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ABSTRACT

The ectomycorrhizal truffle genus Tuber is widespread and diverse. Recent sampling of ascomata, 
ectomycorrhizal root tips, and environmental sequences has resulted in the identification of many 
Tuber species that cannot be assigned to described species and require formal description. Using 
morphological and molecular phylogenetic analysis, we describe two North American Tuber species 
associated with pines (Pinus spp.). Tuber eburneum, sp. nov., is an early-diverging taxon in the 
Melanosporum clade that differs substantially from all other taxa in that clade due to its light-colored 
peridium and gleba, lack of peridial warts, and peridial hairs that are ornamented with small, irregular 
protrusions. Tuber mujicii, sp. nov., is a whitish truffle species in the Puberulum clade. Although T. mujicii is 
morphologically similar to many related taxa, it can be distinguished by a combination of characters, 
including peridium color, spore size, number of ascospores per ascus, and number of reticulations across 
the spore surface.
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INTRODUCTION

The genus Tuber comprises an estimated 180–230 spe-
cies of truffle fungi that are distributed across the 
Northern Hemisphere (Bonito et al. 2010). Although 
the truffle form has evolved independently in several 
major lineages of fungi, species in the genus Tuber are 
notable for their ecological and economic importance. 
Tuber species are common ectomycorrhizal (ECM) 
symbionts with a number of woody gymnosperm and 
angiosperm host plants as well as some orchids (Bonito 
et al. 2010; Jacquemyn et al. 2016; Lancellotti et al. 
2014). Several Tuber species are also cultivated for 
commercial harvest as culinary delicacies due to their 
intense aromas and flavors. By forming nutrient-dense 
and highly aromatic ascomata belowground, Tuber 

truffles have evolved as a food source for many animal 
species (Ori et al. 2018; Trappe et al. 2009).

Despite the widespread interest in the ecology and 
cultivation of Tuber, many species remain undescribed. 
Using a global sample of Tuber sequences, Bonito et al. 
(2010) constructed a phylogenetic analysis of all major 
lineages of Tuber, which included many undescribed 
taxa that were assigned temporary numeric species des-
ignations (phylotypes). The main objective of the cur-
rent study is to document and formally describe two of 
these undescribed Tuber species that are associated with 

North American species of Pinus: Tuber sp. 13, an early- 
diverging taxon in the Melanosporum clade, and Tuber 

sp. 17 in the Puberulum clade (Bonito et al. 2010).

MATERIALS AND METHODS

Microscopy.—Specimens were sectioned by hand with 
a razor blade and mounted in 3% KOH or deionized 
water for observation of microscopic features. In addi-
tion, one specimen of Tuber sp. 13 (RH73) was chemi-
cally fixed and a portion was embedded in resin 
following the protocol of Curry and Kimbrough 
(1983). Resin-embedded material was cut into sections 
that were 2 µm thick using glass knives. These sections 
were mounted on slides, stained with toluidine blue 
O (Sigma-Aldrich, St. Louis, Missouri), and imaged 
with a Zeiss Axiocam HR3 system (Thornwood, 
New York). A portion of the chemically fixed material 
was processed for scanning electron microscopy (SEM) 
following the protocol of Healy (2003). For each mature 
specimen, spores were measured at 1000× magnifica-
tion. Because of the wide variation in the dimensions 
of spores that grow in asci with different numbers of 
spores, we measured and tabulated the dimensions of 
spores from 1-spored, 2-spored, 3-spored, 4-spored, 
5-spored, and 6-spored asci separately. We measured 
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spore length and width (excluding ornamentation), 
Q-ratio (length/width), ornamentation height, and 
ascus length, width, and shape. Standard deviations (as 
±) are provided for measurements with mean values 
reported. For Tuber sp. 17, which has alveolate- 
reticulate spores, we measured the number of reticulate 
meshes per spore length and width. We also measured 
peridium thickness, shape, color, and arrangement and 
peridium cell length and width following Healy et al. 
(2016). Color notations follow Ridgway (1912). 
Measurements were made with a Zeiss Axio Imager A2 
(Oberkochen, Germany) compound microscope. 
Voucher specimens were dried and accessioned in the 
Fungal Herbarium of the Florida Museum of Natural 
History at the University of Florida (FLAS).

Molecular methods.—Genomic DNA was extracted 
from dried specimens with a standard cetyltrimethylam-
monium bromide (CTAB) extraction protocol (Gardes 
and Bruns 1993) and from fresh specimens using an 
alkaline extraction buffer following the methods of 
Vandepol et al. (2020). For specimens without existing 
GenBank sequence accessions, the nuclear rDNA internal 
transcribed spacer (ITS) region ITS1-5.8S-ITS2 and 
nuclear large subunit (28S) rDNA were polymerase 
chain reaction (PCR)-amplified using the standard pri-
mer pairs ITS1f-ITS4 (Gardes and Bruns 1993; White 
et al. 1990) and LROR-LR5 (Hopple and Vilgalys 1994) 
following the protocols of Gardes and Bruns (1993). PCR 
amplification of the translation elongation factor 1-alpha 
(tef1) and the second largest subunit of RNA polymerase 
II (rpb2) was performed using the Tuberaceae-specific 
primers ef1α-Tub-for, ef1α-Tub-rev, and rpb2-Tub-rev 
(Bonito et al. 2013) and the fungal-specific primer 
fRPB2-5F (Liu et al. 1999), using PCR protocols described 
in Bonito et al. (2013). PCR products were visualized on 
1.5% agarose gels, enzymatically cleaned with exonuclease 
1 and alkaline phosphatase (Glenn and Schable 2005), and 
Sanger sequenced bidirectionally with the same primers 
by Eurofins Genomics (Louisville, Kentucky).

Phylogenetic analysis.—Reference ITS, 28S, tef1, and 
rpb2 sequences were chosen to represent the closest 
relatives of each proposed new species. For both species, 
more reference ITS sequences were available than for 
other loci. Tuber sp. 13 was previously identified as 
a basal lineage in the Melanosporum clade, so reference 
sequences were chosen for all described species in the 
Melanosporum clade and several species from its sister 
lineage, the Rufum clade (Bonito et al. 2013). Tuber 

magnatum Picco was chosen as an outgroup based on 

its position in the multilocus phylogenetic analysis of 
Tuber by Bonito et al. (2013).

Sequences were chosen for Tuber sp. 17 based on 
BLAST search similarity to sequences of Tuber sp. 17 
and published phylogenetic analyses of related taxa in 
the Puberulum clade (Guevara-Guerrero et al. 2015; 
Healy et al. 2013; Kinoshita et al. 2018, 2011; Páez et al. 
2018). Sequences from more than 30 new collections of 
Puberulum clade Tuber specimens from the eastern USA 
were generated for this study and included in the phylo-
genetic analyses. Tuber gibbosum Harkn. was selected as 
an outgroup based on its position in the multilocus phy-
logenetic analysis of Tuber by Bonito et al. (2013). A table 
of all sequences used in both phylogenetic analyses is 
included in SUPPLEMENTARY INFORMATION 1.

Sequences were aligned with MUSCLE 3.8.425 (Edgar 
2004) using default settings in Geneious 2020.2.4 
(Auckland, New Zealand) and checked manually. 
Unedited alignments were deposited in the Open 
Science Framework repository, available at https://osf. 
io/jpyu7/?view_only=1e407246b85d4145a031053b9d6 
f0a3e. Ambiguously aligned regions were removed from 
all alignments with Gblocks (Talavera and Castresana 
2007) using the least stringent settings for all alignments. 
After removal of ambiguous regions, an additional 
alignment of concatenated ITS, 28S, tef1, and rpb2 

sequences was created for all specimens for which 
sequences of at least three of the four loci were available. 
For the analysis of Tuber sp. 13, the following align-
ments were used: an alignment of 42 ITS sequences of 
557 characters (277 were parsimony-informative); an 
alignment of 34 28S sequences of 854 characters (139 
were parsimony-informative); an alignment of 15 tef1 

sequences of 820 characters (77 were parsimony- 
informative); an alignment of 16 rpb2 sequences of 733 
characters (66 were parsimony-informative); and 
a concatenated alignment of 19 ITS+28S+tef1+rpb2 

sequences (where at least 3 of 4 loci are present) of 
2987 characters (500 were parsimony-informative). For 
the analysis of Tuber sp. 17, the following alignments 
were used: an alignment of 93 ITS sequences of 602 
characters (230 were parsimony-informative); an align-
ment of 33 28S sequences of 874 characters (83 were 
parsimony-informative); an alignment of 44 tef1 

sequences of 833 characters (109 were parsimony- 
informative); an alignment of 20 rpb2 sequences of 785 
characters (59 were parsimony-informative); and 
a concatenated alignment of 46 ITS+28S+tef1+rpb2 

sequences (where at least 3 of 4 loci are present) of 
3108 characters (393 were parsimony-informative).

Appropriate models of nucleotide substitution for the 
alignments were selected with PartitionFinder2 (Lanfear 
et al. 2017) using the “greedy” algorithm (Lanfear et al. 
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2012). The following models were selected for the ana-
lyses of Tuber sp. 13: GTR+I+G for ITS and 28S, SYM 
+G for tef1, and K80+I for rpb2. For Tuber sp. 17, GTR 
+I+G was selected for ITS, 28S, and tef1, and K80+I was 
selected for rpb2. These models were also used for each 
corresponding partition in the phylogenetic analyses of 
the concatenated alignments.

Phylogenetic analyses of both species were con-
ducted with maximum likelihood (ML) and Bayesian 
methods. Initial phylogenetic analyses were conducted 
separately for each locus, and after determining that 
there were no supported conflicts in any of the tree 
topologies, an additional analysis was conducted with 
a concatenated alignment. ML phylogenetic tree search 
used RAxML 2.0.0 (Edler et al. 2021) with 1000 boot-
strap replicates to evaluate support for nodes. Bayesian 
analysis was conducted with MrBayes 3.2.2 run on the 
CIPRES Science Gateway (Miller et al. 2010). Parallel runs 
of four Markov chain Monte Carlo chains running for 
20 million generations were conducted, with trees 
sampled every 1000 generations and the first 25% of 
generations discarded as burn-in. Stationarity was eval-
uated based on the standard deviation of split fre-
quency (less than 0.01), and mixing behavior of the 
chains were checked in Tracer 1.7.1 (Rambaut et al. 
2018). Trees were visualized and rooted in FigTree 
1.4.4 (Rambaut 2018). No supported conflicts were 
found between ML and Bayesian consensus tree topol-
ogies for any of the analyses. Nodes were considered 
supported when ML bootstrap values were ≥70% and 
Bayesian posterior probability values were ≥0.95.

RESULTS

Phylogenetic analysis.—Both ML and Bayesian phylo-
genetic analyses show that Tuber eburneum, sp. nov. (FIG. 
1a, b), and T. mujicii, sp. nov. (FIG. 2a, b), are distinct from 
other Tuber species. Tuber eburneum, sp. nov., is supported 
as an early-diverging taxon in the Melanosporum clade, 
forming a monophyletic group with 100% bootstrap sup-
port and a posterior probability of 1 in both ITS and 
concatenated phylogenies (FIG. 1a, b). There were no 
supported conflicts in the 28S, tef1, or rpb2 phylogenies 
(SUPPLEMENTARY INFORMATION 2). This placement 
in the Melanosporum clade is also supported morphologi-
cally by the unique spiny spores, which resemble those 
found in other species in the Melanosporum clade.

Tuber mujicii, sp. nov., is supported as a distinct taxon 
in the Puberulum clade, forming a monophyletic group 
with 97% bootstrap support and a posterior probability of 
1 in the ITS phylogeny and 100% bootstrap support and 
a posterior probability of 1 in the concatenated phylogeny 
(FIG. 2a, b). There were some supported conflicts among 

the 28S, tef1, and rpb2 phylogenies, but only among 
undescribed species (e.g., Tuber sp. BL-5 is polyphyletic 
in the tef1 phylogeny) or minor differences in resolution 
of deeper nodes of the trees (SUPPLEMENTARY 
INFORMATION 3). None of these conflicts challenged 
the monophylly or relative placement of T. mujicii with 
respect to its sister clades. The clade of species sister to 
Tuber mujicii includes two undescribed species from east-
ern North America (FIG. 2b) and another species delim-
ited in Bonito et al. (2010) as Tuber sp. 16 from eastern 
North America and Europe, which is only represented in 
the ITS phylogeny (FIG. 2a).

TAXONOMY

Tuber eburneum Lemmond, Healy & M.E. Sm., sp. 
nov.                                              FIG. 3
MycoBank MB839047

Typifications: USA. IOWA: Story County, McFarland 
Park, erumpent in soil under pine needle duff that is 0.5 
to 1.5 cm thick, under Pinus strobus (white pine) in 
a small grove of planted trees, 8 Sep 1997, coll. 
R. Healy RH73 (FLAS-F-67910) (holotype). GenBank: 
ITS = GQ221451; 28S = JQ925713.

Diagnosis: Tuber eburneum differs from other spe-
cies in the Melanosporum clade by its light-colored 
(vinaceous-buff) peridium, the lack of verrucae on the 
peridium, a pale ochraceous-buff rather than brown- 
black gleba at maturity, honey-yellow rather than dark 
brown ascospores, the presence of beaded peridial 
hairs, and by DNA sequences. Other features of the 
spores of T. eburneum, such as their variable shape 
(subglobose to ellipsoid) and the ornamentation of 
spines that are not connected at the base, further help 
to separate this species from other members of the 
Melanosporum clade.

Etymology: Referring to the ivory (white with yellow-
ish tints) color of the ascoma.

Ascoma globose to ovoid-ellipsoid, up to 2.1 × 1.9 × 
1.8 cm, knobby, white to light buff, with cracked areas 
on the exposed surface, smooth (not warted). Gleba 
solid, white when young, white to light buff at maturity, 
marbled with white veins of sterile tissue. Odor faint and 
pleasant, but stronger after enclosure in a container, 
reminiscent of baked potato; taste bitter, raphanoid.

Peridium 70–210 µm thick, composed of three layers: 
an ectal excipulum up to 40 µm thick but occasionally 
absent from some parts of the peridium, composed of 
irregular, cream-buff cells 5–24 × 3–10 µm with walls 
occasionally thickened up to 1 µm, and interspersed with 
hair-like cells that project from the ascoma surface 
(described below); medullary excipulum 40–100 µm thick 
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with inflated cells of textura angularis, on average 14 × 
7 µm but some inflated and elongated up to 26 × 10 µm; 
excipulum of interwoven hyphae forming a textura intri-
cata of irregular to elongated cells, elongated cells up to 
23 µm in length and 2–3 µm wide at septa. Peridial hairs 
scattered to dense on ascoma surface, often in tangled 

clusters, projecting 12–55(–130) µm from surface, 
although bases of individual hairs are often entangled 
and difficult to determine. Peridial hairs 2–9 µm wide, 
infrequently septate, often beaded in appearance due to 
swellings beneath the surface of the hyphal wall (FIG. 3). 
Trama of textura intricata with interwoven hyphae 2–3(–5) 

Figure 1. Maximum likelihood phylogenies based on (a) ITS rDNA and (b) concatenated ITS+28S+tef1+rpb2 sequences showing 
placement of Tuber eburneum, sp. nov., in the Melanosporum clade. Branches are considered supported when bootstrap values are 
≥70% or Bayesian posterior probability values are ≥95%. Supported values are placed above (bootstrap) or below (posterior 
probability) each branch. Branches that are supported by both ML bootstrap support and Bayesian posterior probability are indicated 
with thickened black branches, whereas branches that are supported by only one method are colored gray.
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µm wide at septa, interspersed with larger hyphae up to 
9 µm wide. Asci 44–83(–117) × 32–73 µm, globose to 
subglobose, hyaline. Short pedicels occasionally observed. 
Ascospores honey-yellow at maturity, subglobose to ellip-
soid with occasional ellipsoid spores having notably 
tapered ends, spores 1–5 (rarely 6) spores per ascus but 
4-spored are most common. Spores in 1-spored asci (29–) 
36–47 36–47 × 21–28 µm, Q = 1.4–1.8 (mean 1.6 ± 0.12); 

in 2-spored asci 21–44 × 20–26 µm, Q = 1–1.8 (mean 
1.4 ± 0.28); in 3-spored asci 21–39 × 19–25 µm, Q = 1.0– 
1.7 (mean 1.3 ± 0.22); in 4-spored asci 20–34 × 18–25 µm, 
Q = 1–1.7 (mean 1.3 ± 0.19); in 5-spored asci 20–36 × 17– 
22 µm, Q = 1–1.8 (mean 1.4 ± 0.21). Only one ascus with 
six spores was observed (in the paratype RH939); spores 
19–29 × 15–19 µm, Q = 1.2–1.6 (mean 1.6 ± 0.16). Spores 
spiny with straight to curved spines, spines 1–5 µm tall and 

(a)

Figure 2. Maximum likelihood phylogenies based on (a) ITS rDNA and (b) concatenated ITS+28S+tef1+rpb2 sequences showing 
placement of Tuber mujicii, sp. nov., in the Puberulum clade. Branches are considered supported when bootstrap values are ≥70% or 
Bayesian posterior probability values are ≥95%. Supported values are placed above (bootstrap) or below (posterior probability) each 
branch. Branches that are supported by both ML bootstrap support and Bayesian posterior probability are indicated with thickened 
black branches, whereas branches that are supported by only one method are colored gray.
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less than 0.5 µm wide. Spines crowded but free from one 
another and not connected at their bases (FIG. 3).

Ecology and distribution: Associated with Pinaceae, 
similar to a few other species in the Melanosporum clade 
(e.g., T. brumale Vittad., T. melanosporum Vittad., 
T. pseudoexcavatum Y. Wang, G. Moreno, Riousset, 
Manjón & G. Riousset, T. himalayense B.C. Zhang & 
Minter) but unlike the other North American species 
belonging to the same clade, T. regimontanum Guevara, 
Bonito & Rodríguez, which was collected in a Quercus 

polymorpha forest.
Additional specimen examined: USA. IOWA: Story 

County, McFarland Park, hypogeous in soil under pine 
litter under Pinus strobus (white pine) in the same small 
grove of planted trees as the holotype, 3 Jul 2009, coll. 
R. Healy RH939 (FLAS-F-65572) (paratype). GenBank: 
ITS = MZ288692; 28S = MZ288691; tef1 = JX022610; 
rpb2 = JQ954523.

Comments: Tuber eburneum was previously identified 
by Bonito et al. (2010) as Tuber sp. 13. Tuber eburneum 

differs from other taxa in the Melanosporum clade in 
several respects. The ascoma of this species has a light- 
colored peridium that lacks verrucae. This is in stark 

contrast to all other described species in the 
Melanosporum clade, which have dark-colored peridia 
that are covered by conspicuous warts without hairs. 
Tuber eburneum also has a white to light buff gleba at 
maturity rather than the typical brown-black gleba at 
maturity that is more common for other species in the 
Melanosporum clade. The mature ascospores of 
T. eburneum are honey-yellow rather than darker shades 
of brown seen in other species in this clade. The pre-
sence of beaded peridial hairs in Tuber eburneum is also 
a unique identifying characteristic not seen in any other 
species in the Melanosporum clade.

Microscopically, T. eburneum differs conspicuously 
from its closest relatives in the Melanosporum clade, 
including T. brumale, T. cryptobrumale Merényi, 
Varga & Bratek, and T. pseudoexcavatum (Merényi 
et al. 2017; Wang et al. 2006). Tuber eburneum has 
only up to 5 (rarely 6) ascospores per ascus instead of 
the 1–8 spores per ascus seen in T. pseudoexcavatum 

and T. brumale and 1–7 seen in T. cryptobrumale. 
Spores of T. eburneum have spines that are not con-
nected at the base, which is similar to the spore orna-
mentation seen in T. brumale and T. cryptobrumale 

(b)

Figure 2. (Continued).

6 LEMMOND ET AL.: NEW PINE-ASSOCIATED TUBER SPECIES



Figure 3. Tuber eburneum, sp. nov. a. Ascoma RH73 (FLAS-F-67910) (holotype). b. Ascoma RH939 (FLAS-F-65572) (paratype). 
c. Ascospores in ascus. d. SEM of ascospore showing spiny ornamentation. e. SEM of ornamented peridial hairs. f. Hair-like projections 
on peridium surface. g. Resin section stained in toluidine blue O, showing peridium in cross-section. Bars: a = 1 cm; b = 1 cm; c = 30 µm; 
d, e = 5 µm; f, g = 50 µm.
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but different from those in T. pseudoexcavatum where 
the ornaments are connected at the spore surface and 
form a spiny-reticulate ornamentation. Connection 
between spines is a variable character in other 
Melanosporum clade species, and given the limited 
number of collections of T. eburneum, it is possible 
that this character is more variable than we have 
observed. The spore shape is more variable in 
T. eburneum than in T. brumale and 
T. cryptobrumale; some spores in T. eburneum range 
from nearly globose to elongate-ellipsoid (Q = 1–1.8), 
compared with more uniformly ellipsoid spores seen 
in T. brumale (Q = 1.4–1.8) and T. cryptobrumale (Q = 
1.5–1.7). Geographically, T. eburneum is so far only 
the second species in the Melanosporum clade to be 
described from North America. The other North 
American species in the Melanosporum clade, 
T. regimontanum, resembles most other taxa in the 
clade, with a dark peridium covered by pyramidal 
warts and a gleba that becomes brown-black upon 
maturity.

Tuber mujicii Lemmond, Healy & M.E. Sm., sp. 
nov.                                              FIG. 4
MycoBank MB839190

Typification: USA. FLORIDA: Putnam County, 
Ordway-Swisher Biological Station, near west entrance, 
Unit 4-A, in mixed forest beneath Pinus palustris, 25 
Jan 2017, coll. Alija Mujic AM-FL17-001 (FLAS- 
F-60274). GenBank: ITS = MF153060; 28S = MZ270564; 
tef1 = OL989331; rpb2 = OL989366.

Diagnosis: Tuber mujicii can be distinguished from 
other North American Tuber species in the Puberulum 
lineage by a combination of characters, including clay- 
colored to tawny-olive peridium, the lack of dermato-
cystidia, the 1–2 (rarely 3) ascospores per ascus, the 
generally subglobose as opposed to ellipsoid spores, the 
number of reticulations across the spore surface, and the 
ITS rDNA sequences.

Etymology: In honor of mycologist and truffle biolo-
gist Alija Mujic, collector of the holotype specimen.

Ascoma globose-ovoid and clay-colored to tawny 
olive, surface smooth to minutely verrucose, with occa-
sional fissures on the peridium surface (FIG. 4). Fresh 
ascomata approximately 1.5 × 1.7 × 1.7 cm. Gleba solid 
and marbled drab with white veins of sterile tissue that 
emanate from multiple points along the interior of the 
excipulum. Aroma earthy, pleasant, and mild; flavor not 
recorded. Peridium 220–510(–700) µm thick, composed 
of two distinct but intergrading layers. Ectal excipulum 
a thin layer (30–140 µm) of variably shaped cells forming 
a structura globosa-angularis, most cells isodiametric to 

angular and (3–)5–10 µm in diameter, interspersed with 
larger elongate cells up to 22 × 7 µm. Walls of outermost 
cells lightly pigmented cinnamon-buff, becoming hyaline 
toward medullary excipulum. Medullary excipulum inter-
grading with ectal excipulum, 180–375(–610) µm, com-
posed of loosely packed hyaline hyphae forming a textura 
intricata, cells 3–5 µm wide at the septa. Tramal hyphae 
hyaline, interwoven hyphae forming a textura intricata, 
cells 3–7 µm wide at the septa. Asci globose to ellipsoid 
and mature asci astipitate and with 1–2(–3) spores per 
ascus, 1-spored asci 78–119 × 44–88 µm, 2-spored asci 
78–112 × 44–76 µm, 3-spored asci uncommon and 82– 
95 × 65–93 µm. Spores cinnamon-buff to clay color, 
ellipsoid to subglobose, with reticulate alveolate orna-
mentation, alveolar walls 1–5 µm tall. Ascospores in 
1-spored asci 44–63 × 36–58 µm, Q = 1.0–1.5 (mean 
1.2 ± 0.1); ascospores in 2-spored asci 32–58 × 28– 
46 µm, Q = 1.0–1.4 (mean 1.1 ± 0.1); ascospores in 
3-spored asci 30–44 × 27–42 µm, Q = 1–1.2 (mean 
1.2 ± 0.1). Spore ornamentation alveolate with 5–7 alveo-
lar meshes along the length and 3–7 across the width of 
spores in 1-spored asci, 2–7 per spore length and 2–6 per 
spore width in 2-spored asci, and 3–7 per spore length 
and 3–6 per spore width in 3-spored asci.

Ecology and distribution: Tuber mujicii has been iden-
tified primarily in association with pines (Pinus spp.) 
from sites across the southeastern USA, although asso-
ciation with Quercus and other angiosperm hosts cannot 
be ruled out. Records include an ascocarp collection 
from Florida in a pine-dominated forest as well as 
a root tip sequence from P. strobus seedlings in 
Georgia (KC424538) (Cowden and Peterson 2013) and 
an additional unidentified root tip sequence putatively 
from Pinus seedlings from an unpublished study in 
North Carolina (KF476959). An immature ascocarp 
was collected in Georgia in a mixed forest habitat with 
low pine density.

Comments: Tuber mujicii was previously identified by 
Bonito et al. (2010) as Tuber sp. 17. Tuber mujicii gen-
erally conforms to the morphological characteristics of 
truffles in the Puberulum lineage as summarized by 
Lancellotti et al. (2016), particularly the small ascomata 
size and smooth texture, pseudoparenchymatous excipu-
lum (peridium), globose and astipitate asci, and alveolate- 
reticulate ascospores. However, the reddish-brown asco-
mata color, the lack of dermatocystidia, the 1–2 (rarely 3) 
spores per ascus, and the generally subglobose spores 
collectively help to differentiate this species from other 
North American taxa in the Puberulum lineage.

Tuber mujicii can be distinguished from other phylo-
genetically affiliated North American Tuber species by 
a number of morphological features. The clay-colored to 
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Figure 4. Tuber mujicii, sp. nov. a. Ascoma. b. Cross-section of fresh ascoma. c. Ascospores in asci, note variability of reticulations. 
d. Ascospores in ascus. e. Ectal excipulum of rounded to angular and occasional elongate cells.  All images of FLAS-F-60274 (holotype). 
Bars: a, b = 1 cm; c–e = 50 µm.
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tawny-olive ascomata of T. mujicii differs from the light- 
colored T. pseudoseparans Guevara, Bonito & Trappe 
and T. tequilianum Guevara, Bonito & Trappe (which 
are described as white, cream, gray, or light brown), as 
well as from T. bonitoi Guevara & Trappe (yellow with 
pink dots) and T. separans Gilkey (light yellow brown, 
although Gilkey (1954) describes the color as “earthy- 
brown”) (Guevara-Guerrero et al. 2015). Only 
T. brunneum Guevara, Bonito & Trappe is described as 
brown, yet not reddish brown, and is similar to 
T. mujicii in having furrows or depressions in the 
ascoma surface. Tuber separans and other related species 
from North America are all smooth or minutely verru-
cose on the peridium surface. However, T. bonitoi, 

T. brunneum, T. tequilianum, and T. pseudoseparans 

possess dermatocystidia, whereas T. mujicii lacks 
dermatocystidia.

Tuber mujicii is similar in the number of spores per 
ascus to T. separans and T. bonitoi; all three of these species 
have 1–3 or rarely 4 spores per ascus, whereas the others in 
this group are described as having up to 4 and rarely 5 
spores per ascus. The spore ornamentation found in 
T. mujicii is 1–5 µm high, and this is comparable to what 
is described from other North American species in the 
Puberulum lineage as discussed in Guevara-Guerrero 
et al. (2015). The shape of spores in T. mujicii, which ranges 
from globose to ellipsoid (Q = 1–1.5), is similar to 
T. bonitoi (Q = 1–1.5) and T. brunneum (Q = 1–1.5). 
Other species in this group have spores that are often 
more broadly ellipsoid, including T. tequilianum (Q = 1– 
1.78) and T. pseudoseparans (Q = 1.05–2). Spores of 
T. mujicii are larger than T. separans, T. bonitoi, and 
T. brunneum. Additionally, spores in T. mujicii have 
slightly fewer reticulations across the length and width of 
spores (5–9 across the length and 3–7 across the width) 
than what has been documented for T. separans (3–10 
across the length and 7–11 across the width) (Gilkey 1954).

DISCUSSION

Tuber eburneum and T. mujicii both associate with 
Pinaceae hosts, despite belonging to distantly related 
clades within the genus Tuber. Ectomycorrhizal associa-
tion with Pinaceae hosts is hypothesized to be a derived 
trait that arose independently in multiple lineages of 
Tuber (Bonito et al. 2013), although the association is 
observed with varying degrees of specificity. Some spe-
cies such as T. gibbosum are only known to associate 
with Pinaceae hosts, whereas others such as T. borchii 

can associate with both angiosperm and Pinaceae hosts 
(Bonito et al. 2013). Both T. eburneum and T. mujicii 

have been found in habitats dominated by pines, and 
a sequence of T. mujicii was recovered from an 

ectomycorrhizal root tip of Pinus strobus (FIG. 2). 
However, we cannot rule out the possibility that one or 
both species may also form ectomycorrhizal associations 
with angiosperm hosts. In both cases, more collections 
and root tip sequences could help establish the host 
range of these two Tuber species.

Tuber eburneum is strikingly different from other spe-
cies in the Melanosporum lineage, at least in the broad 
macroscopic features such as aroma, gleba color, and the 
peridium color and ornamentation. Many Tuber species 
in the Melanosporum lineage are dark in color and have 
strong odors at maturity, whereas T. eburneum is light in 
color and has an odor described as “faint and pleasant . . . 
reminiscent of baked potato.” Tuber eburneum also has 
a 157-bp indel in the ITS1 region, which is characteristic 
of many other species in the Melanosporum lineage 
(Merényi et al. 2016). However, the lack of other species 
in this lineage with intermediate characteristics is note-
worthy and poses questions about how such drastically 
different morphological and organoleptic traits came to 
be present in all other species in the clade.

By contrast, T. mujicii reflects the typical characteristics 
of many other taxa in the Puberulum clade, although both 
phylogenetic analysis and comparisons of morphological 
features clearly support species-level differentiation 
between T. mujicii and its closest relatives. Phylogenetic 
analysis of this species shows that there are many unde-
scribed species closely related to T. mujicii, including sev-
eral known only from collections of mitotic spore mats and 
ECM root tip sequences. Using a clustering method of 96% 
ITS sequence similarity (Bonito et al. 2010), we delineate 
six ITS phylotypes of Tuber from eastern North America in 
our data set that likely correspond to undescribed species 
(Tuber species BL-1 to BL-6; FIG. 2a, b, 
SUPPLEMENTARY INFORMATION 3). Since the 96% 
clustering threshold does not separate other described spe-
cies included in our ITS analysis (e.g., T. bonitoi and 
T. tequilianum), this is likely a conservative estimate. 
These undescribed Tuber species are mostly known from 
recent collections of ascoma and anamorphs from 
Tennessee, Georgia, and North Carolina. These data indi-
cate that there are many undescribed species of Tuber from 
the eastern USA.

It is also apparent that some specimens identified as 
T. separans belong to phylogenetically distinct groups. 
Of the two clades containing sequences from putative 
T. separans ascocarps, one is from Oregon in the north-
western USA and the other is from Tlaxcala in central 
Mexico. Neither clade contains a specimen close to the 
San Francisco Bay area in California where the type 
specimen was collected by Harkness and later described 
in 1916 by Gilkey (Gilkey 1939). Additional collections 
of T. separans from nearby the type locality would be the 
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best way to clarify the phylogenetic position and geo-
graphic distribution of T. separans.

Unlike some clades of Tuber that are present only on 
a single continent (e.g., Gibbosum clade in North 
America or Japonicum clade in Asia), the 
Melanosporum and Puberulum clades are distributed 
throughout North America, Europe, and Asia. The phy-
logenetic position of T. mujicii nested among other Tuber 

species from eastern North America adds to the known 
diversity of Tuber in this region, but it does not challenge 
any assumptions about evolutionary patterns in this 
group. However, the early-diverging position of 
T. eburneum with sister lineages reported from Eurasia 
and North America suggests a possible dispersal event 
from the North American continent to Eurasia and sub-
sequent species radiation in Asia and Europe (Bonito et al. 
2013), with at least one subsequent dispersal event back to 
North America in the T. regimontanum lineage. Tuber 

himalayense (reported as T. indicum) has been detected in 
North America but is presumed to be an accidental intro-
duction (Bonito et al. 2011). Alternatively, it is also pos-
sible that other inconspicuous, early-diverging members 
of the Melanosporum lineage from Europe and Asia 
remain undetected and undescribed.
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