually using MacClade (Maddison &
Maddison, 2002). Ambiguously aligned regions were excluded from the analyses.
Phylogenetic analyses were conducted using maximum parsimony and maximum
likelihood methods. Parsimony analyses were carried out using a heuristic search in
PAUP 4.0b10 with 1000 random addition sequences and 5000 bootstrap replicates
(Swofford, 2002). Two independent maximum likelihood analyses based on a generaltime-reversible 6-parameter model of evolution were run using the software program
GARLI and included 100 bootstrap replications (Zwickl, 2006).
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Results
Molecular analyses of LSU and SSU data support the conclusions of O’Donnell
et al. (1999) that there are distinct Northern hemisphere lineages in the Tuberaceae, and
distinct southern hemisphere lineages (Figure 3). Four Southern hemisphere clades were
resolved including (Dinglyea, Labyrinthomyces, Reddellomyces, and Leppia nom. prov.)
(Trappe & Claridge, 2006). Northern hemisphere clades include Choiromyces and Tuber.
Choiromyces is represented by C. aveolatus and C. meandriformis, while Tuber is more
species rich.

Figure 3. Phylogeny of Tuberaceae based on 18S and 28S rDNA.
The Tuberaceae is represented by four Southern Hemisphere genera (Dinglyea,
Reddellomyces, Labyrinthomyces, and Leppia nom. prov.) and two Northern Hemisphere
genera (Tuber, Choiromyces). This phylogenetic analysis is based on the small subunit
(SSU) and large subunit (LSU) rDNA sequence data, and was analyzed by maximum
likelihood.
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Multigene analyses of LSU, EF1α, 5.8S, and RPB2 loci support 7 clades
(Aestivum, Melanosporum, Rufum, Canaliculatum, Gibbosum, Puberulum, Maculatum)
within Tuber (Figure 4). Tuber asa and Tuber excavatum were not well resolved in these
analyses. The most basal clade (Aestivum) was composed of strictly European taxa (T.
mesentericum, T. aestivum, T. magnatum). The Melanosporum (Figure 5) and Rufum
(Figure 6) clades were represented by European, Asian, and North American taxa, and
(aside from T. pseudoexcavatum) are composed of spiney and spiney-reticulated spored
species. In addition, we found evidence from sequences derived from fruitbody and
mycorrhizas suggesting that the Asian species T. indicum has been introduced into the
United States. Two species were resolved in the Canaliculatum clade; T. macrosporum
(Europe) and T. canaliculatum (North America), while the Gibbosum clade was
composed of species restricted to the Pacific Northwest region of North America (Figure
7). The Puberulum (Figure 8) and Maculatum (Figure 9) clades were represented by taxa
from Asia, Europe, and North America, and together with the Rufum clade includes the
majority of Tuber species. They present a taxonomic challenge to mycologists, lacking
apparent morphological characters for distinguishing species from one another.

Conclusions
Europe appears to have the most phylogenetic diversity of Tuber, particularly
represented by basal lineages, suggesting that this continent may be the point of origin
for the genus. However Tuber diversity in Asia is still not well known and the discovery
and inclusion of new taxa in future analyses could change inferences about the origin
and diversification of Tuber.
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Figure 4: Phylogeny of Tuber.
Seven clades of Tuber were resolved with unweighted parsimony analyze based
on multiple loci (rDNA LSU, 5.8S rDNA, RNA polymerase II, and elongation factor
alpha 1). These clades are the Aestivum, Melanosporum, Rufum, Canaliculatum,
Gibbosum, Maculatum, Puberulum (Borchii) groups. The European species Tuber
excavatum and T. gennadii (labeled as T. asa BM667) were not resolved into any of these
clades in this analysis. Nodes with significant support (>70% parsimony bootstrap) are
signified by thickened branches.
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Figure 5: The Melanosporum clade.
Representatives of the Melanosporum clade in North America include Tuber
regimontanum, T. melanosporum, and T. indicum. Tuber melanosporum has been introduced
in efforts to cultivate this species as a cash crop. It is most likely that T. indicum (clade
II)was introduced into North America through forestry projects early in the century (e.g.
fruitbody collection) and more recently (accidentally) through T. melanosporum
cultivation efforts. These three species are similar in morphology, though T.
regimontanum has larger spores than T. melanosporum and T. indicum and short
reticulations connecting the spines of its spores. Results are based on parsimony analysis
of the ITS rDNA region. Taxa names are followed by collection (or Genbank accession)
numbers, followed by point of origin (when known).
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Figure 6: The Rufum clade.
North America is well represented by spiney-spored members of the Rufum
clade. As far as we are aware, T. rufum Vittadini senso stricto does not exist in Asia or
North America. Results are based on parsimony analysis of the ITS rDNA region. Nodes
with significant support (>70% parsimony bootstrap) are signified by thickened
branches. Taxa names are followed by collection (or Genbank accession) numbers,
followed by point of origin (when known). Names in quotations are from collection
labels and are most likely incorrect.
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Figure 7: The Gibbosum clade.
To the best of our knowledge members of the Gibbosum clade are only
represented in the Pacific Northwest region of North America. The four species include
T. gibbosum, T. bellisporum prov. nom., T. castellanoi prov. nom., and T. oregonense prov.
nom.. Results are based on maximum likelihood analysis of the ITS and LSU rDNA
regions. Nodes with significant support (>70 % maximum likelihood bootstrap) are
signified by thickened branches. Taxa names are followed by collection numbers.
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Figure 8: The Puberulum clade.
Many undescribed and unidentified species (resulting from mycorrhizal
molecular studies) belong to the Puberulum clade. Morphologically, this group tends to
have globose to sub-globose spores, and fruitbodies that are pale in color and small in
size. Species in this group are found in Europe, North America, and Asia. Results are
based on parsimony analysis of the ITS rDNA region. Nodes with significant support
(>70% parsimony bootstrap) are signified by thickened branches. Taxa names are
followed by collection (or Genbank accession) numbers, followed by point of origin
(when known). Names in quotations are from collection labels and are most likely
incorrect.
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Figure 9: The Maculatum clade.
Many undescribed and unidentified species (resulting from mycorrhizal
molecular studies) belong to the Maculatum clade. Morphologically, this group tends to
have sub-globose to elliptical spores, and fruitbodies that are pale in color and small in
size. Species in this group are found in Europe, North America, and Asia. Results are
based on parsimony analysis of the ITS rDNA region. Nodes with significant support
(>70% parsimony bootstrap) are signified by thickened branches. Taxa names are
followed by collection (or Genbank accession) numbers, followed by point of origin
(when known). Names in quotations are from collection labels and are most likely
incorrect.
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2. Th e e p i g eo u s – h y po g eo u s tra n s it io n :
Ph ylo g en et i c in s i g h t s i n to t h e orig in of
truffles (Tu b er)
Introduction
Truffles (fungi that fruit below ground) have evolved independently more than
100 times from above ground epigeous ancestors in almost every major lineage of fleshy
fungi (Tedersoo et al., in press). However, because accelerated rates of morphological
evolution accompany the transition to the truffle form, close above ground ancestors
remain an enigma for many truffle lineages (Bruns et al., 1989). This is true for Tuber, the
‘true-truffles’. Tuber is regarded as the quintessential truffle genus because many species
have socio-economic importance and esteemed culinary attributes (Mello et al., 2006).
Ecologically, Tuber spp. form obligate ectomycorrhizal symbioses essential to plant
nutrition. Tuber spp. associate with diverse families of plants including pines, oaks,
orchids and commercially important trees such as hazelnut and pecan. Although Tuber is
distributed across the Northern Hemisphere, other genera in the family Tuberaceae occur
in the Southern Hemisphere (Læssøe & Hansen, 2007). Limited geographic sampling and
poor resolution of previous phylogenetic studies on the Tuberaceae have made it
difficult to test alternate hypotheses on the biogeography, host preferences, and
diversification within the genus Tuber, or on the origin of its belowground fruiting habit
(Figure 10) (Jeandroz et al., 2008). To address this problem, we have assembled the
largest global biogeographic sampling of Tuberaceae to date. We use DNA sequence
data from four loci for phylogenetic inference and hypotheses testing. We present the
first resolved phylogeny for the Tuberaceae and identify the closest known epigeous
relative of Tuber – an unusual South American fleshy ascomycete called Underwoodia
singeri Gamundí & E. Horak. These discoveries of regional and continental endemism as
well as anamorphic (asexual) states challenge conventional wisdom concerning truffle
17

ecology and biodiversity. The phylogeography of the Tuberaceae suggests that Tuber had
a Gondwanian center of origin and evolved from an aboveground ancestor in close
association with angiosperm hosts. This would imply the lineage is <180 million years
old (Solds et al., 2008). Subsequent intra-continental diversification, limited longdistance dispersal and multiple transitions to gymnosperm hosts all appear to have
shaped the evolutionary history of the genus Tuber.

Figure 10: Hypothetical evolution of a truffle lineage
Selection on a hypothetical epigeous ancestor for reduced water loss in a dry
environment results in a cleistothecium fruitbody. Once the spores become enclosed in
the fruitbody, forcible spore discharge is lost. Thus, there becomes intense selection for
spore dispersal via other means, particularly animal mycophagy.
(Modified from Bryce Kendrick 2008)
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Methods
Molecular data
We use a phylogenetic framework to test hypotheses concerning the origin and
biogeography of Tuber and to link taxonomic, ecological, and molecular data. By
integrating data from research programs in Europe, Asia, and North America, with
decades of cumulative fieldwork on every inhabited continent and a network of
herbaria, we provide a global sampling of the Tuberaceae. We also include the
hypogeous genus Balsamia and epigeous genus Helvella (Læssøe & Hansen, 2007) of the
sister family Helvellaceae as outgroups as well as several species of uncertain taxonomic
affinities that have never been phylogenetically characterized. Sequence data from over
120 truffles and epigeous fungi were used. These fungi were freshly collected in the field
or attained from herbaria. Standard polymerase chain reaction (PCR) protocols were
used for amplification and sequencing of four gene regions: the internal transcribed
spacer ribosomal RNA gene (ITS), the 28S large subunit ribosomal RNA gene (LSU),
elongation factor (EF1α), and the second largest subunit of RNA polymerase II (RPB2).

Phylogenetic reconstruction
We conducted maximum likelihood (ML), maximum parsimony (MP), and
Bayesian inference (BI) analyses on a data set of 56 Tuber species representing ~70% of
the described species and all of the major clades. Conflict among the four genes was
assessed based on strong incongruence of nodes from 1000 ML bootstrap replicates.
Data were combined into a single matrix and analyzed applying a heterogeneous
maximum likelihood with a general-time-reversible model having a proportion of
invariant sites and gamma distributed rates. The gamma distribution was approximated
using four rate classes. For Bayesian phylogenetic estimations, four independent runs
were conducted (4 chains) for 20,000,000 generations, sampling every 500 generations.
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Trees were sampled after the same likelihood plateau was reached in independent runs.
We also tested for convergence of runs by analyzing frequencies of splits using the
software AWTY (Nylander et al., 2008). Support for ML and MP is based on 1000
bootstrap replicates. Ancestral character state reconstruction of host, spore
ornamentation, and gastronomic appeal (economically important species) were
conducted using the maximum likelihood model Markov k-state 1 parameter model in
Mesquite (Maddison & Maddison, 2009). The number of transitions to gymnosperm
ancestors was estimated based on parsimony and likelihood methods as implemented in
Mesquite.

Results and discussion
Discovery of the closest known epigeous ancestor of the ‘truetruffles’
Tuber species such as Tuber melanosporum consist of a solid hypogeous fruitbody
are considered to be the ultimate stage in the evolution of a truffle fungus. Yet, the
epigeous ancestor of the Tuberaceae is unknown and phylogenetic uncertainty has
limited inferences regarding the evolution and biogeography of this important group of
fungi. The transition from an epigeous ancestor to a truffle form has occured
independently over 100 times during the evolutionary history of the Dikarya fungi
(Tedersoo et al., in press). The fact that the truffle habit is most prevalent in fungal
lineages with an ectomycorrhizal mode of nutrition suggests that the truffle morphology
confers a selective advantage in root colonization. Intensive selection pressure caused by
the loss of forcible spore discharge and subsequent changes in dispersal can result in
dramatic morphological divergence and obscure obvious character traits shared between
truffle species and their epigeous ancestors (Bruns et al., 1989).
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Figure 11: Phylogenetic reconstructions of Tuber for 4 individual loci based on
maximum likelihood. The 4 loci reconstruct the same major clades (color coded).
Here we estimate the phylogeny of the Tuberaceae using four loci: ITS rRNA
(ITS), 28s large subunit rRNA (LSU), elongation factor 1-α (EF1 α ), and RNA
polymerase subunit II (RPB2). Individual loci (Figure 11) and combined data (Figure 12)
corroborate that Tuber is monophyletic and distributed across the Northern Hemisphere,
except in cases of recent introduction by humans (Bulman et al., in press). Our phylogeny
reveals endemic clades of Tuber on each Northern Hemisphere continent: Gennadii clade
in Europe, Tomentosum clade in Asia, and Gibbosum clade in North America. We also
identify a previously unrecognized Southern Hemisphere sister lineage of the Tuberaceae
that contains both epigeous and truffle species. This finding constitutes the first
evidence of South American relatives of the genus Tuber.
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Figure 12: Maximum likelihood (ML) phylogenetic reconstruction of the
Tuberaceae phylogeny based on 5.8S rDNA, 28S rDNA, EF1α , and RPB2.
Thickened branches represent ML bootstrap support (>70%). The phylogeny is
rooted with the epigeous Helvella and hypogeous Balsamia. Underwoodia is polyphyletic.
The South American Underwoodia singeri is the closest known epigeous ancestor to Tuber.
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Figure 13: Underwoodia singeri, and epigeous ancestor of Tuber from South
America
Underwoodia singeri is the closest epigeous ancestor of Tuber known and belongs
to a Southern Hemisphere clade that is sister to the Tuberaceae.
The morphological divergence between Tuber to its epigeous relative Underwoodia
singeri is striking (Figure 13), yet when viewed in light of molecular data and other taxa
in the family, various morphological/ecological transitional states to a truffle lifestyle
are seen. Underwoodia singeri, although it possess a fertile ectohymenium and uniserate
asci, often fruits completely belowground (Smith, 2009). Gymnohydnotria on the other
hand is a truffle, and has both ecto- and endohymnium. It is unknown whether
Gymnohydnotria posses forcible spore discharge, and in some cases the clavate-shaped
asci appear to be obstructed by paraphyses.
In traditional truffle taxonomy, spore ornamentation is one of the most
important characters. Spores of Tuber are either ornamented with alveolate-reticulation
(honeycomb pattern), spines, or spines connected by ridges (spino-reticulatum). We
used the resolved phylogeny to reconstruct morphological characters for Tuber. Based on
our analysis, alveolate-reticulation is the plesiomorphic (ancestral) condition. At least
two independent transitions to spiney ornamentation have occurred: one in the ancestor
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of the Melanosporum and Rufum clades, and another in the ancestor of T. panniferum.
Several reversals from spiney to alveolate-reticulated spores have also occurred (e.g. T.
liaotongense, T. pseudoexcavatum).
Nearly a dozen Tuber species have commercial appeal due to their unique
organoleptic qualities (Mello et al., 2006). The most notable are T. melanosporum and T.
magnatum, which are marketed at US$800 and US$2400 per pound, respectively. By
mapping the character of economic value across the phylogeny we show that
economically important Tuber species do not form a monophyletic group but instead
reside in seven of the eleven major resolved clades (Figure 14).

Figure 14: Economic Tuber species do not form a monophyletic group.
Commercial species are shown as filled black circles and their value on the right.
24

Tuberaceae originated in Gondwana with angiosperm host plants
Species in Tuberaceae and Helvellaceae are presumed to share an ancient
ectomycorrhizal ancestor because this is the nutritional mode for all extant species in
these clades (Læssøe & Hansen, 2007). However, in the Northern Hemisphere the
Tuberaceae associate with a wide diversity of host plants and the ancestral
ectomycorrhizal host plant group has never been described. We reconstructed the
ancestral ectomycorrhizal host associations of Tuberaceae (Phylum level) with maximum
likelihood (Figure 15). The ancestor of Tuber and the Tuberaceae was most likely
ectomycorrhizal with angiosperm hosts. Later there were multiple independent
transitions of species (e.g. T. canaliculatum) and clades (e.g. Gibbosum) from angiosperm
to gymnosperm host associations. Thus, we conclude that the Tuberaceae evolved during
or after the first major radiation of angiosperms (ca 140–180 mya) during the Jurassic
Period of the Mesozoic Era (Solds et al., 2008). We hypothesize that the ancestors of T.
canaliculatum and the Gibbosum and Melanosporum clade switched to gymnosperm
hosts in concert with their migration to North America.

Figure 15: Ectomycorrhizal host reconstructions of Tuber. Arrows signify
hypothesized ancestral transitions from angiosperm to gymnosperm hosts.
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Innovations in dispersal after loss of forcible spore discharge
The greatest selective force in the transition from an epigeous to hypogeous
fruiting habit involves a potentially irreversible loss of forcible spore discharge. Truffles
have adapted to strong selection pressures by co-opting a wide diversity of small
mammals or insects for spore dispersal.
Hypogeous species often differ between hardwood and coniferous forests and
may track the distribution of their host trees and spore dispersers through symbiotic
interactions. It is possible that point-deposit dispersal of spores by animal mycophagy
is more efficient for ectomycorrhizal fungi than is random dispersal by air because small
mammals will likely deposit fecal pellets containing spore propagules in forest habitats
where the Tuber host trees occur. For larger sized dispersal agents (having bigger ranges)
it could offer the fungus a better avenue for long-distance dispersal to suitable habitat.
Only recently was it verified with molecular evidence that Tuber species outcross,
and thus are sexual (Riccioni et al., 2008). However, it is evident from the discovery of
anamorphic (asexual) states for European Tuber species (Urban et al., 2004) and North
American species (Figure 16) that the lifecycle of Tuber is still not completely
understood. The origin and role of the anamorph state are not known. We hypothesize
that they may be adaptations for generating inoculum rapidly for colonizing roots, and
thus may explain Tuber’s ecology as a ‘pioneer’ ectomycorrhizal species. Alternatively,
with the conidia acting as spermatia and seeding receptive ascogenous hyphae in the
environment, the anamorphic states could be adaptations for out-crossing. Anamorphic
states have only been detected for species in the Puberulum clade and it is unknown
whether this phenomenon is common for species in other Tuber clades. Anamorphic
states have been found in other Pezizalean ectomycorrhizal genera including
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Pachyphleous and Ruhlandiella, so could either be a plesiomorphic character or a more
recent innovation.

Figure 16: Anamorph of an undescribed Tuber species from North Carolina.
A. Field photo showing Tuber anamorph growing on peebles (courtesy of
Matthew Smith). B. Anamorph under a disecting scope. C. Anamorph under compound
scope (400x). D. Phylogenetic placement of Tuber anamorphs (shown in larger bold font)
within the Puberulum clade based on ML analysis. The arrow indicates the unnamed
species shown in A-C.
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3. Reso lu t io n of ma jor cla d es wi t h in
Tu b er a n d s p e cies d i ve rsit y wi t h in t h e
Tu b er g i b b os u m comp l ex
Introduction
In 1899, H.W. Harkness published his seminal paper on California hypogeous
fungi, the first serious work on these fungi in North America. Included among the fourdozen new species he described was Tuber gibbosum (Harkness). Gilkey (1925) described
a related species, T. giganteum (Gilkey), but later reduced that species to synonymy with
T. gibbosum (Gilkey, 1939). Tuber gibbosum appeared to be the most abundant species of
the genus in the Pacific Northwest, ranging from the San Francisco Bay area of California
north to Vancouver Island, British Columbia. It was thought to fruit from early autumn
through winter and into the following early summer and to be primarily, if not
exclusively, associated with Douglas–fir (Pseudotsuga menziesii) at relatively low
elevations west of the Cascade Mountains.
T. gibbosum is called the Oregon white truffle because of its white color when
immature and its aromatic resemblance to Tuber magnatum Pico, the Italian white truffle.
However, several color and aromatic differences have been detected between seasonal
collections of T gibbosum, and two varieties have been differentiated by amateur
collectors: the autumn and spring Oregon white truffle. Since the 1980’s, both have been
commercially harvested from forests in the Pacific Northwest (Lefevre et al. 2001).
The aim of this study was to use both molecular phylogenetics and morphology
to assess species diversity within the Tuber gibbosum complex. We selected a broad
geographic and seasonal array of collections for rDNA sequencing and morphological
analyses. Further, in the context of a larger revision of North American Tuber
systematics, we wanted to determine the phylogenetic relationships of these species to
others in the genus. As a result of this research, we present a comprehensive LSU
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phylogeny for the genus Tuber that includes representative taxa from North America,
Europe, and Asia, establish a new epitype for T. gibbosum, and describe three other
species in the Gibbosum complex.

Materials and methods
Material studied
We studied more than 100 collections from the Tuber gibbosum complex,
representing a broad geographic and seasonal range, from the mycological collections of
the Oregon State University Herbarium (OSC). Fresh specimens found during the study
in Italy, China, and North America were also studied and accessioned into OSC. Types
and paratypes were examined and molecular data from these collections have been
included whenever possible. Specimens from The National Fungus Collections (BPI) and
the Herbarium of Università di Bologna (BOLO), Italy also were studied. Collection
numbers and geographic origin of collections used in molecular analyses are listed in
(Table 4)
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Table 4: Collection information for specimen used to study the Tuber
gibbosum complex.

30

Molecular methods
DNA was extracted by the chloroform extraction technique (Gardes et al., 1991;
Gardes & Bruns, 1993). For DNA extraction, glebal tissue was ground (dried or in
CTAB) in sterile sand and large cubic zirconia beads in a Mini Beadbeater for one to two
minutes (Biospec Products, Bartlesville, OK). The internal transcribed spacer region
(ITS1, 5.8S, and ITS2) and part of the nuclear ribosomal large subunit (LSU) locus were
amplified with the following universal fungal primer sets, ITS5– ITS4, 5.8S-LR3 and
LROR– LR5 (Vilgalys & Hester, 1990; White et al., 1990; Gardes et al., 1991). The PCR
protocol began with an initial denaturation at 94 °C (3 min), followed by 35 cycles at 94
°C (1 min), 50 °C annealing (30 sec), and a 72 °C extension (1 min), with a final
extension at 72 °C (7 min). Each 25 µl PCR reaction consisted of 4 µl dNTPs (1.25 µM) ,
2.5 µl PCR buffer, 1 µl BSA, 1.25 µl primer 1 (10µM) , 1.25 µl primer 2 (10µM), 0.15 µl
Taq DNA polymerase (0.5 U), 4.8 µl water, and 10 µl DNA extract (~10 ng / µl). Two
µl of each PCR product were loaded into a 1.0% agarose gel buffered with TAE buffer
and stained with 2 µl SYBR Safe (Invitrogen, Carlsbad, CA) per 80 ml TAE buffer. Gel
electrophoresis products were viewed on a GelDoc XR imager (Bio–Rad Laboratories,
Inc., Hercules, CA). PCR products were cleaned in Qiagen Quick–Clean columns and
used for PCR sequencing reaction. Sanger sequencing was performed with Big Dye
chemistry version 3.1 (Applied Biosystems, Foster City, CA) with the forward primer
ITS5, 5.8S or LROR and the reverse primer ITS4, LR3 or LR5. DNA sequences were
determined on an ABI3700 capillary sequencer (Applied Biosystems, Foster City, CA).

Phylogenetic analyses
DNA sequences were manually trimmed and edited with Sequencher 4.0 (Gene
Codes, Ann Arbor, MI) and sequence similarity values were calculated. Both ITS and
LSU sequences were queried against the NCBI public database GenBank by use of the
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BLASTN algorithm to verify that sequences were of Tuber (Altschul et al. 1990). DNA
sequences were aligned in MacClade 4.0 and adjusted by eye (Maddison & Maddison,
2002). Ambiguously aligned regions were excluded from the alignment. Phylogenetic
analyses were first carried out for the genus Tuber with LSU data to determine both the
phylogeny of the genus and appropriate outgroup taxa for analyzing the T. gibbosum
group. A second set of phylogenetic analyses were then conducted to assess finer–scale
structuring within the Gibbosum group and included greater taxon sampling within this
group and an additional genetic marker (ITS). Analyses were conducted on both the ITS
and LSU alignments, individually and combined. Unweighted maximum parsimony
(MP) heuristic searches were calculated by PAUP 4.0b10 with 1000 random addition
sequences and 5000 bootstrap replicates (Swofford, 2002). Maximum likelihood (ML)
searches were conducted with GARLI (Zwickl, 2006) and Bayesian inference (BI) with
MrBayes (Ronquist & Huelsenbeck, 2003). Alignments from this study have been
accessioned in TreeBASE (s2482) and the 133 sequences generated for this study are
available on Genbank under accession numbers FJ809749–FJ809882 (Table 4).

Light microscopy
Herbarium specimens were hand-sectioned with a razor blade and rehydrated in
water or embedded in paraffin, thin-sectioned (± 8 µm thick), stained with safranin-fast
green and made into permanent slides, then characterized anatomically by light
microscopy. Six morphological characters were assessed from multiple collections of T.
gibbosum and the three new species described here: 1) Peridial structure and thickness as
measured in cross–section; 2) Glebal trama and sterile vein structure; 3) Ascus shape,
size, wall thickness; 4) Length and width of spores in 1–, 2–, 3–, 4– and 5–spored asci
(excluding ornamentation); 5) Spore ornamentation: height, number of alveolae along
spore length, size of alveolae; 6) Presence of surface hyphae with irregular wall
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swellings. To determine the significance of spore size variation between species, analysis
of variance (ANOVA) and Tukey’s Honestly Significant Difference tests were calculated
with R statistical software (http://www.r-project.org). Where two dimensions of
structures are reported in the descriptions, length is followed by width. The abbreviation
“Q” refers to the length/width ratio.

Scanning electron microscopy
Cross–sections of dried herbarium specimen were attached to aluminum mounts
with double–sticky tape. These were gold–palladium sputter coated at a nominal
coating thickness of 15 nm using a Hummer 6.2 sputtering system (Anatech, Ltd.,
Springfield, VA). Peridial, glebal, and spore structures were characterized at 10 kv with
a Philips XL30 environmental scanning electron microscope under high vacuum (FEI
Company, Hillsboro, OR).

Results
Molecular analyses
Phylogenetic inferences of LSU rDNA with a GTR +G +I model of nucleotide
substitution having 4 substitution classes, 64 in–group taxa, and 537 unambiguously
aligned characters (174 parsimony–informative characters) support Tuber as
monophyletic and place the T. gibbosum complex as a distinct clade within the genus.
The sister group to the Gibbosum clade, however, was not resolved. Eight additional
major clades were resolved in Tuber: the Aestivum, Excavatum, Magnatum,
Spinoreticulatum, Rufum, Melanosporum, Macrosporum, and Puberulum clades (Figure
17).
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Figure 17: The most likely tree for the genus Tuber showing the phylogenetic
placement of the Gibbosum clade within the genus.
Maximum parsimony (MP) bootstrap values are shown on top of the branches,
followed by maximum likelihood (ML) bootstrap values. Posterior probabilities (BI) are
below branches. Thickened branches represent nodes supported with high bootstrap
values by all three methods of inference (>70 for MP and ML; 100 for BI). Taxa are
labeled with Latin binomial, Genbank accession number and geographic origin. Nine
major Tuber clades are resolved and labeled. Other Tuberaceae from the Northern
hemisphere and Southern hemisphere were included as outgroups.
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Figure 18: Phylogeny of the Gibbosum clade inferred by Bayesian analysis
(BI).
Bootstrap values are shown on top of the nodes with maximum parsimony (MP)
followed by maximum likelihood (ML), while posterior probabilities calculated by BI are
shown below nodes. Thickened branches represent nodes supported with high bootstrap
values by all three methods of inference (>70 for MP and ML; 100 for BI). Taxon labels
included their Latin binomial, Genbank accession number and geographic origin.
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Because phylogenies resulting from ITS and LSU datasets were internally
congruent, these datasets were combined for finer-scale analyses of genetic diversity
within the Gibbosum group (Figure 18). The final data matrix included 1256
unambiguously aligned characters (201 parsimony–informative), 28 ingroup sequences
and 5 outgroup taxa. A GTR +G model with 4 substitution classes was best fit for this
data set. Trees resulting from BI and MP were congruent, but ML analyses consistently
placed T. oregonense on a long internal node. Nonetheless, four species (T. bellisporum, T.
castellanoi, T. gibbosum, and T. oregonense) were resolved within the Gibbosum complex
with high statistical support under BI, ML, and MP criteria. No more than 1%
intraspecific ITS variation was detected within collections of these 4 species. The ITS
sequences of Tuber castellanoi and T. bellisporum had the highest pairwise similarity
(94%), while the ITS of T. oregonense was the least similar (89% similar to other species
in the complex).

Morphological characters
Species in the Gibbosum clade can easily be distinguished from Tuber species in
other Tuber clades by the peculiar wall swellings on hyphal tips emerging from the
peridial surface at maturity (Figure 19D). Among other hypogeous Ascomycota, a
similar formation has been found only on Choiromyces alveolatus (Harkn.) Trappe. Tuber
bellisporum, T. castellanoi, T. gibbosum, and T. oregonense are each supported by a suite of
morphological characters but display considerable intraspecific morphological variation.
The consistency of the molecular data enabled us to determine characters useful for
identification of mature specimen by morphology.
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Figure 19: Morphological characteristics of species in the Tuber gibbosum
group.
Morphological characteristics of species in the Tuber gibbosum group. Fresh
sporocarps of A. T. gibbosum; B. T. oregonense and C. T. castellanoi. D. Beaded peridial
hyphae of T. bellisporum, but characteristic of all four species in this group. Asci of E. T.
gibbosum; F. T. oregonense; G. T. castellanoi; and H. T. bellisporum. Ascospores of I. T.
gibbosum; J. T. oregonense; K. T. castellanoi; and, L. T. bellisporum. Micrographs of SEM of
M. T. gibbosum; N. T. oregonense; O. T. castellanoi; and, P. T. bellisporum.
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Spore length and Q differed significantly between the four species (Figure 21), in
1–, 2–, 3–, and 4–spored asci. T. castellanoi with Q = 1.0–1.6 and T. oregonense with Q =
1.5–2.5 (–2.9) differed the most from each other and from T. bellisporum (Q=1.0–2.1)
and T. gibbosum (Q = 1.1–1.8). Although spores of T. oregonense and T. bellisporum are
similar in width, they differ significantly in length and Q. Conversely, spores of T.
gibbosum and T. bellisporum may overlap in length and Q, but there is little overlap in
their spore width (Figure 21). Some spores in well-matured specimens of each species
showed the optical artifact of a “microreticulum” which appears only when the
objective is focused on the optical cross–section of the spore (Figures 19E, 19F, 19G, 19I,
19K) but not when it is focused on the spore surface. SEM showed no such structures on
spore surfaces (Figures 19M-P), although T. castellanoi had some minute, irregularly
raised ridges on the spore surfaces within the alveolae (Figure 19O).
Of the four species, only T. gibbosum forms a well-developed, epithelial pellis of
large, inflated cells, and this is usually evident in fairly young specimens (Figure 20D).
Tuber castellanoi forms a relatively weak and variable epithelium (Figure 20C), but its
spores are shorter and broader than those of the other three species. Tuber bellisporum
spores resemble those of T. gibbosum, but individual specimens of the former at most
have only clusters of inflated cells interspersed with patches of interwoven hyphae with
few inflated cells (Figures 20A,B). Tuber oregonense has a generally prosenchymentous
peridial structure (Figure 20E) and scattered to frequent, long, subfusoid spores in 1– to
2–spored asci.
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Figure 20: Cross-sections of peridia of Tuber species in the Gibbosum
complex, stained in safranin fast-green.
A. T. bellisporum, one side of ascoma. B. T. bellisporum, other side of same
ascoma illustrates the cell type variation that can be found within a single fruitbody. C.
T. castellanoi. D. T. gibbosum. E. T. oregonense.
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Figure 21: Boxplots illustrating the variation in spore length (A), width (B),
and Q (C) for species within the Gibbosum complex.
Statistical differences (p < 0.05) based on Tukey’s Honestly Significant
Difference test are notated by superscript letters above plots where letters are the same
there is no statistical difference. These data result from measurements of spores in 2spored asci, but the same trends are seen for spores from asci containing other numbers
of spores.
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Taxonomy
Tuber bellisporum Bonito & Trappe sp. nov.
MycoBank MB515121 Genbank FJ809856

Figures. 19D, 19H, 19L, 19P, 20A-B

Peridium maturitate apicibus aliquot hyphalibus moniliformibus ob parietes
irregulariter incrassatos; sectio transversalis peridii maxime variabilis, ex parte
prosenchymata, ex parte pseudoparenchymata, ex parte interposita. Sporae bellae,
ellipsoideae vel ovoideae extremis obtusis; ornamento reticulato excludo, in ascis 1sporis 27–55 x 16–33 µm et Q = (1.0–) 1.3–2.0 (2.1), in ascis 2-sporis 24–45 x 15–22 µm
et Q = (1.2–) 1.3–2.1. Holotypus hic designatus: Trappe 7270, Oregon, Douglas Co.,
Steamboat Rock.
Ascomata hypogeous, 4–20 (–30) mm broad, subglobose, irregularly lobed and
furrowed. Peridium white in youth, with age becoming light grayish brown to yellowish
brown or orange brown with ivory to pale brown furrows and patches, 0.15–0.25 mm
thick, the surface densely pubescent to scabrous in the patches. Gleba solid, at maturity
the fertile tissue light to dark brown from the color of the spores, with narrow, white,
hypha–stuffed veins that marble the gleba and emerge through the peridium at its
furrows. Odor in youth fruity–farinaceous, by maturity becoming strongly pungent and
“truffly.”
Spores ellipsoid to ovoid or sometimes globose, light brownish golden at maturity
(Figures 19H, 19L, 19P); excluding ornamentation, in 1-spored asci 27–55 x 16–32 µm,
Q = (1.0–) 1.3–2.0 (–2.1); in 2-spored asci 24–45 µm x 15–22 µm , Q = (1.2) 1.3–2.1; in
3-spored asci 24–38 µm x 16–25 µm, Q = 1.2–1.9; in 4-spored asci 20–36 x 14–22 µm;
Q = (1.1–) 1.3–1.8 (–2.0). Spore wall 2–2.5 µm thick (Figure 19L). Ornamentation an
orderly, clean, alveolate reticulum with straight, 5–6 sided alveolae numbering 5–8 (–11)
along the spore, the corners forming spines 4–5 x 0.5 µm, somewhat broader at the very
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base, the walls straight and as tall as the spines. The “microreticulum” artifact is seen
only when the microscope objective is focused on the optical cross–section and not when
focused on the surface of some spores or on SEM micrographs of the spore surface. Asci
broadly ellipsoid to pyriform in youth, by maturity mostly becoming subglobose to
globose, hyaline, thin–walled, 60–77 x 33–58 µm, 1–4 (–5) spored but 1-spored asci
rare, astipitate at maturity.
Peridiopellis 150–250 µm thick. Suprapellis with patches of appressed to loosely
arranged, hyaline to yellowish hyphae 3–6 (–8) µm broad, the surface pubescence of
emergent hyphal tips 3–5 µm broad, at maturity some even and smooth, some with
granulated surfaces and some moniliform from walls irregularly thickened by hyaline
bands 0.5–1 µm thick (Figure 19D). Pellis varying from prosenchymatic to
pseudoparenchymatic in patches, of hyaline to subhyaline or yellowish hyphae 3–5 µm
broad, near the suprapellis with much thickened and refractive walls, often with
scattered to clustered, inflated, ± isodiametric cells 5–15 µm broad (Figures 20A, 20B).
Subpellis variable, 80–175 µm thick, of hyaline to subhyaline, loosely to tightly
interwoven, thin–walled hyphae 4–5 µm wide at septa with infrequent to clustered
inflated cells up to 20 µm broad. Gleba of hyaline, thin–walled, interwoven hyphae 2–7
µm broad with an abundance of cells inflated up to 15 µm.
Distribution, habitat and season. West of the Cascade Mountains from far
southwestern Washington (only one collection) south through western Oregon to
northwestern California at elevations from near sea level to about 500 m in mesic to
xeric habitats; associated with Pseudotsuga menziesii in pure stands or in mixture with
Tsuga heterophylla, other Pinaceae, or Arbutus menziesii. October through June.
Etymology. Latin belli– (“lovely”) and –sporum (“spored”), in reference to the
attractive, tidy ornamentation of the spores.
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Collections examined. USA. OREGON: Douglas Co., North Umpqua Road,
Steamboat Creek, 300 m. 4 Apr 1963, W. Simpson, Trappe 7270 (HOLOTYPE OSC
131465). Columbia Co., W of Scappoose, 105 m. 26 Oct 1971, R. Oswald, Trappe 3033
(PARATYPE OSC 48866). Curry Co., 3.2 km S of Natural Bridge. 28 June 1971, J. M.
Trappe 2760 (PARATYPE OSC 131967). Josephine Co., Galice Ranger District. 14 Jan
1990, M. Amaranthus, Trappe 11679 (PARATYPE OSC 49770). Lane Co., Garroutte Rd.
8 km S. of Cottage Grove, 17 Apr 1970, W. J. Hoopes, Trappe 2156 (PARATYPE OSC
131965). Lincoln Co., Five Rivers, 85 m. 9 Dec. 1985, E. Grinnell, Trappe 8805
(PARATYPE OSC 46755). Linn Co., Lebanon, River Drive. 20 June 1980, L. Taylor,
Trappe 5840 (PARATYPE OSC 131971); Longbow Campground E of Cascadia, 460 m.
6 Dec 1980, F. Evans, Trappe 6060 (PARATYPE OSC 131466). Marion Co., Salem. 26
Feb 1970, V. Hiatt, Trappe 2140 (PARATYPE OSC 131964). Tillamook Co., Van Duzer
Corridor, 215 m. 8 Nov. 1970, A. H. Smith, Trappe 2453 (PARATYPE OSC 131966).
Washington Co., 1.6 km W of North Plains, 100 m. 31 Oct 1977, J. M. Trappe 5173
(PARATYPE OSC 48871). WASHINGTON. Skamania Co., Underwood, Neull Rd., 205
m. 18 May 1998, P. R. Brehm, Trappe 22942 (PARATYPE OSC 139536). CALIFORNIA:
Del Norte Co., near Crescent City. Undated, D. W. Smith, Trappe 25868 (PARATYPE
OSC 131976). Mendocino Co., 12.8 km W of Leggett along State Hwy 1. 3 Dec 1978, J.
Graham, Trappe 5418 (PARATYPE OSC 131970). Shasta Co., Castle Crags State Park.
30 May 1979, J. M. Trappe 5510 (PARATYPE OSC 131969).
Commentary. Tuber bellisporum resembles T. gibbosum, but in addition to their
genetic differences it differs from T. gibbosum by having on average slightly smaller
spores. However, spore size is generally not useful in differentiating the two because of
its high variability within and between specimens. However, T. gibbosum has a
consistently pseudoparenchymatic pellis, whereas that of T. bellisporum has a mix of
pseudoparechyma and plectenchyma. Several peridial cross–sections are needed to
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confirm which peridial type occurs on a single specimen. Both species are easily
separated from T. oregonense with its frequently long, narrow, subfusoid spores and T.
castellanoi with its globose to broadly ellipsoid spores. Immature specimens of all four
species may have poorly developed peridia with only scattered inflated cells and few or
no 1– and 2–spored asci, so they often cannot be dependably separated at immature
stages by morphology alone.

Tuber castellanoi Bonito & Trappe, sp. nov.
MycoBank MB515122 Genbank FJ809860

Figures 19C, 19G, 19K, 19O, 20C

Peridium maturitate apicibus aliquot hyphalibus moniliformibus ob parietes
irregulariter incrassatos; sectio transversalis peridii suprapelle prosenchymatica, pelle
hypharum inflatarumque subpelle prosenchymatica. Sporae globosae vel late
ellipsoideae extremis obtusis; ornamento reticulato excludo, in ascis 1-sporis 33–44 x
24–38 µm et Q= 1.0–1.6, in ascis 2-sporis 24–40 x 20–36 µm et Q= 1.0–1.5. Holotypus
hic designatus: Trappe 28069, California, Fresno Co., Ross Creek Watershed, Turtle
Creek.
Ascomata hypogeous, 7–30 (80) mm broad, globose to subglobose to irregularly
lobed and furrowed (Figure 19C). Peridium brownish white in youth, with age becoming
dull brown with ivory to pale brown lines and patches, 0.1–0.3 mm thick, the surface
minutely pubescent, densely in the furrows and more scattered on the exposed lobes.
Gleba solid, in youth the fertile tissue whitish and marbled with mostly narrow, white,
hypha–stuffed veins that emerge here and there through the peridium to its surface, at
maturity the fertile tissue light brown to brown from the color of the spores but the
marbling veins remaining white. Odor and taste not recorded.
Spores globose to broadly ellipsoid (Figure 19K), light brownish golden at
maturity, in 1-spored asci excluding the ornamentation 33–44 x 24–38 µm, Q = 1.0–1.6;
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in 2-spored asci 24–40 x 20–36 µm, Q = 1.0–1.5; in 3-spored asci 24–36 x 20–30 µm, Q
= 1.0–1.4; in 4-spored asci 20–35 x 18–28 µm, Q = 1.0–1.4 (–1.6). Ornamentation an
orderly alveolate reticulum, the alveolae 5–6 sided, (4–) 5–7 (–8) along the spore length,
the corners forming spines 2.5 – 4 x 0.5 µm broad, somewhat broader at the very base,
the alveolar walls as tall as the spines. The “microreticulum” artifact present in many
spores when the microcope is focused on the spore optical cross-section (Figure 19K) but
absent when the objective is focused on the spore surface. Spore wall 2.0–2.5 µm. Asci
globose to broadly ellipsoid or ovoid, sometimes subpolygonal from the pressure of
crowded spores, hyaline, thin–walled, 50–80 x 40–60 µm, 1–4 (–5) spored, astipitate at
maturity.
Peridiopellis 110 – 250 µm thick. Suprapellis a thin layer of appressed, hyaline to
yellowish hyphae 2–6 µm broad, the surface pubescence of emergent hyphal tips 3–5 µm
broad, at maturity some even and smooth, some with granulated surfaces and some
moniliform from walls irregularly thickened by hyaline bands 0.5–1 (–2) µm thick. Pellis
a variable pseudoparenchyma of several tiers of subhyaline cells inflated up to 35 µm
broad, near the suprapellis with much thickened and refractive walls (Figure 20C).
Subpellis variable, 90–200 µm thick, of subhyaline, tightly arranged, periclinal, thin–
walled hyphae 2–10 µm broad at septa with scattered cells inflated up to 20 µm. Gleba
of hyaline, thin–walled, interwoven hyphae 2–7 µm broad with scattered cells inflated
up to 22 µm.
Distribution, habitat and season. West of the Cascade Mountains from
Southwestern Washington south through southwestern Oregon to northwestern
California of the Cascade Mountains at elevations from near sea level to about 915 m,
mostly in relatively xeric habitats, associated with Pseudotsuga menziesii in pure stands
or in mixture with other Pinaceae or Quercus spp.; also known from a single locality in
the northern Sierra Nevada Mountains at ca 1460 m in a mixed forest of Abies concolor,
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Pinus lambertiana and Pinus ponderosa but no Pseudotsuga menziesii. February through
June, December.
Etymology. Possessive in honor of the mycologist Michael Castellano
(“Castellano’s Tuber”) for collecting the holotype and for his contributions to mycology
and truffle taxonomy.
Collections examined. USA. CALIFORNIA: Fresno Co., Sierra National Forest,
Ross Creek Watershed, Turtle Creek, 1460 m. 25 Jun 1997, M. Castellano, Trappe 28069
(HOLOTYPE OSC 131470) and B. Oakley, Trappe 19924 (PARATYPE OSC 131471).
Humboldt Co., Six Rivers National Forest, Cedar Spring Camp, 430 m. 13 May 1976, J.
Trappe 4568 (PARATYPE OSC 131469). Sonoma Co., near Santa Rosa. 1997. D. Arora,
Trappe 22662 (PARATYPE OSC 131468). OREGON: Clackamas Co., Gladstone, 55 m.
13 Feb 1976, D. L. Wienecke, Trappe 4540 (PARATYPE OSC 40172). Douglas Co.,
Bureau of Land Management North Bank Habitat Management Area. 2 Dec 1997, J.
Trappe 22295 (PARATYPE OSC 61683). Jackson Co., Wellington Butte, 915 m. 20 Apr
1998, R. Young, Trappe 22799 (PARATYPE OSC 61938). Yamhill Co., 5 km E of
Newberg. 10 Mar 1977, R. Koler, Trappe 4948 (PARATYPE OSC 131968).
WASHINGTON: Thurston Co., Olympia, 6 m. 7 Mar 1986, M. Haseltine, Trappe 8858
(PARATYPE OSC 46725).
Commentary. In addition to its molecular differences from the other species in the
Gibbosum clade, T. castellanoi has generally shorter, globose to broadly ellipsoid spores
and a lower Q than the others. It is the only species in the clade occurring in the Sierra
Nevada Mountains outside the range of Pseudotsuga. Usually, however, it occurs in
forests of pure Pseudotsuga menziesii or in mixed forests with that species as a
component.
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Tuber gibbosum Harkn., Proc Calif Acad Sci Ser. 3, 1: 273. 1899.
+ Tuber giganteum Gilkey, Mycologia 57:250. 1925. GENBANK FJ809863
Ascomata 5.0–55 mm broad, the smaller specimens globose to subglobose and
furrowed, the larger irregular, lobed and deeply furrowed (Figure 19A). Peridium in
youth pale olivaceous, soon becoming olive brown to dull brown and often cracking, 0.1–
0.2 mm thick, the surface minutely pubescent, densely in the furrows and more scattered
on the exposed lobes where the pubescence often collapses in age. Gleba solid, in youth
the fertile tissue whitish and marbled with mostly narrow, white, hypha–stuffed veins
that emerge through the peridium to its surface, at maturity the fertile tissue light brown
to brown from the color of the spores but the marbling veins remaining white. Odor and
taste mild in youth, soon becoming strong, pungent and complex, “truffly.”
Spores ellipsoid to broadly ellipsoid, light brownish golden, in 1-spored asci
excluding the ornamentation 36–60 x 25–37.5 µm, Q = 1.2–1.8; in 2-spored asci 28.5–50
x 20–37.5 µm, Q = 1.1–1.8; in 3-spored asci 25–50 x 16–32.5 µm, Q = 1.2–1.9; in 4spored asci 22.5–38 x 17–30 µm, Q = 1.1–1.8; in 5-spored asci 25–32 x 19–24 µm, Q =
1.30; spore walls 2–5 µm thick; ornamentation an orderly, alveolate reticulum, the
alveolae 5–6 sided, (6–) 7–10 along the spore length, the corners forming spines 3–4 (–5)
x 0.5 µm , much broader at the very base, the alveolar walls as tall as the spines (Figure
19E, 19I, 19M). The “microreticulum” artifact present in optical cross-section. Asci in
youth globose to broadly ellipsoid to ovoid or pyriform, at maturity globose to broadly
ellipsoid, sometimes cylindrical or misshapen from the pressure of crowded spores
within, hyaline, thin–walled in youth, the walls ± 1 µm thick at maturity, 73–100 x (35)
65–75 µm, (1–) 2–4 (–6) spored, astipitate at maturity.
Peridiopellis 200–300 µm thick. Suprapellis with patches of appressed to loosely
arranged, hyaline to yellowish hyphae 3–5 (–7) µm broad, the surface pubescence of
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emergent hyphal tips 3–5 µm broad, at maturity some even and smooth, some with
granulated surfaces and some moniliform from walls irregularly thickened by hyaline
bands 0.5–1 µm thick. Pellis generally pseudoparenchymatic, 60–100 µm thick, of
hyaline to subhyaline or yellowish hyphae 3–5 (–10) µm broad, near the suprapellis with
much thickened and refractive walls, often with ± isodiametric cells 5–20 µm broad
(Figure 20D). Subpellis abruptly differentiated from the pellis, 110–220 µm thick, of
hyaline to subhyaline, loosely to tightly interwoven, thin–walled hyphae 2–10 µm broad
at septa with scattered to clustered, inflated cells up to 20 µm broad. Gleba of hyaline,
thin–walled, interwoven hyphae 2–7 µm broad with scattered cells inflated up to 15 µm.
Distribution, habitat and season. West of the Cascade Mountains from the
southern part of Vancouver Island, British Columbia south through western Washington
and Oregon to northwestern California’s San Francisco Bay below ca 600 m in pure
stands up to ca 100 yrs old of Pseudotsuga menziesii or Pseudotsuga mixed with Tsuga
heterophylla, Picea sitchensis, or Abies sp. Often in Christmas tree plantations as young as
5 yrs old; in one such Christmas tree farm, the only host species was Abies procera..
January through June.
Etymology. Latin gibbosum (humped), in reference to the irregular lobes and
humps on larger specimens.
Collections examined. USA. CALIFORNIA: Marin Co., Mill Valley. April. H. W.
Harkness 162 (HOLOTYPE BPI, ISOTYPE OSC 131473); Point Reyes National Seashore.
4 Apr 1981, C. Yarwood, Trappe 6555 (EPITYPE HERE DESIGNATED OSC 40964).
OREGON: Benton Co., Paul Dunn Experimental Forest. 28 Feb. 2001, A. Beyerle 1366
(130540). Clackamas Co., Beaver Creek, Paul Bishop Tree Farm. 19 Feb. 2005, K.
Kittredge, Trappe 30580 (OSC). Coos Co., Bandon. H. Gilkey 32 (HOLOTYPE of Tuber
giganteum, OSC 38614). Douglas Co., Rock Creek Fish Hatchery. 15 Apr 1997, E. Olson,
Trappe 20407 (OSC). Jackson Co., NW head of Humbug Creek. 21 Apr 1998, J. M.
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Trappe 22789 (OSC 131486). Josephine Co., Myers Valley, Big Pine Campground. 4 July
1990, R. Young & M. Amaranthus, Trappe 11493 (OSC 49689). Lane Co., 1.6 km S of
Mapleton. 19 Mar 1992, J. Toledo, Trappe 12396 (OSC 131482). Polk Co., Mill Creek
near Buell. 23 Mar 1992, W. Bushnell, Trappe 12477 (OSC 50555). Yamhill Co. 14 May
2004, J. Czarnecki, Trappe 29402 (OSC 82258). WASHINGTON: Clark Co., Vancouver.
23 Feb 1995, J. Lindgren, Trappe 15420 (OSC). King Co., Seattle. 7 Apr 2005, K. Possee,
Trappe 30681 (OSC 131487). Thurston Co., Tenino. 15 Apr 2001, J. Cosentino, Trappe
26632 (OSC 111485). CANADA. BRITISH COLUMBIA: Vancouver Island, Royal Oak.
24 Jan 1977, M. Bell, Trappe 4944 (OSC 131484).
Commentary. Harkness (1899) recorded the type collection as being under oaks.
However, we have never found it to be associated with oaks per se. Rather, it is primarily
associated with Pseudotsuga menziesii in pure stands or in association with Fagaceae or
other Pinaceae. He was not specific about the type locality, which he listed only as
Marin Co., Mill Valley, California. Most of that area has since been developed as
suburbs, but it has forest and woodland remnants of Quercus mixed with Pseudotsuga
menziesii. While the type collection was “under oaks,” roots of Pseudotsuga probably
grew among the oak roots. Gilkey (1939) synonymized her Tuber giganteum with T.
gibbosum; having examined the holotypes of both species, we agree.

Tuber oregonense Trappe, Bonito & Rawlinson, sp. nov.
MycoBank MB515123 Genbank FJ809874

Figures. 19B, 19F, 19J, 19N, 20E

Peridium maturitate apicibus aliquot hyphalibus moniliformibus ob parietes
irregulariter incrassatos; sectio transversalis peridii suprapelle prosenchymatica,
pelleque subpelle hypharum prosenchymatica cellulis dispersis inflatis. Sporae
ellipsoideae vel subfusoideae, extremis obtusis vel subacutis; ornamento reticulato
excludo, in ascis 1-sporis 42.5–62.5 x 17.5–30 µm et Q= 1.55–2.5 (–2.9), in ascis 249

sporis 32.5–50 x 15–25 µm et Q= 1.5–2.4. Holotypus hic designatus: Bonito GB 284,
Oregon, Benton Co., Starker Forests Tum Tum Tree Farm near Blodgett.
Ascomata hypogeous, 0.5–5 (–7.5) cm broad, the smaller specimens globose to
subglobose and furrowed (Figure 19B), the larger irregular, lobed and deeply furrowed.
Peridium in youth white, soon developing red to reddish brown or orange brown patches,
with age becoming orange brown to reddish brown overall and often cracking, 0.2–0.4
mm thick, the surface roughened–glabrous to minutely pubescent, densely in the furrows
and more scattered on the exposed lobes where the pubescence often collapses in age.
Gleba solid, in youth the fertile tissue whitish and marbled with mostly narrow, white,
hypha–stuffed veins that emerge here and there through the peridium to its surface, at
maturity the fertile tissue light brown to brown from the color of the spores but the
marbling veins remaining white. Odor and taste mild in youth, soon becoming strong,
pungent and complex, “truffly.”
Spores ellipsoid to subfusoid with narrowed ends, light brownish golden, in 1spored asci excluding the ornamentation 42.5–62.5 x 17.5–30 µm, Q = 1.55–2.5 (–2.9);
in 2-spored asci 32.5–50 x 15–25 µm, Q = 1.5–2.4; in 3-spored asci 27.5–45 x 15–25
µm, Q = 1.5–2.0 (–2.45); in 4-spored asci 25–38.5 x 13–28 µm, Q = 1.4–2.2 (2.3); in 5spored asci 28–34 x 22–25 µm, Q = 1.3–1.4; spore walls 2–3 m thick; ornamentation an
orderly alveolate reticulum, the alveolae 5–6 sided, 5–8 (–9) along the spore length, the
corners forming spines (4–) 5– 7 (–8) x 0.5 µm broad, somewhat broader at the very
base, the alveolar walls quite uniformly as tall as the spines (Figure 19F, 19J, 19N). Asci
in youth globose to broadly ellipsoid to ovoid or pyriform, sometimes the base narrowed
stipe–like up to 15 x 7 µm, at maturity globose to broadly ellipsoid or misshapen from
the pressure of crowded spores within, hyaline, thin–walled, 60–85 x 65–75 µm, 1–4 (–
5) spored, astipitate at maturity,
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Peridiopellis 200–300 µm thick. ± 80 µm thick, of tightly interwoven hyphae 3–5
(–10) µm broad (Figure 20E), the cells short and with subhyaline walls 0.5–1 µm thick,
where the interior veins emerge through the peridium the cells often forming a localized
tissue of rounded cells up to 12 µm broad; surface pubescence of emergent hyphal tips
2–5 µm broad with thin walls, some even and smooth, some with granulated surfaces,
and some moniliform from walls irregularly thickened by hyaline bands 0.5–1 (–2) µm
thick. Subpellis abruptly differentiated from the outer layer, 150–220 µm thick, of
interwoven, subhyaline, thin–walled hyphae 2–10 µm broad with scattered cells up to
15 µm broad. Gleba of hyaline, thin–walled, interwoven hyphae 2–7 µm broad with
scattered cells inflated up to 15 µm.
Distribution, habitat and season. West of the Cascade Mountains from the southern
Puget Sound region of Washington south to southwestern Oregon at elevations from near
sea level up to 425 m in pure stands of Pseudotsuga menziesii forests up to 100 yrs old or
Pseudotsuga mixed with Tsuga heterophylla, Picea sitchensis, or Alnus spp.; often in
Christmas tree plantations as young as 5 yrs old. September through mid March.
Etymology. Oregon + Latin suffix –ense (“relating to”), in reference to western
Oregon being its central region of abundance.
Collections examined. USA. OREGON: Benton Co., Starker Forests Tum Tum Tree
Farm along State Highway 20 near Blodgett. 3 Feb 2007, G. Bonito GB 284, (HOLOTYPE
OSC 131409); 3 km S of Peedee, 150 m. 16 Jan 2003, W. Bushnell 1158, Trappe 27985
(PARATYPE OSC 131479). Clackamas Co., Beaver Creek, Paul Bishop’s Tree Farm, 185
m. 19 Jan 2002, A. R. Beyerle 1777, Trappe 27173 (PARATYPE OSC 131474) and 30 Mar
2002, A. Beyerle 1790, Trappe 28263 (PARATYPE OSC 131478); Beaver Creek Tree
Farm, 180 m. 12 Mar 1994, C. Paapanen, Trappe 15112 (PARATYPE OSC 58516.
Columbia Co., Scappoose, Holiday Road, 305 m. 23 Jan 2001, A. Beyerle 1343, Trappe
27977 (PARATYPE OSC). Curry Co., Cape Sebastian Overlook, 220 m. 14 Nov 1985,
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G. Menser, Trappe 8767 (PARATYPE OSC 46851); Humbug Mountain State Park, 150 m.
18 Mar 1992, M .Castellano, Trappe 12387 (PARATYPE 50523). Douglas Co., Melrose,
Ray Dorner Ranch, 380 m. 17 Oct 1982, J. Rawlinson, Trappe 7164 (PARATYPE OSC
40976). Josephine Co., Sam Brown Campground, 425 m. 1 Mar 1989, D. Arthur, Trappe
11086 (PARATYPE OSC 49220). Polk Co., Falls City, Black Rock Road, 245 m. 10 Jan
2003, A. Beyerle, Trappe 28266 (PARATYPE OSC); S. Fork Peedee Cr., Bald Mountain
Road. 5 Nov. 1997, W. Bushnell, Trappe 19957 (PARATYPE OSC 60500). Tillamook Co.,
Cape Lookout State Park entrance, 12 m. 26 Oct 2002, D. Wheeler, Trappe 27945
(PARATYPE OSC). Yamhill Co., Lafayette, Trappist Monastary, 105 m. 1998, C.
Schneider, Trappe 22699 (PARATYPE OSC). Putnam Creek, Luckiamute Tree Farm, 120
m. 11 Jan 1992, W. Bushnell, Trappe 12327 (PARATYPE OSC 50753). WASHINGTON:
Clark Co., 3.2 km N of View, 260 m. 29 Oct 1994, D. Wheeler, Trappe 15062
(PARATYPE OSC 58230). Grays Harbor Co., Montesano, Stewart Tree Farm. 20 Sep
1997, J. Haseltine, Trappe 22691 (PARATYPE OSC 61282); Wynoochee Willie Tree Farm.
19 Nov 1997, Z. Carter & P. Rawlinson, Trappe 19960 (PARATYPE OSC 60515). Lewis
Co., Cinnabar Road near Mayfield Lake, 205 m. 12 Sep 1992, N. Wedam, Trappe 12640
(PARATYPE OSC 50999).
Commentary. Tuber oregonense differs from the other three species of the
Gibbosum clade by its long, narrow spores common in 1– to 4–spored asci, and its
generally taller spore ornamentation. It is less widely distributed than the others, being
confined so far as is known to southwestern Washington and western Oregon. In
addition to the molecular differences between the two, the largest spores of T. oregonense
are subfusoid with a Q up to 2.9 and a reticulate ornamentation mostly 5–7 (–8) µm tall.
Tuber oregonense fruits primarily in autumn into early winter. T. gibbosum, in contrast, has
only ellipsoid spores with a Q no larger than 1.45 and a reticulum 3–5 (–6) µm tall, its
peridium is olive to olive brown or dull brown, and it fruits primarily in late winter into
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early summer. Both species are commercially harvested for culinary use. T. oregonense is
the most commonly collected Tuber species in autumn in the Pacific Northwest (Trappe
et al. 2009). It often occurs in great numbers in suitable habitats, but in forests the
ascomata tend to be at the small end of its size range. The largest specimens have been
found in Christmas tree farms or along fairways of golf courses.

Discussion
Jeandroz et al. (2008) used 5.8S and ITS2 data to reconstruct the phylogeny and
biogeography of Tuber and proposed the first phylogenetic classification for the genus.
They delimited 5 major clades (i.e. Aestivum, Excavatum, Rufum, Melanosporum, and
Puberulum), although the Aestivum clade was not supported with high bootstrap
values. Here we provide the first LSU phylogeny for the genus Tuber, and are able to
resolve nine major clades in the genus with high bootstrap support. In contrast to ITS
results of Jeandroz et al. (2008), LSU data distinguish the Magnatum and Macrosporum
clades as distinct from the Aestivum clade. In addition to resolving the Excavatum,
Rufum, Melanosporum, and Puberulum clades, LSU data also resolve the Gibbosum and
Spinoreticulatum clades.
The Aestivum group contains the most morphological variation, and includes
species with large pyramidal warts and alveolate spores as well as T. panniferum, which
has a tomentose peridium and spiny spores. The Excavatum group includes both T.
excavatum and T. fulgens, and is characterized by a basal cavity, a thick and hard
peridium, and coarsely reticulated spores. The Magnatum clade is represented by T.
magnatum, which has a pale colored, glabrous peridium, and coarsely reticulated spores.
LSU data places T. gennadii as sister to T. magnatum, although this relationship is not
supported statistically by ML bootstrap values (it is supported by MP and BI). Tuber
gennadii is distinguished by locules that are lined with a hymenium bearing long53

stemmed asci. Due to these features, Alvarez et al. (1993) placed Tuber gennadii in its
own genus (Loculotuber) within the Tuberaceae. These LSU data do not support this
taxonomic hypothesis. The Rufum group is characterized by a smooth to minutely
warted peridium, three- layered ascus walls and spiny spores (Trappe 1969, Trappe et
al. 1996). Uecher and Burdsall (1977) placed T. spinoreticulatum in the Rufum group
based on the structure of its peridium and asci, but LSU data place T. spinoreticulatum
in its own clade. Tuber spinoreticulatum is characterized by a basal cavity, small peridial
warts, and ascospores ornamented with broad-based spines that connect to form a
reticulum. The Melanosporum group is characterized by large peridial warts and darkly
pigmented ascospores ornamented by spines that may connect to form a reticulum.
Species in the Macrosporum group have smooth or minutely warted peridia and globose
asci that typically contain less than four alveolate-reticulate spores. Species in the
Gibbosum group are distinguished by thick-walled hyphae that emerge from the
peridium and often appear moniliform from banded thickenings plus alveolate-reticulate
spores. The Puberulum clade is a diverse group of light colored truffles characterized by
a smooth to cracked peridium, and globose to elliptical alveolate-reticulate ascospores.
Morphological and molecular data confirm that Tuber gibbosum and its three
allied species form a group morphologically and genetically distinct from all other Tuber
species described to date. They are known only from the Pacific Northwestern USA and
adjacent Canada. They each share a synapomorphy unique within the genus Tuber: their
mature peridial suprapellis is beset with scattered to abundant hyphal tips with
irregularly thickened walls up to 2 µm that produce a beaded appearance. These are not
well developed on young specimens but become more evident with maturity. We have
examined types or neotypes of nearly all the world’s hypogeous Ascomycota and have
not seen these on any other Tuber spp., including those of Europe and Asia. The only
other truffle we have found to possess such peridial hyphae with thickened walls is
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Choiromyces alveolatus (also in the Tuberaceae), which is endemic within the range of the
Gibbosum clade but phylogenetically distinct (Figure 17). The four species within the
Gibbosum clade can be separated by a combination of spore characters (Figure 21).
Most other characters either intergrade between the species or are so highly variable even
within individual specimens that they have only marginal value in separating the
species.
The ranges of all four species in the Gibbosum clade overlap in western Oregon.
Inferences on differential species ranges and geographic abundance are speculative at
present, because they likely reflect abundance of collectors in various parts of the clade
range as much or more than real, geographic differences. It does appear that T.
oregonense is more restricted in range and habitat than the other species, being confined
to western Oregon and southwestern Washington in relatively mesic forests, whereas T.
gibbosum has a greater north–south range and wider habitat adaptation. T. castellanoi is
the only species known at present from the Sierra Nevada Mountains of California,
where it also occurs at a considerably higher elevation than do the others; it seems
adapted to relatively dry habitats and is less closely associated with Pseudotsuga
menziesii. The four species in the Gibbosum clade overlap widely in their fruiting seasons,
but the season for T. oregonense (i.e. Sept-March) is earlier than that of the other species.
That T. gibbosum and T. oregonense often naturalize and fruit in young
Pseudotsuga menziesii stands suggests the potential roles that these truffles could have in
the forest’s ecology and as a renewable resource. Early on, these truffles were found by
raking the forest floor, a practice that disrupted extensive areas of soil where they were
abundant. The resulting collections often included a large proportion of immature
specimens or even other species, so the “Oregon white truffle” gained a reputation of
poor quality and consequently low value (Trappe et al. 2009). In recent years increasing
numbers of harvesters use trained dogs for truffle hunting in the region. As opposed to
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raking truffles out of the soil, both immature and mature, the dogs detect only ripe
truffles with higher quality and greater value than those exposed by raking. This practice
disturbs the forest floor no more than wild animals do in excavating truffles and may
help to improve the reputation and integrity of the developing Pacific Northwest truffle
industry.
The phylogeny, novel suprapellis, the limited ranges, and the general (but not
exclusive) association with Pseudotsuga menziesii all suggest the Gibbosum clade evolved
and speciated in the Pacific Northwestern USA and adjacent Canada from a common
ancestor. However, the Pseudotsuga species of eastern Asia have not been explored for
members of this clade, and they may occur there. Clearly, our understanding of Tuber
phylogeny is enlightened by ITS and LSU rDNA phylogenies, but additional taxa and
loci will be needed to test alternative phylogeographic hypotheses and to derive a stable
phylogenetic classification system for Tuber.
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Key to truffles in the Tuber gibbosum clade
1. Peridium smooth to roughened or finely pubescent, the surface with scattered
to abundant, emergent hyphal tips having walls with irregularly thickened bands to
produce a beaded appearance by maturity.

Tuber gibbosum complex.

2.

1. Peridium smooth to warty, roughened, pubescent or tomentose but lacking
emergent hyphal tips having walls with irregularly thickened bands to produce a beaded
appearance at maturity.

Other Tuber spp.

2. Spores in 1– and 2–spored asci ellipsoid to subglobose or globose, ≤ 44 µm
long excluding the ornamentation; spore length/width ratio (Q) ≤ 1.6.

T. castellanoi.

2. Spores in 1– and 2–spored asci ellipsoid to subfusoid, many > 44 µm long
excluding the ornamentation; Q often > 1.6.

3.

3. Some spores in 1–and 2–spored asci subfusoid with tapered ends and a Q ≥
2.1; spore ornamentation mostly ≥ 5 µm tall.

T. oregonense.

3. Spores in 1– and 2–spored asci ellipsoid to broadly ellipsoid with blunt ends
and Q ≤ 2.1; spore ornamentation ≤ 5 µm tall.

4.

4. Spores of 1– and 2–spored asci up to 38 µm broad excluding the
ornamentation; peridial pellis a well developed pseudoparenchyma with several tiers of
inflated cells.

T. gibbosum.

4. Spores of 1– and 2–spored asci ≤ 33 µm broad excluding the ornamentation;
peridial pellis within individual specimens varying from interwoven hyphae to clusters
of inflated cells.

T. bellisporum.
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4. A g lo b a l meta -a na ly s is of Tu b er ITS
rDNA s e q u en ces : s p e ci es d i vers it y, ho s t
s p e cifici t y, a n d lo n g - d i s ta n ce d is p ersa l
Introduction
Many species in the genus Tuber are icons of the fungal world due to their
aromatic hypogeous fruitbodies (i.e. truffles). Although the ecology and host
associations of nearly a dozen commercialized Tuber spp. have been intensely studied,
little is known about the overall species diversity or ecology of this genus. Frank’s epic
paper of 1885 (Frank, 2005) described studies originally aimed at truffle cultivation but
its impact far exceeded that goal. Frank reported the first systematic research on
ectomycorrhizae and proposed hypotheses on their function in the nutrition of host
plants, thereby laying the foundation of mycorrhizal ecology. It has since been
established that Tuber is an obligate ectomycorrhizal lineage, and is important to the
nutrition and drought tolerance of host plants (Nardini et al., 2000; Bradshaw, 2005;
Nuñez, JA et al., 2009). Tuber ectomycorrhizae occur on a broad diversity of hosts, both
gymnosperm and angiosperm, and in habitats ranging from subtropical cloud forests to
temperate forests, boreal forests, floodplains, tree nurseries, and restoration sites (Ceruti
et al., 2003; Bidartondo et al., 2004; Izzo et al., 2005; Menkis et al., 2005; Bergemann &
Garbelotto, 2006; Frank et al., 2006a; Ishida et al., 2007; Hrynkiewicz et al., 2008; Krpata
et al., 2008; Leski et al., 2008; Morris et al., 2008; Taylor et al., 2008; Southworth et al.,
2009; Bulman et al., in press).
Since the early 1990’s, ITS rDNA sequence data have been used to analyze the
composition and dynamics of ectomycorrhizal communities (Gardes et al., 1991; Horton
& Bruns, 2001). The rate of “species” discovery resulting from molecular community
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ecology studies now outpaces that of modern taxonomy by orders of magnitude
(Hibbett et al., 2009). Although ITS is a robust marker for classifying fungi to genera and
in discriminating most fungal species, species-level determinations are questionable
unless the identify of the source of a sequence can be verified from well-preserved
publicly available specimen. This is the case with Tuber because of misidentifications,
mislabeling of specimen packets, and nomenclatural errors in the public database
GenBank (Trappe, 2004; Halász et al., 2005; Iotti et al., 2007). It is common for
sequences to be submitted to GenBank as “unidentified” when reference taxa are
lacking. These have been termed insufficiently identified sequences to distinguish them
from fully identified sequences (Nilsson et al., 2006). The number of insufficiently
identified sequences of Tuber in GenBank (230 at this time) places the genus within the
top 10 insufficiently identified mycorrhizal genera in GenBank (Ryberg et al., 2008).
Synthesizing these data should bring greater insight into Tuber’s species diversity,
phylogeny, ecology, and distribution. We hypothesized many insufficiently identified
Tuber sequences are conspecifics and that many will represent novel taxa.
The phenomena of human mediated long-distance dispersal of pathogenic fungi
between continents is well known (Stukenbrock et al., 2006), but less so for mycorrhizal
fungi (Schwartz et al., 2006). Thus, there is an impetus to document introductions of
ectomycorrhizal fungi and develop a framework to understand their invasive biology
(Schwartz et al., 2006; Pringle et al., 2009; Vellinga et al., 2009; Bulman et al., in press).
The invasive biology of Tuber is of interest because some of the economically important
species are being intentionally introduced into ecosystems around the world (Hall et al.,
2007; Bonito, in press).
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A conceptual model of ectomycorrhizal species invasion outlined by Vellinga et
al. (2009) involves four stages. It begins with transport of ectomycorrhizal propagules to
a novel location. Under suitable conditions the establishment and spread of the
ectomycorrhizal species across a landscape may follow. Once a species has been
established and has spread beyond the point of introduction, ecological impacts may
occur, such as the replacement of native species or effects on biogeochemical processes.
Ectomycorrhizal fungi that are host-generalists are hypothesized to have a higher
probability of being introduced (Vellinga et al., 2009). Further, because hypogeous fungi
depend heavily on mycophagy for spore dispersal, their biogeography and invasive
ecology is expected to differ from that of epigeous fungi adapted for wind dispersal
(Trappe & Claridge, 2005; Hosaka et al., 2008; Nuñez, MA et al., 2009).
The cryptic nature and lack of biogeographic and natural history data for most
ectomycorrhizal fungi makes discerning native ranges from areas of introduction
challenging (Vellinga et al., 2009). Molecular approaches provide means for assessing
fungal biogeography and detecting introduction events (Stukenbrock et al., 2006; Hosaka
et al., 2008; Matheny et al., 2009; Pringle et al., 2009). In the event of an introduction,
founder populations are expected to exhibit less genetic variability than source
populations.
Current research aimed at resolving phylogenetic relationships within Tuber has
resulted in DNA sequencing from a high proportion (~70%) of known species in the
genus. These data were used together with >400 ITS sequences from insufficiently
identified Tuber spp. generated from herbarium collections, fresh fruitbodies,
mycorrhizae, and soil clones to assess species diversity, ecology and distribution of
Tuber within a phylogenetic framework.
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Materials and methods
Material studied
ITS sequence data were generated from approximately 270 collections of
identified and unidentified truffles made available from the Oregon State University
Mycological Collections (OSC), the National Fungus Collections (BPI), Harvard
University’s Farlow Herbarium (FH), and the Herbarium of Università di Bologna
(BOLO), Italy. Fresh specimens collected over the past three years in Europe, Asia, and
North America were also sequenced, and are available from the Duke University
Herbarium (DUK). Additional ITS sequences from verifiably identified Tuber species
were downloaded from GenBank and combined with our sequence database to create a
Tuber ITS dataset of reference taxa.
The genus search tool in emerencia was used to retrieve 230 ITS sequences from
insufficiently identified species in GenBank, whose pairwise similarity was most similar
to identified Tuber species (Nilsson et al., 2005; Ryberg et al., 2009). GenBank numbers of
these sequences and citations for the studies in which they were generated were
compiled and are available as supplementary material (Appendix 4). Additional
unidentified Tuber sequences were added as they became available. Metadata
accompanying individual sequences including geographic origin and host were compiled
when available.

Molecular methods
DNA from ascomata and ectomycorrhizae was extracted by the CTAB miniprep
(Gardes & Bruns, 1993). For DNA extraction, glebal tissue was ground (dried or in
CTAB) in sterile sand and large cubic zirconium beads in a Mini Beadbeater for one to
two minutes (Biospec Products, Bartlesville, OK). The internal transcribed spacer region
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(ITS) was amplified with the primer set ITS5-ITS4 (White et al., 1990). Amplified
fragments were viewed through agarose gel electrophoresis, cleaned with Qiagen QuickClean columns, and cycle sequenced with Big Dye chemistry version 3.1 (Applied
Biosystems). DNA sequences were determined on an ABI3700 DNA sequencer (Applied
Biosystems).

Sequence analyses
Generated DNA sequences were viewed and manually edited in Sequencher 4.0
(Gene Codes, Ann Arbor, MI). An sequences were initially aligned in MUSCLE (Edgar,
2004). Ambiguous regions, including most of ITS1, were excluded from this alignment in
Mesquite 2.5 (Maddison & Maddison, 2009). Outgroup selection was based on previous
studies and preliminary phylogenetic analysis across the family Tuberaceae (O'Donnell et
al., 1997). Parsimony analyses were conducted in PAUP* 4d106 (Swofford, 2002) to
assign all insufficiently identified sequences to a specific clade within the genus Tuber.
The dataset of compiled ITS sequences was filtered by removing sequences of
poor quality or short length, plus those that fell outside the genus Tuber in BLAST hits.
Redundant sequences and those with minor variation were removed by assembling total
ITS sequences into 98% similarity clusters (contigs) with the dirty data assembly
algorithm in Sequencher 4.0 (Gene Codes, Ann Arbor, MI). Sequences comprising each
98% similarity cluster were recorded (Appendix 3), but only one representative sequence
from each was used in the final analyses.
The ITS1 region is too diverse to align across the complete Tuber genus.
Alignments and analyses were performed individually for each of the three Tuber clades
in which unidentified sequences clustered to improve phylogenetic resolution on the
placement of sequences from insufficiently identified Tuber within the phylogeny.
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ITS alignments of reference taxa and of Tuber clades containing insufficiently
identified taxa were done with MUSCLE (Edgar, 2004). Alignments were then manually
adjusted and ambiguous regions excluded with Mesquite 2.5 (Maddison & Maddison,
2009). The appropriate model of evolution for these datasets was selected in PAUP*
(Swofford, 2002) by Akaike information criterion, penalizing more complex models by
one likelihood unit per additional free parameter. Phylogenetic analyses were conducted
with maximum likelihood (ML) in PAUP* (Swofford, 2002) and Bayesian inference (BI)
with MrBayes (Huelsenbeck & Ronquist, 2001). Maximum likelihood bootstrap support
based on 100 bootstrap replicates was assessed with RAxML (Stamatakis et al., 2008)
through the CIPRES web portal (http://www.phylo.org/).
Fungal molecular ecology studies often define phylotypes as sequences sharing
greater than 97% sequence similarity, although this may vary between species and genera
(Smith et al., 2007b; Peay et al., 2008). Consequently, analyses were conducted on a set
of Tuber reference taxa (including all commercialized species) to determine intraspecific
and interspecific ITS variation and assess an appropriate phylotype definition for Tuber.
Values of intraspecific and interspecific ITS variation were assessed by aligning pairs of
species (multiple sequences from the species of interest and its closest sister taxon) in
MUSCLE (Edgar 2005). Alignments were then manually edited, but no regions were
excluded. Uncorrected P values resulting from these ITS alignments were calculated in
PAUP* (Swofford 2002). We have defined Tuber phylotypes as those having at least
96% ITS sequence similarity, and consider these as species approximations. In rare cases
this phylotype definition could lump morphological or ecological species. Estimates of
global species diversity for Tuber were calculated by use of incidence-based estimators
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(i.e. ICE, Chao2, Jackknife2) with EstimateS (Colwell, 2005). Sequences and alignments
generated in this study will be deposited in GenBank and Treebase.

Results
Mining ITS sequence metadata from GenBank with emerencia yielded 230
sequences of insufficiently identified Tuber taxa reported from 75 studies (Appendix 4).
A few sequences did not belong in Tuber or were chimeric (partially composed of Tuber)
and were excluded. Remaining sequences were then compiled with ITS sequences from
reference taxa and unidentified fruitbodies. By removing sequences of low quality and
length (<300bp), 402 of the original 500 reference and unidentified sequences were kept.
Assembling sequences into clusters sharing 98% sequence similarity further reduced the
dataset to 182 unique ITS sequences.
Phylogenetic analyses of ITS rDNA from Tuber reference taxa distinguished nine
major clades (Figure 22). The majority (95%) of unique unidentified Tuber ITS sequences
grouped within three of these clades (Rufum, Puberulum, and Maculatum). Of the nine
sequences outside these three clades, two from Epipactis microphylla mycorrhizae were
identified as T. excavatum group A (Excavatum clade); two from Epipactis microphylla
and Cephalanthera damasonium mycorrhizae were identified as T. aestivum (Aestivum
clade); two from angiosperm mycorrhizae were identified as T. magnatum (Aestivum
clade); one from a Pinus sabiniana ectomycorrhiza and was identified as T. gibbosum
(Gibbosum clade) (Figure 22). Two sequences from an artificially established truffle
orchard in North America grouped with T. melanosporum.
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Figure 22: ITS guide tree of Tuber reference taxa from across the phylogeny.
Most likely phylogeny for Tuber based on ITS nuclear rDNA (323 included
characters) and a GTR+G+I submodel with three substitution rate classes. Maximum
likelihood (ML) bootstrap values are shown on top of branches and posterior
probabilities based on Bayesian inference (BI) below. Values of >70 for ML and 99 or
above for BI are considered significant. Asterisks (*) denote support values of 100, when
space was limited. Species are labeled by Latin binomials, GenBank accession number
and geographic origin. Other Tuberaceae genera were chosen as outgroups.
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Intraspecific ITS variation differed among the species examined, and was below
3% for all species except T. aestivum (<3.7%) (Table 5). Tuber oregonense, T. puberulum
and T. castellanoi had the lowest levels of intraspecific ITS variation (0.2%). At least 4%
interspecific ITS variation occurred between pairs of sister taxa examined. Tuber species
also differed significantly in ITS length (Table 5). T. brumale had the longest ITS (859 bp)
while T. bellisporum had the shortest (465 bp).
One hundred and thirty-three previously insufficiently identified sequences
grouped within the Puberulum clade. Eighty-one grouped with named or provisionally
named taxa (Figure 23). Based on our phylotype definition, 26 putatively undescribed
species can be added to the Puberulum group, including 15 represented only by
mycorrhiza or soil clone sequences (Table 8). Plant hosts varied considerably within the
Puberulum group. Some species associate only on angiosperms, some only with
gymnosperms, and three species (T. borchii, T. menseri nom. prov., and Tuber sp.19) were
found as ectomycorrhiza on both angiosperm and gymnosperm hosts. Asia, Europe, and
North America each contain endemic Tuber species belonging to this clade. Tuber taxa
(e.g. T. borchii and T. dryophilum) for whom anamorphic states have been described are
in the Puberulum clade (Urban et al., 2004). Tuber menseri nom. prov., Tuber sp.19, and
T. borchii (cultivated) have been documented in New Zealand (Table 7).
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Table 5: Intraspecific and interspecific ITS variation of reference Tuber
species.
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Figure 23: Placement of insufficiently identified Tuber collections and
sequences belonging in the Puberulum clade.
Most likely tree for Puberulum clade. The analysis is based on ITS nuclear rDNA
(502 included characters) and a GTR+G+I submodel with four substitution rate classes.
Maximum likelihood (ML) bootstrap values are shown on top of branches and posterior
probabilities based on Bayesian inference (BI) below. Values of >70 for ML and 99 or
above for BI are considered significant. Asterisks (*) denote support values of 100, when
space was limited. Species are labeled by Latin binomials, GenBank accession number
and geographic origin. Tuber multimaculatum was chosen as an outgroup.
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Figure 24: Placement of insufficiently identified Tuber collections and
sequences belonging in the Maculatum clade.
Most likely tree for Maculatum clade. The analysis is based on ITS nuclear rDNA
(574 included characters) a GTR+G submodel with four substitution rate classes.
Maximum likelihood (ML) bootstrap values are shown on top of branches and posterior
probabilities based on Bayesian inference (BI) below. Values of >70 for ML and 99 or
above for BI are considered significant. Asterisks (*) denote support values of 100, when
space was limited. Species are labeled with Latin binomials, GenBank accession number
and geographic origin. Tuber multimaculatum was chosen as an outgroup.
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One-hundred and two sequences of the previously insufficiently identified taxa
grouped within the Maculatum clade, 64 with named or provisionally named taxa
(Figure 24). By our phylotype definition, 12 putatively undescribed species can be
ascribed to this group, 6 represented only by mycorrhiza or soil clone sequences (Table
8). Species in the Maculatum clade are only documented on angiosperm hosts. T.
rapaeodorum from this clade was the most abundant insufficiently identified Tuber
sequence in Genbank and was found in 14 studies (Table 6; Appendix 3).
Sixty sequences of previously insufficiently identified taxa grouped within the
Rufum clade, 25 with named or provisionally named taxa (Figure 25). By our phylotype
definition, 23 putatively undescribed species are included in this group, including 13
represented only by mycorrhiza or soil clone sequences. Species in the Rufum group
associate with angiosperm hosts and are distributed across Asia, Europe, and North
America. One species, Tuber sp.57, has been documented in New Zealand (Table 8).
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Table 6: The 10 most abundant insufficiently identified Tuber taxa, their
geographic range and host plants from which they have been detected on as
mycorrhizae. Identifications are based on sequence analysis.
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Figure 25: Placement of insufficiently identified Tuber collections and
sequences belonging in the Rufum clade.
The analysis is based on ITS nuclear rDNA (461 included characters) and a
GTR+G+I model with four substitution rate classes. Maximum likelihood (ML)
bootstrap values are shown on top of the branches and posterior probabilities based on
Bayesian inference (BI) are below. branches. Values of >70 for ML and 99 or above for
BI are considered significant. An asterisk (*) was used to denote support values of 100,
when space was limited. Species are labeled with their Latin binomials, GenBank
accession number and geographic origin. Tuber spinoreticulatum was chosen as an
outgroup.
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In total, 120 distinct phylotypes, based on 96% ITS sequence similarity, are
presented in this study. Rarefaction curves did not plateau, and incidence-based
coverage estimators predict a lower-bound/minimum of 180 (Jackknife 2) to 230 (ICE)
Tuber species worldwide (Figure 26).

Figure 26: Rarefaction and global species richness estimates for Tuber.

Discussion
Phylotype definition
The ITS rDNA region is considered a DNA barcode for fungi (Nilsson et al.,
2008). Though not appropriate for all species, our data demonstrate it is reliable for
discerning species in Tuber. For the species examined, intraspecific ITS variation was
typically less than 3%, and interspecific variation was 4% or greater, therefore a
phylotype definition of 96% similarity is a valid species approximation for Tuber. This
73

is a more relaxed criterion than the 97% phylotype threshold used in many molecular
fungal community studies (Peay et al., 2008).
Under this criterion, T. excavatum, T. gennadii, and T. candidum are in-fact
species complexes. Tuber gennadii is a rare species that has been described as a separate
genus (Loculotuber) because of its morphology of chambers lined by asci (Alvarez et al.,
1992). ITS places T. gennadii basal in the Tuber lineage and distinguishes two distinct
phylotypes (Figure 1). Tuber excavatum is often considered a single species, yet sequences
cluster into three distinct phylotypes (Figure 27). Tuber candidum contains up to three
phylogenetic species, which cannot be resolved by ITS alone (Figure 25). Further studies
are needed to resolve the issue of cryptic species in these species-complexes.
Tuber aestivum (=T. uncinatum) is among the more studied Tuber species and is
interesting because it has the highest level of intraspecific ITS variation compared to
other species in the genus (Mello et al., 2002; Paolocci et al., 2004; Wedén et al., 2004;
Wedén et al., 2005). Mello et al., (2002) and Weden et al., (2005) also report intraspecific
variation of over 3% in T. aestivum. Morphological studies suggest T. aestivum occurs
throughout Europe and Asia and is recorded from Morocco in North Africa (Bucholtz,
1901; Ceruti et al., 2003; Song et al., 2005) but molecular studies are needed.
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Table 7: Summary of Tuber species introduced into environments outside of
their native range.
Molecular determinations are based on ITS rDNA sequence similarities of >99%.
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Figure 27: Most likely tree of the Excavatum clade based on ITS nuclear
rDNA and a GTR+G+I model with four substitution rate classes.
Three phylogenetic species of ‘T. excavatum’ are resolved. Maximum likelihood
(ML) bootstrap values are shown on top of the branches and posterior probabilities
based on Bayesian inference (BI) are below. branches. Values of >70 for ML and 99 or
above for BI are considered significant.
76

Distribution of Tuber species and introductions into non-native
habitats
Relying on morphological and phylogenetic species concepts Vellinga et al. (2009)
conclude that at least 200 species of ectomycorrhizal fungi, including 8 Tuber species,
have been introduced into novel habitats. In most cases, introduced fungi were
associated with non-native plant host species, therefore likely introduced in conjunction
with a plant host (either on their roots or in the accompanying soil). Our findings based
on molecular data raise the number of introduced Tuber species to 16 (Table 7).

Figure 28: Continental endemism is high in Tuber. It does not appear that
Tuber species are shared between continents except in cases of recent humanmediated introduction.
ITS analyses of reference taxa show that Tuber species are distributed regionally
and are generally not shared between continents (Figure 28). The most parsimonious
explanation for cases where individual Tuber phylotypes having high ITS similarity
(>99%) are found on multiple continents (e.g. T. foetidum, T. indicum B, T. menseri nom.
prov., T. melanosporum, T. rapaeodorum, Tuber sp.19, Tuber sp. 57) is that these represent
recent human-mediated introductions. This is particularly likely for species reported
from New Zealand as Tuber is a Northern Hemisphere lineage and has only been found
in New Zealand associated with introduced host plants and never in native forests
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(Chu-Chou & Grace, 1983; Bulman et al., in press). The cultivated species T. aestivum, T.
borchii, and T. melanosporum are being intentionally introduced around the world (Hall et
al., 2007; Pruett et al., 2008). Although T. melanosporum grows naturally in Europe, is
reported as mycorrhizal with angiosperms and gymnosperms (Ceruti et al., 2003), and is
the most widely cultivated Tuber species, we are not aware of any instances where
mycorrhizae of this species have been reported outside of an orchard setting.

Dispersal considerations
Epigeous fungi are dispersed by wind, and therefore less constrained than
hypogeous forms dependent on small-mammals and insects for spore dispersal (Trappe
& Claridge, 2005; Frank et al., 2006a). In cases where hypogeous fungi successfully
establish after introduction, they may fail to spread across the landscape due to a lack
of suitable dispersal agents (Nuñez, MA et al., 2009). There may be exceptions to this
epigeous/hypogeous dichotomy however. Anamorphic (asexual) states have been
documented in the hypogeous ectomycorrhizal Pezizales genera Tuber, Pachyphloeus, and
Ruhlandiella and perhaps are more common than is realized (Urban et al., 2004; Perry et
al., 2007). The effect of anamorphic states on species distributions or invasion biology
has not been explored. The two known anamorphic Tuber species, T. borchii and T.
dryophilum, do not appear to have especially large geographic ranges or to be prone to
unintentional introductions.

Host preferences for Tuber species
Host specificity at the genus and family levels occurs with a minority of
ectomycorrhizal fungi (Molina & Trappe, 1982; Molina et al., 1992). However, some
ectomycorrhizal clades may be restricted to particular plant phyla, such as the Suillineae
(Boletales) to Pinaceae hosts (Taylor & Bruns, 1997) and extreme specificity has been
documented for some orchids and Monotropoideae (Ericaceae) with their mycorrhizal
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partners (Taylor & Bruns, 1997; Bidartondo & Bruns, 2001). Here we documented 24
Tuber species associated with multiple host species and genera. The Gibbosum clade
appears to be the only group restricted to gymnosperm hosts, while species in the
Rufum, Excavatum, and Maculatum clades show strong preference towards angiosperm
hosts. Species in the Puberulum clade may associate with either gymnosperm or
angiosperm hosts, and in some cases both. Species in the Aestivum and Melanosporum
clades are typically associated with angiosperm hosts, although T. aestivum and T.
melanosporum have been reported as at least occasionally associating with gymnosperms
and T. indicum (A & B) fruit commonly under Pinaceae hosts (Trappe, 1971; Ceruti et
al., 2003; Hall et al., 2007). Mycorrhizal associations with terrestrial orchid species were
documented for thirteen Tuber species in the Excavatum, Aestivum, Rufum, Maculatum,
and Puberulum clades (Bidartondo et al., 2004; Selosse et al., 2004; Bidartondo & Read,
2008; Ogura-Tsujita & Yukawa, 2008). In six of these instances, unique Tuber phylotype
were found only in association with Epipactis orchids.

Phylogenetic placement of insufficiently identified Tuber taxa
Of 230 sequences insufficiently identified Tuber taxa from 75 studies retrieved by
emerencia, 120 phylotypes were distinguished, 36 of which are reported from multiple
studies. In some cases Tuber species were dominant members of the ectomycorrhizal
community (Walker et al., 2005; Smith et al., 2007a; Morris et al., 2009), whereas in
others they were less frequently detected (Hrynkiewicz et al., 2008; Krpata et al., 2008;
Leski et al., 2008). It is noteworthy that only 14 sequences grouped with economically
important Tuber species: two for T. aestivum, seven for T. borchii, one for T. gibbosum,
two for T. magnatum, and two for T.melanosporum. In the cases of T. magnatum (Murat
et al., 2005)and T. melanosporum (Bonito, unpublished) they were specifically targeted.
Results suggest either that commercial species of Tuber are not abundant members of
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natural ectomycorrhizal communities or that habitats where these species reside have
not been well-characterized. Alternatively, because commercial Tuber species are well
referenced in GenBank, sequences from these species may be accessioned into GenBank
as Latin binomials.
Most sequences from insufficiently identified Tuber taxa (including ascoma)
grouped within the three less studied Tuber clades: Puberulum (133), Maculatum (102),
and Rufum (60). To the best of our knowledge, 61 undescribed species are represented
and 33 are known only from sequence data (Table 8). This raises questions about their
taxonomy. Species are traditionally described by fruitbody characters (Hibbett et al.,
2009). In a step short of sequence-based species descriptions to address taxonomic
issues, we have assigned temporary numbers to undescribed species (up to Tuber sp.70)
following the convention of Jeandroz et al. (2008). Annotated sequences of these taxa
produced in this study have been submitted to GenBank and collection numbers from
ascoma of undescribed phylotypes and the herbaria of deposit are provided for future
taxonomic work (Appendix 3).
Herbaria contain a large number of unsampled taxa and their role in increasing
the fungal biodiversity represented in GenBank has been addressed (Brock et al., 2009).
However, there are known issues with the nomenclature of identified GenBank
accessions (Vilgalys, 2003; Trappe, 2004) and it is estimated that ~20% of the entries
have been incorrectly identified (Nilsson et al., 2006). Molecular data can be used to
recognize misidentificatied taxa in GenBank but discretion should be used when
identifying unknowns based solely on BLAST results. GenBank accessions for T. rufum,
T. borchii, T. californicum, T. scruposum, T. maculatum, and T. excavatum are clearly
composed of multiple phylogenetic species.
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Table 8: Thirty-three Tuber species (phylotypes sharing 96% ITS similarity)
known only from sequence data.

Insufficiently identified submissions of Tuber are added to GenBank continually.
As the rate and volume of sequence generation increases it is evident that autonomous
bioinformatic methods are needed to classify and incorporate new GenBank accessions
into phylogenetic trees. One approach towards automated phylogenetic taxonomy is
mor. This program retrieves, screens, aligns, and analyzes phylogenetically new 28S
large subunit rDNA sequences submitted to GenBank each week (Hibbett et al., 2005).
Ultimately, this approach would be extended to include other genetic loci of all taxa
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such that the total knowledge of biodiversity and phylogeny, based on molecular data
and traditional taxonomy, can be used for biological classification (Hibbett et al., 2005).

Global estimations of Tuber biodiversity
Estimating worldwide species diversity for Tuber has been difficult due to
numerous synonyms and misidentifications. Although Index Fungorum lists 256
described species of Tuber (including synonyms and varieties) only 70-75 species are
believed to be valid (Ceruti et al., 2003; Jeandroz et al., 2008). Our worldwide metaanalysis of ITS rDNA diversity in Tuber groups phylotypes as those sharing 96% ITS
rDNA sequence similarity and distinguishes 120 phylotypes, although only ~70% of the
of the accepted species were represented in the analyses. Projections of global Tuber
species richness by use of our data predict a minimum of 180-230 species worldwide,
depending on the estimator used (Figure 26). To assess the accuracy of these estimators
in predicting species richness when a “true” value is known, Peterson et al. (2003)
compared richness estimators using herbarium collections for Asilidae, a group of
conspicuous and well-sampled beetles. They found that the estimators were internally
consistent but consistently underestimated the “true” diversity. This did not seem to be
particularly sensitive to sample size or subsampling strategies. While the true number of
Tuber species may never be known, it is clear that considerable Tuber diversity awaits
discovery. Novel taxa continue to be encountered, even in regions biased by greater
sampling effort (e.g. western Europe, Pacific Northwestern USA) and particularly in less
studied regions of high plant endemism including central Asia, Japan, and Mexico.
In summary, our analyses demonstrate that Tuber is more diverse than previously
realized and that most of the diversity resides within noncommercial and less studied
clades (i.e. Rufum, Puberulum, and Maculatum). Most Tuber clades appear to have a
strong phylum-level preference to either gymnosperm or angiosperm hosts. Finally, we
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infer from these data that Tuber species in Europe, Asia, and North America are
endemic to their respective continent, except in cases of human-mediated long-distance
dispersal.
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5. Tu b er ec tomy corrh iz ae on P eca n t rees
(Carya illino in en s is ; Ju g la n d a cea e)
Introduction
Pecan trees (Carya illinoinensis) are an economically important nut tree native to
North America. The annual US production of pecans is valued at over $260 million
(USDA 2007). With over 46,000 hectares under pecan cultivation, Georgia is one of the
top pecan producing states in the USA (USDA 2009). In the mid-1980’s, edible truffles
in the genus Tuber were found fruiting abundantly in commercial pecan orchards (Figure
29) in southern Georgia, USA (Hanlin et al., 1989). The truffle species was identified as
Tuber texense Heimsch, a spiney-spored species native to Eastern North America, which
was synonymized with T. lyonii Butters (Trappe et al., 1996). Although its aroma is not
as pungent as prized European Tuber species, a local commercial market soon developed
around this truffle, which sold for between $200-$400 per kg.

Figure 29: Representative pecan orchard where truffles are harvested.
A) Many of the pecan orchards where truffles are found have maintained
herbicide strips in tree rows with grass strips in-between. B) Tuber lyonii fruitbodies
shown with leaf and fruits of its host, Carya illinoinensis. The fungus and host appear to
have a similar phenology.
Over the past decade it appears that the level of truffle fruiting at formerly
productive sites has declined. This is true even at sites where truffles have been found
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but not actively harvested. The cause of this decline has not been explained, but is
believed to have coincided with changes in the management of pecan orchards in the
study region that included rejuvenation of orchards by significant pruning and thinning.
To determine whether T. lyonii mycorrhizae have persisted in orchards where this
truffle species was regularly found, root samples collected from pecan orchards were
analyzed visually and with molecular tools. Among the 47 phylotypes detected were 4
species of Tuber, including T. lyonii. The placement of these species in the Tuber
phylogeny is presented here.

Methods
Site and soil characteristics
Five sites were chosen for this study. One site has a 20-year history of consistent
production of the truffle T.lyonii in the past (Magnolia+). An adjoining site where
truffles had not previously been collected was also sampled (Magnolia-). Another two
sites having truffle production in years past, but far less production in recent years were
sampled (Nilo+ and Pine Knoll+). The fifth site was the UGA Tifton Experimental
Station (Ponder-) and there is no record of truffle production at this orchard.
Management records were compiled from each orchard including their date of
establishment, area planted, varieties planted, spacing between trees, and irrigation
method, and have been summarized in Table 9. Soil classification and texture analyses
were taken from a composite sample (20-30 cm deep) for each site.

Root sampling
A total of 50 pecan trees (10 trees per site) were randomly sampled across five
sites. From each of these trees three soil/root samples were taken at approximately one
meter from the tree bole at north, northeast, and northwest points. These points were
chosen to increase the likelihood of finding T. lyonii ectomycorrhizae, as it seems T.
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lyonii fruits more commonly on northern sides of trees (Brenneman observation). Samples
were taken using a 2.5 cm core to a 10 cm depth (NW & NE) and by an auger shovel
(N). Samples were stored in polypropylene bags, transported on ice, and stored at 4 C°
and were processed over the following 10 days. Root samples were soaked in tap water
for 1 hour before placing them in a 1 mm sieve and washing them under a gentle stream
of tap water. Sections of cleaned mycorrhizal roots were then placed in a Petri dish with
tap water and viewed under a stereoscope. Single root-tips were placed in eppendorf
tubes containing 250 µl of CTAB 2x extraction buffer for DNA extraction.

Molecular analyses
DNA from one of six mycorrhizae samples taken from each core was randomly
selected and extracted with 24:1 chloroform:isoamyl alcohol and PCR amplified using
the primer set ITS1 and LR5 or in some cases 5.8SR and LR3 (Vilgalys & Hester, 1990;
White et al., 1990). The PCR protocol began with an initial denaturation at 94 C (3 min),
followed by 35 cycles at 94 C (2 min), 50 C annealing (30 sec), and a 72 C extension (1.5
min), with a final extension at 72 C (7 min). Each 25 µl PCR reaction consisted of 4.5 µl
ddH20, 4 µl dNTPs (1.25 uM), 2.5 µl PCR buffer, 1 µl BSA, 1.25 µl forward primer
(10 uM), 1.25 reverse primer (10 uM), and 0.15 µl TAQ polymerase (5 U/µl ), and 10 µl
of DNA extract (~10 ng / µl ). Two µl of each PCR product was loaded into a 1%
agarose gel buffered with TAE buffer and stained with 2 µl SYBR safe (Invitrogen,
Carlsbad, CA) per 80 ml gel. Gel electrophoresis products were viewed on a GelDoc XR
imager (BioRad Laboratories, Inc., Hercules CA). Qiagen quick-clean columns were used
to clean PCR products. One µl of cleaned PCR product was used in the sequencing
reaction. Sanger sequencing was performed in both directions using BigDye Chemistry
version 3.1 (Applied Biosystems, Foster City, CA) with the forward primer (ITS1 or (5.8

86

SR) and reverse primer (LR5 or LR3). DNA sequences were determined on an ABI3700
DNA sequence analyzer (Applied Biosystems, Foster City, CA).
DNA sequences were manually edited using Sequencher 4.0 (Gene Codes, Ann
Arbor, MI) and ambiguous regions at the ends were trimmed. Both the ITS and LSU
sequences were queried against the NCBI public database Genbank using the BLAST
algorithm. In order to better identify sequences that blasted to Tuber, these sequences
were aligned with other Tuber species with the software MacClade 4.0 (Maddison &
Maddison, 2002). Ambiguously aligned regions were excluded from the alignment.
Parsimony and maximum likelihood analyses using a 6 parameter model were used to
determine phylogenetic affiliations of the recovered Tuber sequences with PAUP* 4.0b10
(Swofford, 2002). Species designations or phylotypes are defined as sequences sharing
99% similarity at the LSU and 96% similarity at the ITS.

Results
A total of 137 ectomycorrhizae were sequenced from 50 trees across five
orchards. Forty-seven phylotypes were detected, and included four species of Tuber:
T.lyonii and three other species in Maculatum group (Figure 30). No polymorphisms
were apparent in the chromatographs of Tuber ectomycorrhizae, and for three of the
Tuber species ITS multiple haplotypes could be distinguished between samples.
Representative sequences for each of these 4 Tuber species (and their haplotypes) are
accessioned in Genbank as GQ379721-GQ379737.
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Figure 30: Most likely tree of the Maculatum clade based on a general timereversible model of nucleotide substitution showing Carya associated Tuber species.
Names of taxa are followed by collection or Genbank number and geographic
origin (when known). Sequences from ectomycorrhiza are italicized and labeled with the
host plant. Sequences produced in this study are in bold. There were 411 characters
included in the analyses; 256 were constant; 58 were variable but parsimonyuninformative; and 97 were parsimony-informative. Parsimony and likelihood analyses
were congruent, so only the likelihood tree is shown.
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Table 9: Soil and stand data for pecan orchards sampled in this study and
summary of Tuber species found at each site.

The most abundant phylotype resulting from this study belonged to an
undescribed Tuber species (Carya-Tuber1). This species was detected 26 times (19%) on
15 trees and at three orchards (Table 9). Nine haplotypes of this species were detected.
Nilo+ had the highest haplotype diversity (5), four of which were unique to this site.
Only one of the nine haplotypes was found in more than a single site. In the seven
instances that Carya-Tuber1 was detected in different samples from under the same tree,
the haplotypes differed in 71 % of these cases. Some of the ectomycorrhizae from CaryaTuber1 were ornamented by short and straight cystidia (Figure 31).
Tuber lyonii was the second most common phylotype and was detected 23 times
(17%), on 17 trees and at three orchards (Table 9). Ten haplotypes were detected for T.
lyonii, two of which were present at multiple sites. Magnolia+ had the highest haplotype
diversity (6). In the four instances where T. lyonii was found in multiple samples taken
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from under the same tree, their haplotypes differed in 75 % of the cases.
Ectomycorrhizae of Tuber lyonii on Carya illinoinensis has a mantel that is light to dark
tan in color (Figure 31).

Figure 31: Morphology of Tuber species associated with Carya illinoinensis.
(A-C) Tuber ectomycorrhizae on Carya illinoinensis. (A) Carya-Tuber1 densely
covered by short and straight cystidia; (B) Carya-Tuber2 also ornamented by short and
straight cystidia; (C) ramified mycorrhizal system of Tuber lyonii. (D) Stemmed ascus
with spiney ascospores characteristic of Tuber lyonii.
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Analysis of sequences from ectomycorrhizae belonging to the two other Tuber
species (Carya-Tuber2 & Carya-Tuber3) place these species within the Maculatum clade
(Figure 30). Carya-Tuber2 ectomycorrhizae were found at the Magnolia+ and Magnoliapecan orchards, while Carya-Tuber3 was only recovered once at Nilo+ (Table 9). These
both appear to be novel species. Some of the ectomycorrhizae from Carya-Tuber2 were
also ornamented by short and straight cystidia (Figure 31).

Discussion
Tuber lyonii is a known ectomycorrhiza associate of pecan trees and other species
in the Fagaceae and Betulaceae. This truffle species was well represented in the
analyzed root samples from Magnolia+, Magnolia-, and Pine Knoll+ orchards. Although
fruiting of T. lyonii has declined (or not been observed in the case of Magnolia-) this
species maintains a strong presence in the belowground community. The Magnolia+
orchard had the highest haplotype diversity of this species. The fact that multiple
haplotypes were recovered on single trees and across orchards suggests that T. lyonii is
recombining and that the genet size is relatively small. T. lyonii may have spread into
these orchards from surrounding forests, perhaps by vectors such as deer and wild hogs.
It is unknown why T. lyonii ectomycorrhizae were not detected at the formerly
productive Nilo (+) site. More data are needed to determine if this is an artifact of the
limited sampling or whether it reflects a naturally low abundance or the complete
absence of T. lyonii on roots.
Three other species of Tuber were found as ectomycorrhizal associates of the
pecan tree Carya illinoinensis. These three Tuber species appear to be novel phylotypes,
but no fruitbodies of these species have been observed at these sites. They may fruit in a
different season than does T. lyonii, or their fruitbodies have been overlooked. Sequence
analysis places these Tuber species within the Maculatum clade, a group of small white
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truffles that are pale in color and have oval-shaped, alveolate-reticulated spores
(Badalyan et al., 2005). In general, species in the Maculatum group appear to be
associated with broad-leaf trees and orchids rather than conifers. The taxonomy of the
smaller white truffles is particularly challenging, which may lead to some confusion with
regards to the taxonomy of Genbank accessions. As one example, the two collections of
T. scruposum from Armenia (shown in Figure 30) are less than 94% similar (at the ITS)
and are resolved as different phylogenetic species, yet they have been identified and
accessioned in Genbank under the same taxonomic identity (Badalyan et al. 2005).
Of the forty-seven phylotypes detected in this study, Carya-Tuber1 was the most
abundant. Although nine haplotypes were identified, only one of these was found in
more than one orchard, suggesting that its population is structured at small geographic
scales. In addition, multiple haplotypes were found on individual host trees in 5 cases,
suggestive of sexual recombination. The most similar sequences to Carya-Tuber1 available
at this time are from an ectomycorrhizae of Epipactis from California, and from a small
white truffle collected in Mexican Quercus forests, Tuber setatus nom. prov. (Gonzalo
Guevara personal communication).
The ITS sequence of Carya-Tuber2 is quite similar to a collection of unidentified
truffles found in a Nyssa and Quercus dominated plant community of Florida. CaryaTuber3 does not cluster tightly with any other fruitbodies we have sampled or with
sequences from Genbank. Other unidentified ectomycorrhizal sequences of Tuber in the
Maculatum group that have been deposited in Genbank are from willow (Salix) or the
orchid (Epipactis) roots (Figure 30).
In summary, four species of Tuber were found associated with Carya illinoinensis.
Three of these species are novel phylotypes in the Maculatum group and are known only
from ectomycorrhizae, however Carya-Tuber1 and Carya-Tuber2 appear to be closely
related to existing fruitbody collections. It seems that Tuber lyonii is a major component
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of the belowground ectomycorrhizal community at the Magnolia+, Magnolia-, and Pine
Knoll orchards. The populations of both T. lyonii and Carya-Tuber1 appear to be
structured at a fine-scale.
The fact that truffles are usually collected by raking limits the area that can
feasibly be searched for T. lyonii. Raking also disturbs the soil and fails to distinguish
between ripe and unripe fruitbodies, thereby decreasing the overall quality of the truffle
harvest. Consequently, the use of trained truffle dogs to locate truffles as is practiced in
Europe is being promoted in the US as the preferred method for locating ripe truffles.
Future truffle surveys with trained truffle dogs should give a better indication on the
fruiting status, truffle production levels, and truffle diversity in pecan orchards (and
other habitats), and could be used to better determine the geographic scale of the C.
illinoinensis – T.lyonii phenomenon.
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6. E ctomy corrh iza e of p eca n trees (Carya
illino in en s is ) na t ura liz ed b y Tu b er l yo n ii
an d s u c ces s in ino cu la t in g s ee d lin g s
wit h t h is Nort h A meric an tru ffle
Introduction
Pecan trees (Carya illinoinensis) are native to the Mississippi basin and are one
North America’s few economically important species of nut tree. Pecans are successfully
cultivated outside of their native range, particularly in the south and southeastern US.
The annual US pecan production is valued at over $260 million (USDA, 2007).
Although C. illinoinensis is a known ectomycorrhizal host, its fungal associates are not
well characterized (Rivero et al., 2009).
The emergence of ‘Rosette disease’, later determined to be caused by zinc
deficiency, stimulated the first study into pecan mycorrhizae (Woodroof, 1933; Alben &
Boggs, 1936). Woodroof (1933) documented seven ectomycorrhizal morphotypes of
pecan that included Russula and Boletus species, and found that plants with a greater
proportion of ectomycorrhizae had fewer symptoms of decline. It is now known that
ectomycorrhizal fungi are functionally important to the mineral nutrition of their hosts
(Haselwandter & Bowen, 1996). Scleroderma bovista and Pisolithus tinctorus have been
synthesized on Carya illinoinensis and in some cases appear to benefit seedling health
(Marx & Bryan, 1969; Marx, 1979).
The ‘true truffles’ (Tuber spp.) are a lineage of Pezizalean fungi that fruit
belowground (hypogeous). Some European truffle species such as T. aestivum, T.
magnatum and T. melanosporum are renown for their culinary qualities are economically
beneficial to rural economies (Mello et al., 2006; Samils et al., 2008; Wedén et al., 2009).
The lesser known North American species T. lyonii, T. gibbosum, T. oregonense, and T.
canaliculatum also have commercial value, though far less than that of European species.
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In the mid-1980’s, the ectomycorrhizal truffle species Tuber lyonii (Figure 32) was
discovered fruiting in a pecan field in Georgia (Hanlin et al., 1989) and over the following
decade was found in pecan orchards across southern Georgia, USA, sometimes in
abundance (pounds per hour collection effort) (Tim Brenneman personal observation).
Because of the association of these truffles with pecan trees they were dubbed the
‘pecan truffle’ and originally described as T. texense Heimsch, which was later
synonymized with T. lyonii Butters (Trappe) (Heimsch, 1958; Trappe et al., 1996).
Georgia is one of the top pecan producing states in the US with over 46,000 hectares
under pecan cultivation (USDA, 2009). Success in cropping native pecans and truffles
has clear economic implications.

Figure 32: Fruitbody of Tuber lyonii.
A. Lobed outer peridium. B. Cross-section showing marbled gleba characteristic
of Tuber.
Over the past decade pecan orchard managers and agricultural extension agents
in Georgia noticed a sharp decline in pecan orchard truffle production. Coinciding with
the truffle decline most of the pecan orchards in the region had been thinned in order to
boost pecan production. There had also been a dramatic increase in the feral hog
population in Georgia and in the vicinity of many of these orchards (Kammermeyer et al.,
2003). Hogs have a known affinity for truffles and they are destructive when they root
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around pecan orchards. Increased disturbance and mycophagy could be contributing to
lower observed fruiting patterns. Alternative working hypotheses on causes for the
decline of T. lyonii fruiting include: 1) loss of T. lyonii mycorrhiza, 2) adverse changes in
environmental or hydrological conditions (caused by thinning), 2) adverse changes in
pesticide or fertility programs in pecan orchards, 3) natural decline due to stand age,
and 4) increased soil compaction from pecan harvesting equipment.
In this study, we wanted to determine whether T. lyonii persists (as mycorrhizae)
in orchards where truffle fruiting abundance has declined, and whether pecan seedling
roots were receptive to the spores of this truffle. We also aimed at describing
mycorrhizal fungi diversity associated with pecan trees and to determine differences in
the mycorrhizal community between truffle producing and non-producing areas. Root
samples were collected from truffle producing and non-producing orchards and
analyzed with molecular tools. The abundance of T. lyonii mycorrhizae was predicted to
scale with truffle production levels. We hypothesized that general ectomycorrhizal
diversity would be low on pecan orchards relative to unmanaged ectomycorrhizal
habitats, given the availability of only a single host plant and regular inputs of biocides
and fertilizers. This is the first study to assess mycorrhizal associations of Carya
illinoinensis with molecular tools, and is the first belowground study of native truffle
producing sites in North America. We also report on the synthesis of T. lyonii
ectomycorrhiza on pecan and oak seedlings (Quercus alba) in axenic conditions with
spores from fruitbodies collected from these sites, which has commercial implications.

Methods and Methods
Site and soil characteristics
Five sites were chosen for this study. One site has a 20-year history of consistent
T.lyonii truffle production (Magnolia+). An adjoining site where truffles had not
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previously been collected was also sampled (Magnolia-). Two other sites with truffle
production in years past but far less production in recent years were sampled (Nilo+
and Pine Knoll+). Because considerable research on pecans has been conducted at the
UGA Tifton Experimental Station (Ponder-) we chose this as a reference site. Tuber
lyonii has never been reported from this location, which is over 100 km away from the
other sites.
Management records from each site pertaining to date established, area planted,
varieties planted, spacing between trees, irrigation method, and pesticide applications,
and soil applications were compiled. For each site, soil characters were taken from a
composite of over 10 samples (20-30 cm deep). These included soil texture and
classification, pH, and levels of major and minor elements (based on Mehlich I
extraction).

Sampling
A total of 50 pecan trees (10 trees per site) were sampled across five sites. From
each of these trees three soil cores were taken. Since these truffles appear most
commonly on the northern side of the trees (Tim Brenneman personal observation) each
tree was sampled approximately 1 meter from the tree bole at north, northeast, and
northwest (Figure 33). Samples were taken using a 2.5 cm core to a 10 cm depth (NW &
NE) and by an auger shovel (N). Samples were placed in polypropylene bags,
transported on ice, and stored at 4 C°. All samples were processed over the following 10
days. Briefly, this entailed soaking the root samples in tap water for 1 hour and then
placing them on a 1 mm sieve and washing them under a gentle stream of tap water.
Sections of cleaned mycorrhizal roots were placed in a Petri dish with tapwater under a
stereoscope for viewing and root selection. Six individual mycorrhizal root tips were
picked with a forcep with the aim of maximizing morphotypes/diversity and each was
97

placed in its own eppendorf tube containing 250 µl of CTAB 2x extraction buffer.
Digital photos were taken of ectomycorrhizae. Non-mycorrhized roots were also
selected as negative controls when no ectomycorrhizae were present.

Figure 33: Sampling design for collecting ectomycorrhizae from pecan
orchards.
Three root samples (NW, N, NE) were taken from each tree in five orchards.

Inoculation of pecan seedlings with truffles
We determine whether ectomycorrhizae could be synthesized onto seedlings of C.
illinoinensis (pecan) and Quercus alba (white oak) in a greenhouse study. The identity of
truffles collected from fields in Georgia was confirmed by DNA sequence-based
methods, and ripe truffles were washed and frozen until use. A ‘seed variety’ of pecan
from North Carolina and ‘Desirables’ from Georgia were collected and stored at 4 C
until use. Prior to germination pecans were soaked in tap water for 10 days, changing
the water daily (Adams & Thielges, 1978). They were then surface sterilized in 6%
hydrogen peroxide for 10 minutes and placed in sterile perlite with bottom heat (90ºC)
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for germination. Once the apical meristem emerged plants were placed under florescent
lights for 18 hr days. Truffles were washed clean under water and surface sterilized in a
6% hydrogen peroxide bath for 10 minutes. After rinsing well in water they were blended
for over 3 minutes in deionized water amended with crushed ice to prevent overheating.
Trees were inoculated with 1g (approximately 10,000,000 spores each) by mixing the
appropriate volume of spore slurry into sterile soilless media. Potting media was
composed of peat, vermiculite, and perlite at a ratio of 2:2:1 (Micheals, 1982; Hall et al.,
2007). Crushed limestone was used as mulch on top of the soil media to keep soil in
place and buffer against airborne propagules. Seedlings were watered three times/week
with a 1:10 Hoagland’s solution. After 5 months seedlings were checked for
mycorrhization. Sub-sections of the whole root system were examined for
ectomycorrhiza under the stereoscope, and the fungal sheath and Hartig net of these
were observed under a compound scope. Individual ectomycorrhizae (8 per seedling)
were extracted with the Extract-N-Amp (Sigma). DNA extracts were amplified with a
T. lyonii specific primer set nested within the ITS rDNA region: (forward primer) T.lyo_f
(GGT CCC TGA ATC CAT CTC CTC A), (reverse primer) T.lyo_r (CTA AGT CCA
TTG CAG TTG TCA C) with thermocycler conditions above. To confirm the specificity
of the primers, this region was also sequenced.

DNA analyses
DNA from one of six mycorrhizae samples from each core was randomly
selected and extracted with 24:1 chloroform:isoamyl alcohol and PCR amplified using
the primer set ITS1 and LR5 (Vilgalys & Hester, 1990; White et al., 1990). For samples
that failed to amplify, another sample was extracted (and so on) until one
ectomycorrhizae had been amplified from each core. The PCR protocol began with an
initial denaturation at 94 C (3 min), followed by 35 cycles at 94 C (2 min), 50 C
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annealing (30 sec), and a 72 C extension (1.5 min), with a final extension at 72 C (7
min). Each 25 µl PCR reaction consisted of 4.5 µl ddH20, 4 µl dNTPs (1.25 uM), 2.5 µl
PCR buffer, 1 µl BSA, 1.25 µl forward primer (10 uM), 1.25 reverse primer (10 uM),
and 0.15 µl TAQ polymerase (5 U/µl ), and 10 µl of DNA extract (~10 ng / µl ). Two
µl of each PCR product were loaded into a 1% agarose gel buffered with TAE buffer and
stained with 2 µl SYBR safe (Invitrogen, Carlsbad, CA) per 80 ml gel. Gel
electrophoresis products were viewed on a GelDoc XR imager (BioRad Laboratories,
Inc., Hercules CA). PCR products were cleaned with 1iagen quick-clean columns. One µl
of cleaned PCR product was used in the sequencing reaction. Sanger sequencing was
performed in both directions with BigDye Chemistry version 3.1 (Applied Biosystems,
Foster City, CA) and the forward primer (ITS1) and reverse primer (LR5). DNA
sequences were determined on an ABI3700 DNA sequence analyzer (Applied
Biosystems, Foster City, CA).
DNA sequences were manually edited with Sequencher 4.0 (Gene Codes, Ann
Arbor, MI) and ambiguous regions at the ends were trimmed. Both the ITS and LSU
sequences were queried against the NCBI public database Genbank with the blastn
algorithm. Top blast results were recorded. LSU rDNA sequences were aligned
manually using MacClade 4.0 (Maddison & Maddison, 2002). Ambiguously aligned
regions were excluded from the alignment. To determine phylogenetic affiliations of the
recovered fungal sequences a maximum likelihood analysis based on a GTR +G+I model
of evolution was conducted on the LSU alignment with PAUP* 4.0b10 (Swofford,
2002). Estimations of expected species diversity across sites were done with Estimates
(Colwell, 2005). Phylotypes are defined as sequences sharing 99% similarity at the LSU
and 96% similarity at the ITS. Haplotype networks for individual species were
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calculated with the software TCS (Clement et al., 2000). ITS and LSU sequences
produced in this study will be deposited in Genbank.
Table 10: Site data for five sampled pecan orchards.

Results
Site and Soil Characteristics
General site characteristics for all locations are presented in Table 10. The soils
have high fertility and high base cation and phosphorus levels. They ranged in texture
from a loamy sand to a sandy clay loam. Soil pH’s ranged from 5.8-7.2 between sites
and levels of major and minor elements were generally medium to very high, except for
the control site (Ponder Farm) which had lower levels of micronutrients. This was
particularly true of potassium (56 kg/ha versus at least 366 kg/ha at the other farms)
and calcium (522 kg/ha versus at least 1813 kg/ha at the other farms). This low level of
calcium is considered adequate for pecan production (Table 11).
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Table 11: Soil micronutrient comparison (kg/hectare) between sampled pecan
orchards.

Desirable pecan trees were the most numerous, but other varieties including Cape
Fear, Stuart, Schley, and Pawnee were being grown. Trees ranged in age from 19 – 65
years and were spaced between 30 – 47 ft apart within a row and 40 – 60 ft apart
between rows. All sites maintained vegetation-free herbicide strips within the tree rows
and had sprinkler-irrigation. Ponder farm was the only site that didn’t have a mixture of
grass and clover between rows. Drip irrigation was used at Ponder Farm and grass was
maintained between rows.

Analyses of ectomycorrhizae and sequence phylotypes
A diversity of ectomycorrhizal morphotypes were observed on pecan (Figure 34),
although roots from the site Ponder had low colonization levels. In total, DNA sequences
were generated for 137 or the expected 150 samples. This was due to some samples that
lacked mycorrhizae, particularly those from the Ponder site. In total 47 phylotypes
recovered and abundance estimators place lower bound estimates of ectomycorrhizal
species at 100-110 (Figure 35). Ascomycete taxa detected in this ectomycorrhizal
community survey include species of Tuber, Pachyphloeus, Elaphomyces, Cennococcum and
other Pezizoid fungi (Figure 36). Basidiomycete taxa detected included Hebeloma,
Inocybe, Thelephora, Hymenogaster, Scleroderma, Russula, Sebacina, and other Boletoid and
Agaricoid fungi.
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Figure 34: Morphological diversity of Carya illinoinensis ectomycorrhizae.
A. Tuberaceae (0279), B. Tuberaceae (0165), C. Tricholomataceae (0282), D.
Tomentella (0225), E. Thelephoraceae (0098), F. Scleroderma, G. Pezizaceae (0355), H.
Pezizaceae (1153), I. Pezizaceae (0115), J. Inocybe, K. Hymenogaster (0344), L.
Elaphomycetaceae (0499).
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Figure 35: Rarefaction and estimation of ectomycorrhizal diversity within
pecan orchards.
In general, hypogeous genera (e.g. Tuber, Pachyphloeus, Scleroderma, Hymenogaster)
were the dominant members of the ectomycorrhizal community in the sampled pecan
orchards (Figure 35). An undescribed Tuber species was the most dominant phylotype
recovered. Because this is the 36th OTU (operational taxonomic unit) of Tuber that we
cannot assign a Latin binomical, we refer to this species hereafter as Tuber sp.36. Tuber
lyonii was the second most abundant mycorrhizal species recovered and accounted for
17% of sequences. In total, T lyonii was recovered from 23 samples, 15 trees, and 3 sites
(1 productive, 2 non-productive).
Ten haplotypes of Tuber lyonii were recovered (Figure 38). We detected the most
(6) haplotype diversity at the site that has historically had the highest truffle
production. The most common haplotype was recovered at the three sites where T. lyonii
was detected.
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Figure 36: Phylogenetic placement of DNA sequences generated from
sampling pecan ectomycorrhizae.
Maximum likelihood phylogeny of 118 taxa based on analysis of the 28S rDNA
(395 included bp) and a GTR +G +I model of nucleotide substitution. Reference taxa are
in bold. Unbolded taxa are from pecan ectomycorrhiza; each of these has a number,
followed by a phylogenetic affiliation descriptor (e.g. Pezizaceae1). If multiple
phylotypes were found, the number of times the phylotypes was detected is presented
after the taxonomic descriptor (e.g Scleroderma1 12).
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Figure 37: Rank abundance of ectomycorrhizal taxa detected on Carya
illinoinensis.

Roots of pecan and oak seedlings were receptive to spores of T. lyonii.
Ectomycorrhiza possessing a thin and smooth mantle were observed on both species
within 6 months of growth (Figure 39).

Discussion
Tuber dominates in the belowground EM community associated with
Pecan
Although fruiting of T. lyonii has decreased in these orchards in recent years, this
truffle species ranked among the most abundant taxa detected belowground in our
ectomycorrhizae survey of Pecan trees. Our data suggest that truffle production levels
are not caused by a lack of Tuber ectomycorrhizae, and T. lyonii ectomycorrhizae were
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even detected at non-productive sites. Orchards in which T. lyonii was detected had
similar tree age (30-35 yrs), soil type (Greenville), soil texture (sandy-loam-clay), pecan
variety (Desirable), tree spacing (30’ x 60’), irrigation (sprinkler), and understory
(grass/clover with herbicide strips) (Table 10). The site distinguished by the highest level
of truffle productivity also has the highest haplotype diversity. The high level of
haplotype diversity between and within sites, and the fact that dominant haplotypes
are shared between sites, suggests that T. lyonii is dispersing across and between
surrounding habitats (autochthonous). Pioneer ectomycorrhizal fungal species often
exhibit the ecological trait of having high spore germination and infectivity on seedlings
(Ishida et al., 2008). That we were successful in inoculating pecan seedlings with T. lyonii
suggests that T.lyonii is adapted as a pioneer ectomycorrhizal species. This also suggests
that it may be possibility to cultivate this truffle. We are aware of four sites in T. lyonii
has been detected in North American truffle orchards established with T. melanosporum
and Corylus seedlings where it appears to respond favorably to the elevated pH and
management regimes applied to black truffle orchards. Similar to other Tuber species, T.
lyonii appears to thrive in savannah-like habitats characterized by low tree densities
(Smith et al., 2007a).
Three unnamed Tuber taxa were detected in this study. In fact, one of these
unnamed Tuber species ranked as the most abundant ectomycorrhizal taxon. This
species is only known from its ectomycorrhiza and DNA. Because truffle species are
described based on their fruiting structures, and no ascoma of this species have been
collected, we have given the temporary name of Tuber sp.36. Phylogenetically it is
related to T. setatus nom. prov. and T. sanscarlonesis nom. prov., species recently
discovered in Mexico associated with oaks (Guevara et al. unpublished data).

107

Figure 38: Haplotype network of Tuber lyonii based on 800 bp of ITS and
28S rDNA.
Historically the pecan orchard Magnolia + had the highest levels of truffle
production. Truffle production continues at this site, albeit at lower levels, and the
orchard is very productive in terms of pecans.

Pecan trees associate with moderate ectomycorrhizal fungal diversity
The first studies of Carya ectomycorrhizae found that they were present
throughout the year and were divided into 7 forms (morphotypes), two of which were
intimately associated with Boletus and Russula fruitbodies (Woodroof, 1933). Although
we did not detect these genera, we did detect other fungi in the orders Boletales and
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Russuales. We provide the first survey of the ectomycorrhizal community of Carya
illinoinensis based on DNA sequence data. From 137 sequenced root tips, 47 phylotypes
were recovered across these managed tree plantations. In comparison, Parrent et al.
(2006) found 72 phylotypes out of 411 sequenced root tips in a Pinus taeda mixed forest
in North Carolina, USA. With more intensive sampling Smith et al. (2007a) screening
9400 root tips from 94 soil cores and resolved 92 ectomycorrhizal species associated
with Quercus douglasii in a Californian Oak-savannah. Thus, even with our limited
sampling we demonstrate that a single host growing in soils of high fertility can support
moderate levels of ectomycorrhizal diversity.
In total, we detected four species of Tuber indicating that Georgia has a higher
diversity of Tuber than has been previously recognized. Hypogeous genera (e.g. Tuber,
Pachyphloeus, Scleroderma, Hymenogaster) were particularly dominant in the mycorrhizal
communities of sampled pecan orchards (Figure 37), indicating that orchards can
provide environments selective for taxa of this growth form. Other groups including
Pezizoid, Russuloid, Boletoid, Thelephoroid, Hebeloma and Inocybe were also recovered.

Truffle production may respond to Pecan orchard management
Although pecan orchards continue to be managed solely for the production of
pecans, it may be possible to manage them in a way conducive for both truffle and
pecan production. Tuber lyonii fruits annually in many of pecan orchards in Georgia.
Currently, there is little organized attempt to harvest truffles from these orchards and
markets are not well developed. Reliable estimates of truffle yield and production are
therefore not possible at this time.
The apparent truffle production decline does not appear to be caused by a lack
of T. lyonii ectomycorrhizae. We do not have information on the biocides applied to
these fields and it could be that the belowground community is responding to these
109

applications. Studies have shown that treatments of a nematocide (1,2-dibromo-3chloropropane) and fungicides (e.g. Captan, Demosan, Dexon, Terrazole) can elevate
levels of ectomycorrhizae on pecan roots and stimulated the fruiting of the false-truffle
Scleroderma bovista in pecan orchards (Powell et al., 1968). Although Scleroderma bovista
mycorrhizae are thought to increase the absorbing capacity of the root system and act as
biological deterrent of root pathogens through antibiotic production (Marx & Bryan,
1969), Scleroderma species are natural competitors of Tuber (Zambonelli & Iotti, 2001).
The effects of fungicides on other species of ectomycorrhizal fungi have not been
studied.
Soil fertility of sites currently or previously producing truffles was uniformly very
high. This was particularly true of calcium, which was present in these soils at levels
much higher than is needed for pecan production. This is probably the result of frequent
applications of lime applied to maintain the pH of these naturally acidic soils at levels
favorable for pecan production (Sparks, 1976). Soil from the reference site was sandier
and generally had less calcium and other nutrients. However, it should be noted that
many pecan orchards with high fertility soils have been explored and do not appear to
produce truffles. Previous observations indicate that truffles are more common on
heavier textured soils (Tim Brenneman personal observation) but more data are needed to
verify this.
The apparent decline in truffle production remains unexplained. Further, it is
unknown how wide-spread this truffle and pecan phenomenon is. Attempts to establish
the European black truffle T. melanosporum in North America are underway, and have
had mixed success. The native species Tuber lyonii may be a promising alternative to
trufficulture in North America and by coupling it with pecan production could improve
the economic feasibility of cultivating truffles. It remains to be seen whether orchards can
be managed for both truffles and pecans. Although T. lyonii may be suitable
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ectomycorrhizal inoculant for pecan nurseries, clearly we don’t fully understand what
regulates its fruiting. Future studies are needed to address these questions.

Figure 39: Tuber lyonii ectomycorrhizae synthesized on pecan (Carya
illinoinensis) and white oak (Quercus alba) under axenic conditions.

111

7. Th e A s ia n b la ck truffle Tu b er in d i cu m
ca n a s so cia t e wit h Nort h A merica n hos t
s p e cies a n d comp let e i t s life c y cle i n
Nort h A merica n soils
Introduction
Species of truffles in the genus Tuber are eagerly sought due to their culinary
qualities and high economic value. Among the few ectomycorrhizal fungi successfully
cultivated by humans is Tuber melanosporum and this has resulted in the establishment of
truffières on several continents. The accidental introduction of unwanted, competitor
species during the establishment phase of a truffière could have economic and ecological
impacts on native mycorrhizal communities or truffières. Because so little is known
about the geographic ranges of truffles (and fungi generally) a major aim of current
taxonomic research is to use molecular phylogenetic approaches to better assess species
distributions and their changes associated with human activity.
The black truffle (T. melanosporum) is endemic to Mediterranean regions of
Europe, where it has been widely cultivated since the 1970’s. In North America, black
truffles were largely unknown until the 1980’s, when attempts to cultivate European T.
melanosporum in California succeeded (Rigdon, 1994). Recently however, the black
truffle T. regimontanum was discovered in an undisturbed montane oak forest near
Monterrey, Mexico, indicating the presence of the T. melanosporum lineage in North
America (Guevara et al., 2008). Tuber regimontanum is phylogenetically distinct and
basal to its closest known relatives, the European species T. melanosporum and Asian
species T. indicum, but is distinguished morphologically by having larger spores and
spines ornamented by low reticulations.
Tuber indicum is native to Asia where it forms ectomycorrhizae across a wide
variety of soil types and a broad range of endemic species including Pinus and Quercus
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(Wang et al., 2006). Organoleptic (culinary) properties of T. indicum are similar to that of
its sister species, T. melanosporum, but perhaps are not as strong. Due to this, and given
high natural production levels (>300 tons from China in 2006), T. indicum is sold at a
significantly lower price than is T. melanosporum (Wang et al., 2006). Tuber indicum is
morphologically similar to T. melanosporum leading to concerns about the selling of T.
indicum for T. melanosporum and use of mistakenly identified truffles for seedling
inoculations (Paolocci et al., 1999; Murat et al., 2008).
Murat et al. (2008) reported on the occurrence of mycorrhizae of the Asian black
truffle species (Tuber indicum) in an Italian T. melanosporum truffière (truffle orchard).
They suggest that T. indicum may have been introduced into Europe by the use of
fruitbodies misidentified as T. melanosporum for inoculating seedlings. Tuber indicum has
already been shown to form ectomycorrhizae with a variety of European tree hosts
including Quercus spp. and Pinus pinea (Zambonelli et al., 1998; Garcia-Montero et al.,
2008). Given niche conservation, phylogenetically related species are expected to be
more competitive with each other than with more distantly related species due to the
higher similarities in their genetic composition (Hardin, 1960; Mitchell et al., 2006).
Although the competitive interactions between T. indicum and T. melanosporum have yet
to be studied in detail, it has been hypothesized that T. indicum may competitively
exclude T. melanosporum (& other native Tuber species) from their native environment.
Here we document the occurrence of T. indicum from two locations in North
America based on DNA sequence data generated from fruitbodies and mycorrhizae, and
show that multiple different ITS haplotypes have been introduced. We also
demonstrate T. indicum ectomycorrhizae can be synthesized on angiosperm and
gymnosperm hosts endemic to North America indicating the broad host-adaptability of
this species.
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Methods
Truffle collections
Members of the North American Truffling Society (NATS) have been collecting
truffles in Oregon since its founding in 1978. The basic technique for searching for
truffles involves the use of a multi-tined garden cultivator or hand rake to remove the
litter layer and scratch into the mineral soil up to 15 cm. Forests composed of
appropriate ectomycorrhizal hosts and animal digs are targeted. Because of the
difficulty in identifying truffle species such as Tuber based on morphology alone,
molecular methods have been used to determine the identification of taxa and place
them in the Tuber phylogeny.

Sampling orchard ectomycorrhizae
Root samples from trees inoculated with T. melanosporum were taken from
private truffle orchards in eastern and western USA between 2006-2008.
Ectomycorrhizae on these roots were screened for Tuber species by morphological and
molecular approaches. For morphological viewing, roots of nursery or orchard plants
were soaked in tap water for 1 hour to loosen soil debris and rinsed on a 1 mm sieve
before examination under a stereoscope. One root tip per tree was sampled for DNA
analyses.

Inoculating North American pine and oak seedlings with Asian
truffles
A greenhouse study was conducted to determine whether T. indicum is capable
of forming ectomycorrhiza with angiosperms and gymnosperm hosts native to North
America. Pecans (Carya illinoinensis) collected from a pecan field in North Carolina were
stored at 4ºC prior to germination. For stratification, pecans were soaked in tap water
for 10 days changing the water daily (Adams & Thielges, 1978). Pine seeds were
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stratified by soaking 24 hrs in tap water. They were then wrapped in a paper towel,
placed in a zip-lock bag and stored at 4ºC for 30 days. After seed stratification, pecan
and pine seeds were surface sterilized in a 6% hydrogen peroxide for 10 minutes and
were set in sterile perlite with bottom heat (95ºC) for germination to limit. Seedlings were
placed under florescent lights once the apical meristem emerged.
Tuber indicum purchased from China in winter of 2009 were used to inoculate
seedlings. To verify the identification of the truffles used in inoculations, truffle
fruitbodies were amplified with direct PCR as described by Bonito (in press) with the
primer set ITS1f & ITS4 and were sequenced. Truffles were soaked in cold water for 1
hour to remove insect larvae and scrubbed with a brush to remove surface contaminants.
They were frozen until use. For inoculations truffles were sterilize in 6% hydrogen
peroxide for 10 minutes and rinsed three times in tap water. A ‘spore-slurry’ was made
by blending truffle in deionized water with crushed ice (to prevent overheating of
spores) for three minutes. Trees were each inoculated with 1 g of crushed truffle
fruitbody. The spore slurry was thoroughly mixed into double autoclaved soil-less media
composed of peat, vermiculite, and perlite (1:2:2:) (Micheals, 1982; Hall et al., 2007).
Negative controls (uninoculated seedlings) were grown along side of inoculated
seedlings. Crushed limestone was placed over top of soil media to keep soil in place and
act as a buffer against airborne spores. Seedlings were watered 3 times per week with
1/10 Hoagland’s solution. After 5 months of growth seedlings were checked for
mycorrhization. Sections of the root system were observed under the stereoscope and
DNA was extracted from individual ectomycorrhizae with the Extract-N-Amp kit
(Sigma-Aldrich). DNA extracts were amplified with the forward primer ITS1f and
reverse ITS4. Some amplicons were sequenced with the forward primer (ITS1f) to verify
these primers with sequenced-base identification. Dried herbarium vouchers and
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sequences for the truffles used in these inoculations have been accessioned in the Duke
herbarium (DUK) and in GenBank, respectively.

Molecular analyses of truffles and ectomycorrhizae
DNA from fruitbodies and mycorrhizae reported in this study was extracted
with CTAB 2x and chloroform isoamyl alcohol (24:1). Genomic DNA was amplified
first with T. melanosporum specific primers designed to amplify the nuclear ribosomal
internal transcribed spacer region of the rDNA (ITS) (forward primer TTG CTT CCA
CAG GTT AAG TGA; reverse primer TAA AGT CCG TCG TTC ATG C). Samples
testing negative for T. melanosporum (based on these specific primers) were amplified
with the primers ITS5 and ITS6 (Bertini et al., 1999). Quiagen Quick-Clean columns were
used to clean PCR products that were then used in sequencing reactions. Sanger
sequencing was performed by Big Dye chemistry version 3.1 (Applied Biosystems,
Foster City, CA) with the forward primer ITS5 or LROR, and reverse primers ITS4 or
LR5. DNA sequences were determined on an ABI 3700 (Applied Biosystems, Foster
City (CA). Sequences were manually edited by use of Sequencher 4.0 (Gene Codes, Ann
Arbor, MI) and ambiguous regions at the ends were trimmed. ITS sequences were initially
queried against the NCBI public database Genbank with the BLASTN algorithm to
verify that sequences were of the target group.
For phylogenetic analyses, DNA sequences were manually aligned against other
Tuber species with MacClade 4.0 (Maddison & Maddison, 2002). Ambiguous regions
were excluded from the alignment. Heuristic searches were conducted with PAUP
4.0b10 with 1000 random addition sequences and 5000 bootstrap replicates using
unweighted parsimony (Swofford, 2002). The outgroup (Tuber excavatum) was chosen on
the basis of studies on phylogenetic relationships of species within the genus Tuber
(Jeandroz et al., 2008). The computer program TCS (Clement et al., 2000) was used to
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examine haplotypes diversity of T. indicum (based on ITS rDNA), both inside and
outside of Asia. Sequences generated in this study have been deposited in Genbank
under the accession numbers FJ48899-FJ748914 and are collection information is
provided in Table 12.
Table 12: Collection information for truffle specimen and sequences used in
this study (Chapter 7).

Results
In 2004, in the McDonald-Dunn Research Forest of Oregon State University, a
single black truffle (Trappe 29410, leg. Sylvia Donovan) was collected from a
Pseudotsuga menziesii (Douglas-fir) forest with an understory of Corylus cornuta var.
californica. The only truffières from this vicinity are over 10 km away and are too young
(<5 yrs) to produce truffles yet. Members of the North American Truffling Society have
collected hypogeous fungi in this forest for more than 25 years, but no other black
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truffles have ever been found. Subsequent visits to the collection site since 2004 have not
turned up black truffles. The ITS sequence of this collection matched over 99% to other
Genbank accessions of T. indicum (group B) but is a unique ITS haplotypes (Figures 40).

Figure 40: One of 40 most parsimonious trees of spiny-spored truffles (Rufum
and Melanosporum Clades) obtains after 1000 random sequence additions.
Analysis is based on internal transcribed spacer ribosomal DNA (rDNA) for 31
taxa and with 112 parsimony-informative characters (315 steps; CI = 0.657; RI = 0.869).
Bootstrap support based on 1000 replications is shown at the nodes. Thickened
branches represent nodes having high statistical support (>70%). Taxa are labeled by
name (or source), Genbank number, and location. It is apparent that Tuber melanosporum
and T. indicum (group B) mycorrhiza have been established in North America and
fruitbodies have been collected. Mycorrhizae and fruitbodies from other, putatively
native, Tuber species in the Rufum clade have also been found in North American truffle
orchards. These include Tuber lyonii (a commercial species with an established market in
the Southeastern US) and 2 species that have yet to be described and as far as we know
are only known from mycorrhizae.
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In 2006, a survey of mycorrhizae from a truffle orchard distant from Oregon
revealed roots colonized by T. indicum ectomycorrhiza on eight of 150 sampled trees
including Corylus and Quercus species. Six haplotypes of Tuber indicum have been
detected in North America (Figure 41). Other non-target ectomycorrhizal species
identified in this and other surveys of truffle orchard ectomycorrhiza in North America
include other (even novel) species of Tuber (Figure 40), Thelephora/Tomentella, Hebeloma,
Tarzetta, and Inocybe.

Figure 41: Haplotype network showing the relationship of Tuber indicum ITS
haplotypes introduced into North America and Europe.
Although the same species T. indicum (clade B) has been introduced to both
continents, multiple (6) haplotypes have been detected in North American soils.
Introduced T. indicum ITS haplotypes are less than 1 % divergent from each other.
Tuber indicum ectomycorrhizae were successfully synthesized on Pinus taeda
(Pinaceae) and Carya illinoinensis (Juglandaceae) (Figure 42). Identification was
confirmed with ITS sequence data from ectomycorrhiza.
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Figure 42: Photographs of Tuber indicum ectomycorrhizae synthesized on
plant hosts that are endemic to North America.
Tuber indicum ectomycorrhizae on loblolly pine (Pinus taeda) (A & B). Tuber
indicum ectomycorrhizae on pecan (Carya illinoinensis) (C & D).

Discussion
Discovery of the Asian truffle species Tuber indicum in North
America
We provide the first evidence of the Asian black truffle species T. indicum
fruiting outside of its native range. The fact that T. indicum was found fruiting among
host plants native to North America Pseudotsuga menziesii or C. cornuta suggests that this
species has made a novel evolutionary transition onto North American hosts. We also
collected ectomycorrhizae of T. indicum from truffle orchards established with the
European hosts Corylus and Quercus spp.. Tuber indicum is known to associate with a
broad diversity of ectomycorrhizal gymnosperm and angiosperm hosts in Asia (Riousset
et al., 2001; Ceruti et al., 2003) and has been successfully inoculated on seedlings of
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European species of Pinus and Quercus with T. indicum (Zambonelli et al., 1998). We
were able to synthesize T. indicum ectomycorrhiza on host trees endemic to North
America including Carya illinoinensis and Pinus taeda (Figure 42). Once introduced, the
broad host-preference of T. indicum increases the opportunity for this species to escape
into native ecosystems. Whether or not Tuber species are more predisposed to
invasiveness than are other mycorrhizal fungi is yet known, but T. melanosporum and T.
indicum have both become established and completed their lifecycle in North American
soils. It is likely that Tuber indicum, having been found in truffières in the United States
and Italy merely by accident, will be (or already has been) introduced into other countries
(Murat et al. 2008).
Tuber melanosporum continues to be introduced around the world (e.g. Israel,
Chile, Argentina, United States, Canada, Australia, New Zealand, South Africa) with
hopes of cultivating its valuable fruitbodies. Because black truffle species are difficult to
distinguish by morphology alone, without the use of molecular tools inoculators of black
truffle seedlings run the risk of using misidentified truffles for tree inoculum. In such
cases, T. indicum (or other similar looking black truffle species such as T. brumale) may
thereby be inadvertently introduced into non-native habitats as reported here and by
Murat et al. (2008). We have shown that multiple (6) haplotypes of T. indicum have
been introduced into the United States.
Establishing T. melanosporum truffières is a costly, long-term investment; growth
of other truffle species at the expense of T. melanosporum could lead to substantial
economic losses. Tuber melanosporum has a long-standing reputation of superior culinary
quality. Its economic value far exceeds that of its Asian sister species T. indicum.
Economic concerns are clear, but ecological consequences such as species replacement
and ecosystem functioning are more difficult to determine.
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The phenomenon of Tuber introductions
Vellinga et al. (2009) report that over 200 species of ectomycorrhizal fungi
including eight species of Tuber have been introduced globally, and they propose a
conceptual model on the invasion process of ectomycorrhizal fungi involving 4 phases:
1) transport, 2) establishment, 3) spread, and 4) ecological impacts. It is certain that
some species of Tuber, Rhizopogon, Scleroderma, Suillus, and Amanita can establish
reproductive genets in non-native soils (Chu-Chou & Grace, 1983; Wang & Hall, 2004;
Pringle & Vellinga, 2006). In some cases introduced mycorrhizal species have made
evolutionary jumps onto resident hosts forming unforeseen fungus-host species
combinations, as is the case of Amanita muscaria and Chalciporus piperatus on Nothofagus
(Orlovich & Cairney, 2004). Ectomycorrhizal fungi may also facilitate the spread of
invasive plants into non-native soils, as has occurred with introductions of Pinus and
Eucalyptus (Higgins & Richardson, 1988; Diéz, 2005).
Trappe and Casarez (2000) tracked the distribution and probable introductions
of the small whitish truffle T. maculatum into the southern hemisphere, where the genus
Tuber does not appear to be native. However, this species belongs to a group of species
with similar morphologies (Halász et al., 2005), so molecular verification is needed to
insure the examined collections represent only T. maculatum, and to determining their
point of origin. The advent of molecular methods allows the tractability of species and
genotypes, particularly given the recent sequencing of the T. melanosporum genome.
In this study, DNA sequence analysis of a single black truffle collected in Oregon
USA showed over 99% ITS rDNA sequence similarity to the Asian species T. indicum
(group B). Is this collection of T. indicum indigenous to North America, thereby
representing a geographic disjunct, or has it been introduced recently? The hypothesis of
a recent introduction seems the most probable, given (1) the high sequence similarity to
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T. indicum (most species of Tuber differ in the ITS rDNA region by at least 3% and often
by more), and (2) its rarity in Oregon, having been found only once despite 25 years of
active collecting in the McDonald-Dunn Research Forest. If it was introduced, where did
it come from, and how did it get to the collection site?
We hypothesize that this species was introduced through the Peavy Arboretum,
located in the McDonald-Dunn Research Forest, about 2 km from the T. indicum
collection site. Established in 1926, the arboretum has a few ectomycorrhizal Asian tree
species from within the distribution of T. indicum (and probably others that are no
longer present). Some of the early plantings could have been of T. indicum bearing
seedlings imported from Asia prior to plant quarantine measures. Unfortunately, we
could not locate records for those early arboretum years.
One measure that could help prevent further accidental and unwanted
introductions of T. indicum (or other species, such as T. brumale) into truffières would be
for truffle inoculators to employ DNA testing of each fruitbody used for inoculation
trees with truffles. We know this is standard practice for at least one truffle-tree
inoculating company in North American. Such analyses are relatively inexpensive now,
thanks to the publication of species-specific primers and direct and multiplex PCR
methods (Douet et al., 2004; Iotti & Zambonelli, 2006; Iotti et al., 2007; Bonito, in press).
We also recommend that truffle inoculators keep a small, dried voucher from each
fruitbody and inoculation records on which trees were inoculated with which
fruitbodies. Potential truffle farmers could protect their investment by requesting DNA
certification of their rootstock, or by having a third-party check a sub-sample of their
purchased rootstock to confirm the identity and quality of mycorrhizae with both DNA
and morphological analyses.
The current establishment of truffles (Tuber) and other mycorrhizal fungi into
exotic habitats, both intentionally and accidentally, provides an opportunity to better
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understand factors involved in the establishment and metapopulation development of
mycorrhizal species, and provides fertile ground for studying how exotic mycorrhizal
species interact with local flora and fauna. Although we have focused on
T.melanosporum and T. indicum, many other truffles (e.g. T. borchii, T. brumale, T.
aestivum) and other mycorrhizal species continue to be introduced both deliberately and
unintentionally around the world (Schwartz et al., 2006; Guerin-Laguette et al., 2008;
Pruett et al., 2008; Vellinga et al., 2009). With plantings of many thousands of hectares
of T. melanosporum -inoculated seedlings in more than a dozen countries, the experiment
has begun. Long-term studies are needed to document and understand the ecological
and legacy effects of these mycorrhizal introductions (Richter et al., 2007). Here is an
opportunity for collaborations between international governmental agencies, researchers,
and farmers. We may learn much from truffles about the ecology of mycorrhizal fungi.
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8. Fa s t D NA - b a s ed i d e n t ifica t io n of t h e
b la ck tru ffle Tu b er mel anos porum u s in g
d irect PCR a n d s p ec ies -s p e cifi c p rimers
Introduction
The esteemed European black truffle Tuber melanosporum produces high-valued
fruitbodies (truffles) which has spurred efforts to cultivate this mycorrhizal fungus
worldwide (Mello et al., 2006; Hall et al., 2007). Because fruitbodies are used for
inoculating seedlings, after first being ground into a ‘spore-slurry’, the proper
identification of truffles used in preparing inoculum is essential to truffle cultivation
(Giovannetti et al., 1994). However, distinguishing fruitbodies of T. melanosporum from
other closely related species of lower economic value (e.g. the Asian species T. indicum
and European species T. brumale) on morphology alone can be difficult, particularly
when fruitbodies are not fully matured. The problems associated with the use of
misidentified truffles as truffle-seedling inoculum and the potential for fraud have been
highlighted previously (Paolocci et al. 1999; Séjalon-Delmas et al. 2000; Douet et al.
2004). Unintentional introductions of T. indicum into truffle orchards in Italy (Murat et
al., 2008) and USA (Bonito unpublished) and of T. brumale in New Zealand (GuerinLaguette et al., 2008; Murat et al., 2008) have recently been discovered. A quick,
inexpensive, and reliable assay to discriminate T. melanosporum from other truffle
species is clearly needed.
PCR techniques are now commonplace in the study, diagnosis, and identification
of fungi. Tuber species can reliably be distinguished from one another by ITS rDNA
sequence data (Mello et al., 1999; Jeandroz et al., 2008). There is a push to DNA barcode
Earth’s biodiversity and the fact that this region is easily amplifiable and
phylogenetically informative makes it a suitable region to DNA barcode species in the
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genus Tuber (Hajibabaei et al., 2007). However, in many cases DNA sequencing is not
justified or even feasible. For diagnosis purposes, non-sequence based approaches may
suffice for distinguishing one species from a sub-set of many. Species-specific primers
are useful for diagnostics due to their high sensitivity. On the other hand, direct PCR
bypasses the DNA extraction step, and allows for PCR amplification directly from
intact cells, saving time, labor and resources. Direct PCR has been used in clinical and
settings with bacteria and yeasts (Luo & Mitchell, 2002), and more recently for DNA
barcoding filamentous molds (Calmin et al., 2007) and amplifying DNA from Tuber
ectomycorrhiza (Iotti & Zambonelli, 2006), but no literature exists on the use of direct
PCR to amplify DNA from fruitbodies of hypogeous fungi. The protocol reported here
combines the use of direct PCR with species-specific primers and provides a rapid and
inexpensive means to identify T. melanosporum from fruitbodies.

Methods
Tuber melanosporum primers
In this study, the specificity of three sets of previously published primers
designed to selectively amplify T. melanosporum and a new primer set specific to T.
melanosporum were compared. (Sejalon-Delmas et al., 2000). Published thermocycler
conditions for all primer sets were followed. The new set of primers selective for Tuber
melanosporum (T.mel_for TTG CTT CCA CAG GTT AAG TGA; T.mel_rev TAA AGT
CCG TCG TTC ATG C) were designed based upon an alignment of spiney-spored
truffles in the Melanosporum and Rufum groups, that included representative T.
melanosporum ITS haplotypes (Murat et al., 2004; Bonito et al., 2005; Jeandroz et al.,
2008). A comparison of the specificity of these four primer sets was tested on DNA
extracted from Tuber fruitbodies. These included T. melanosporum and closely related
and morphologically similar species of spiney-spored black truffles: T. indicum group A,
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T. indicum group B, T. brumale, and T. regimontanum. A map showing the sequence and
alignment of the tested primers along the ITS region of these black truffle species (Figure
43), and Genbank numbers for these ITS sequences are provided. Finally, each of the
eight T. melanosporum primer sequences was BLAST against Genbank as a short input
sequence, to assess specificity in silico.

Figure 43: Visual overview and comparison of published Tuber melanosporum
specific primers in relation to each other and to target / non-target taxa.
The reverse primer ITS4LNG is anchored in the 28S rDNA and is not shown, but
is completely conserved within the species tested. The recently described species Tuber
formosanum, although not tested in this study, is included due to the similarity of its ITS
region to other species of Asian black truffles and tested primer sequences (e.g. TM2).

Direct PCR and molecular methods
Thirty-three fresh fruitbodies of T. melanosporum weighing 1.5 kg were
purchased from Spain. Each truffle was given a collection number and a small piece was
cut from each and dried as a herbarium voucher, which has been accessioned into the
Duke University herbarium as DUK collections 41622-41653. Direct PCR was then
used to amplify DNA from each truffle using the primer set T.mel_for-T.mel_rev. All
PCR reactions were performed in 25 µl volumes. The PCR cocktail consisted of 0.2 mM
of each dNTP, PCR buffer including 1.5 mM of MgCl, 25µg BSA, 0.5 µM forward primer,
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0.5 µM of reverse primer, and 0.75 units of Taq DNA polymerase. Reactions were tested
with a number of different Taq polymerases and thermocyclers. Ten µl of sterile double
distilled water was added to tubes prepared for direct PCR reactions and negative
controls. PCR reagents were kept on ice while truffles were sampled for direct PCR. For
direct PCR, a sterile pipette tip was gently scraped across a cleanly cut section of the
gleba, such that enough tissue was removed that it could just barely be seen by the
naked eye (Figure 44). The tip was then submerged into the PCR cocktail. The inclusion
of too much tissue can inhibit PCR, and was avoided. Once all truffles were sampled,
pipette tips were gently mixed with the solution in a circular pattern, removed, and the
tubes were capped for PCR. Replicate control PCRs with the general primers ITS5 and
ITS4 were also conducted (White et al., 1990).

Figure 44: Direct PCR of truffles can be accomplished by gently scraping a
sterile pipette tip across the gleba of the fruitbody (shown).
The tissue collected at the end of the pipette tip, as shown above, contains the
DNA template for PCR. The black oval cells are T. melanosporum ascospores, and the
white tissue is glebal hypha. Too much tissue can inhibit PCR amplification.
To determine whether this protocol would also work on material that was not
fresh, direct PCR was conducted on frozen and spoiled T. melanosporum fruitbodies (in
place of fresh truffles) following the same protocol. Specifically, truffles frozen at -20°C
for two months, those frozen at -20°C for four years, and others left to mold in the
fridge at 4°C for two months were tested.
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The thermocycler protocols for PCR reactions using ITS and the T.mel_forT.mel_rev primer sets started with an initial denaturation at 95°C for 15 minutes, and
was followed by 30 cycles of 94°C with a 2 min extension time, 55°C for 30 sec, and
72°C for 30 seconds, with a final extension at 72°C for 7 minutes. Ten µl of PCR
products were loaded into wells for gel electrophoresis in 1% SB buffer (Brody & Kern,
2004) and 0.5 units of SYBRsafe (Invitrogen Corp., Carlsbad, CA). The gel was run at
160 volts and products were viewed on a GelDoc XR imager (Bio-Rad Laboratories, Inc.,
Hercules, CA).
Primers were tested using a number of different TAQ polymerases and
thermocyclers, and performed successfully in all cases. TAQ DNA polymerase
preparations tested included: Apex DNA polymerase, Invitrogen Platinum TAQ
polymerase, and TAQ polymerase prepared following the protocol of Ferralli et al.
(2007) with the additional steps of (1) a DNase digestion prior to (2) salting out the
enzyme with ammonium sulfate (before dialysis), in accordance with the original patent
(US Patent # 4,889,818). Three different thermocyclers tested include: GeneAmp PCR
System 9700 PE (Applied Biosystems), Biotech Primus 96 plus (MWG), and 2720
Thermo Cycler (Applied Biosystems) with Ramp time reproducibility of ±5 seconds.

Sequencing and analyses
To verify that truffles testing positive as T. melanosporum were indeed this
species, the remaining 15 µl of each PCR products was cleaned with the enzymes
exonuclease I and alkaline phosphotase (New England Biolabs, Ipswich, MA). One µl of
cleaned product was sequenced in the forward direction with the primer T.mel_for.
Cycle sequencing was performed with Big Dye chemistry version 3.1 (Applied
Biosystems, Foster City, CA) and Sanger sequenced with an ABI3700 (Applied
Biosystems, Foster City, CA). Sequences were identified by using Genbank’s BLAST
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algorithm and by using phylogenetic methods; sequences were aligned against spineyspored truffles in the Melanosporum clade and were included in a heuristic parsimony
and UPMGA analyses in PAUP* (Swofford, 2002).

Results
In silico primer tests using Genbank’s BLAST short input sequence algorithm
shows that the primers T.mel_for and T.mel_rev each have 100% maximum identity and
query coverage with 194 of 197 accessions of Tuber melanosporum ITS. The reverse primer
ITS4LNG, conversely, is conserved among broad array of taxa in the Basidiomycota,
Ascomycota, Glomeromycota, and Zygomycota. The reverse primer TM2 has 100%
maximum identity and query coverage with accessions of T. formosanum, T.
melanosporum, and T. indicum. The primers MELF, MELR, TM1, & ITSML each had
100% maximum identity and query coverage to the 197 accessions of Tuber
melanosporum ITS.

Figure 45: PCR products of Tuber species amplified with fungal ITS primers
(positive controls) and four sets of primers specific to Tuber melanosporum.
The Tuber species presented are: lanes 1. T. melanosporum FJ748904; lanes 2. T.
indicum ‘group A’ FJ748906; lanes 3. T. indicum ‘group B’ FJ748907; lanes 4. T. brumale
FJ748900; lanes 5. T. regimontanum EU375838; lanes 6. negative control. L: 100 kb
ladder. The primer sets tested are as following: ITS1f – ITS4 (Gardes and Bruns 1993);
MELF-MELR (Douet et al. 2004); ITSML-ITS4LNG (Paolocci et al. 1999); TM1-TM2
(Séjalon-Delmas et al. 2000); and, T.mel_for & T.mel_rev (this study).
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Laboratory PCR assays on the efficacy of these four sets of primers designed to
be specific to T. melanosporum are presented in Figure 45. Both the primer sets ITSMLITS4LNG and T.mel_for-T.mel_rev were able to discern T. melanosporum from the other
truffle species tested with no ambiguities. On the other hand, the primer set TM1-TM2
gave weak amplification to T. regimontanum, while the primer set MELF-MELR resulted
in strong amplification of T. regimontanum and weak amplification of T. brumale and T.
indicum.

Figure 46: PCR products of Tuber melanosporum amplified with direct PCR
and species-specific primers.
A) PCR products of 33 Tuber sporocarps amplified individually with direct PCR
and the Tuber melanosporum specific primer T.mel_for & T.mel_rev. Lane 34: negative
control. L: 100 kb ladder. All 33 truffles tested amplified and were confirmed with
sequence data to be T. melanosporum. B) PCR products from frozen and moldy Tuber
melanosporum sporocarps amplified individually with direct PCR and T. melanosporum
specific primers T.mel.for and T.mel.rev. Lanes 1-8: Truffles frozen at -20°C for 2
months. Lanes 9-13: Truffles frozen at -20°C for 4 years. Lanes 14-18: Truffles left at
4°C in a refrigerator and overgrown by molds. Lane 19: negative control. L: 300, 700,
900 bp ladder. The lack of amplification in lane 8 may have been caused by the addition
of too much tissue. In general there appears to be little effect of freezing on PCR
amplification. However, the overgrowth of truffles by molds reduced amplification in
some cases (Lanes 16-18).
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Because the primer set T.mel_for & T.mel_rev performed robustly with a variety
of DNA polymerases and thermocyclers and has been used routinely by the author with
success over the past few years (Bonito et al. 2005), it was used in this study.
Amplification and sequencing of this region resulted in a 351 base pair fragment that
included the whole 5.8S region and part of the ITS1 and ITS2 regions. The thirty-three T.
melanosporum fruitbodies assayed in this study tested positive for T. melanosporum using
this quick direct PCR assay (Figure 46) and sequences from these PCR products each
BLAST to T. melanosporum accessions in Genbank and grouped with T. melanosporum in
phylogenetic analyses (Figure 47). Samples that had been frozen for two months and
those frozen for four years amplified successfully (Figure 46). Truffles left in the
refrigerator for two months and overgrown by molds also amplified, however in some
cases produced only faint amplicons.

Discussion
A quick DNA-based assay for confirming the identification of fresh and frozen
T. melanosporum fruitbodies is presented. This assay was used to confirm the
identification of 1.5 kg of truffles, roughly enough to inoculate 1500 trees at 1 g / tree.
The procedure was completed in 3 hours time and used an estimated $10 USD worth of
reagents. Thus it provides a quick and inexpensive, yet sensitive method for confirming
the identification of this truffle species and could be a valuable quality assurance
addition to truffle inoculation programs and truffle industry worldwide. Sequence and
phylogenetic analyses also demonstrate the phylogenetic informativeness of this short
region and its taxonomic value for DNA barcoding.
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Figure 47: Consensus of 105,774 most parsimonious trees (188 steps) for the
Tuber melanosporum clade.
The analysis is based on 53 taxa and a 329 bp section of the ITS1-5.8-ITS2
rDNA region that includes 76 parsimonious characters. This region was amplified and
sequenced using the primer set T.mel_for - T.mel_rev and although short, is shown to be
phylogenetically informative. Fruitbodies screened and sequenced using T. melanosporum
specific primers cluster tightly with known sequences of this species using either BLAST
or phylogenetic algorithms. Taxa are labeled with Latin binomials, followed by Genbank
(or collection) numbers, and geographic origin. Truffles assayed in this study are labeled
GB250-GB282.
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The new primer set presented here, T.mel_for-T.mel_rev, was particularly
effective at discriminating T. melanosporum from other species of black truffles (Figure
45) although other primer sets could also be effectively incorporated into this direct PCR
method. For instance, the primers ITSML-ITS4LNG published by Paolocci et al. (1999)
also unambiguously discerned T. melanosporum from other black truffle species.
Although the primer set MELF-MELR performed well in silico, this primer set and TM1TM2 were not as robust as the previous two and resulted in non-specific amplified
products. Although in most cases only weak bands were produced, these may be
ambiguous to interpret and could lead to type I error.
It seems most likely that the DNA amplified with direct PCR is from vegetative
cells and not spores. Both intact spores and even whole asci complete with ascospores
were observed with microscopy in the post-PCR cocktail, suggesting that spores are not
lysed during the direct PCR. The fact that chromatographs from sequenced samples did
not included any polymorphisms also suggests that the amplified DNA was from
homokaryotic ‘maternal’ glebal tissue, and not heterokaryotic spores (Riccioni et al.,
2008). PCR amplification was successful both with fresh truffles and those frozen four
years, yet truffles left to putrefy for two months in the fridge tended to have weaker
amplification.
The problems associated with the lack of standard guidelines for certifying the
quality of truffles and truffle-inoculated seedlings has already been articulated (Paolocci
et al. 1999; (Sejalon-Delmas et al., 2000). The next step is to develop quality control
guidelines and tools necessary to efficiently and unambiguously detect contaminants.
Ensuring the quality of inoculum is particularly critical as problems associated with
misidentifications become amplified downstream (as mycorrhizae) once seedlings are
inoculated, and again when seedlings are planted into soils. Archival of a small portion
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of dried (or frozen) tissue from each fruitbody used as inoculum preserves both its
morphology and DNA and can be recommended as a best practice.
This research builds on previous efforts aimed at identifying certain species of
Tuber with molecular tools (Mello et al., 1999; Iotti et al., 2007). This quick, sensitive and
inexpensive DNA-based assay for screening T. melanosporum germplasm with direct
PCR is amenable to high-throughput screening, and provides additional primer
selections for tracking T. melanosporum in the ecosystem. This approach could be used to
screen for other species truffles and fungi using specific primers from the literature or
modified for multiplex PCR assays.
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