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Abstract Tuber brumale (winter truffle) is one of the most
controversial true truffles, not only in regard to its ecological
and economical role but also its taxonomy. Multilocus phylo-
genetic analyses have revealed that specimens identified ear-
lier as T. brumale belong to two species. These species were
deemed cryptic right away, because preliminary morphologi-
cal measurements did not show any phenotypical differences.
In this study, we measured the morphology of 119 T. brumale
agg. specimens, identified by DNA-based phylogenetic tools.
We found several continuous morphological characters which
show strong statistical differences between the two species,
albeit not without overlap. Using a combination of these char-
acters, we show that efficient separation of the two species is
possible. We describe T. cryptobrumale sp. nov. and present

the environmental demands and the potential area reconstruc-
tion of both species. We argue that non-representative sam-
pling is a major culprit in most failures to detect both the
existence of morphologically similar species and their mor-
phological differences. Our findings illustrate the benefits of
integrative taxonomy: the use of a combination of molecular,
morphological and ecological tools.

Keywords Cryptic and pseudocryptic species . Linear
discriminant analysis . Species delimitation . Tuber brumale .

Tuber cryptobrumale

Introduction

A fundamental endeavour of biology is the classification of
living things, delimiting species in the process. Recently, mo-
lecular phylogenetics has overwritten the traditional
morphology-based classification—quite remarkably in many
cases. For example, phylogenetic species recognition (PSR),
focusing on nucleotide divergence, caused a ca. 300% in-
crease in the number of fungal species (Agapow et al. 2004;
see also GCPSR in Taylor et al. 2000). Most of these changes
were attributable to the previous practice of using morpholog-
ical characters for species delimitation, and the arbitrariness in
their selection. Accordingly, these characters were often un-
able to explain evolution. Morphology-based taxonomy’s in-
trinsic difficulty with reconstructing evolution has other
causes as well, namely convergent evolution, pleomorphy
(morphologically different forms in a life cycle) and the cryp-
tic nature of some of the species (Hibbett et al. 2011).

Species are cryptic if morphological studies are unable to
distinguish their evolutionary lineages identified by molecular
methods (Lundholm et al. 2012). This can be quite common in
recently split species, since genetic changes can be detected
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earlier by molecular studies than through the study of pheno-
typic differences (Cai et al. 2011). When molecular studies lead
to the partitioning of a previously described species, the
resulting two or more species will at first be considered cryptic.
If morphological differences are found between similar species,
but only in the wake of molecular studies, those species are
instead regarded as pseudocryptic (Sáez et al. 2003). So when
the discovery of cryptic species spurs rigorous morphological
re-investigation, resulting in the recognition of morphological
differences between the species, cryptic species will turn
pseudocryptic. The separating characters found a posteriori
are often subtle and hardly appreciable, or they require special-
ists (e.g. the use of electron microscopy, Sáez et al. 2003; Orive
et al. 2013, or shape-recognition software, Arribas et al. 2013).

In taxa with simple architecture, a high rate of species can be
cryptic/pseudocryptic (Medina et al. 2012). Simulations show
that, in algal groups, species from character-poor lineages are
more difficult to distinguish from one another than species from
character-rich lineages (Verbruggen et al. 2014). Most species of
Kingdom Fungi are relatively character-poor and have a simple
structure (Balasundaram et al. 2015), which is evenmore true for
hypogeous fungi (Reynolds 2011). This has led to their increas-
ingly neglected morphological investigation (which is time-
consuming and labour-intensive) and, consequently, to the ab-
sence of, or their erroneous, species descriptions.

The economical importance of edible ectomycorrhizal mush-
rooms, especially the gastronomically cherished true truffles
(TuberMicheli ex Wiggers) is undoubted (Hall and Zambonelli
2012). Due to their ability to form ectomycorrhizaewith a variety
of tree species, truffles are also important ecologically. The pre-
dicted species richness of the genus has been estimated to be
around 180–230 (Bonito et al. 2010a), though some species are
yet to be found and others await taxonomic revision. Since 2010,
with the growth of truffle research, more than 47 new Tuber
species have been described worldwide, particularly from un-
or understudied regions such as China (e.g. Deng et al. 2012;
Fan et al. 2012, 2013, 2015). Also, in well-studied regions, the
existence of several phylogenetic lineages have been detected by
molecular phylogenetic methods. Examples are found in the
groups of Excavatum (Bonito et al. 2010a; Urban et al. 2013),
Puberulum (Bonuso et al. 2009), Rufum (Bonito et al. 2010a;
Merényi 2014), Gibborum (Bonito et al. 2010b), and
Melanosporum (Chen et al. 2011; Merényi et al. 2014). The
reason that these species and potential species stayed hidden
from taxonomists’ eyes for so long might be that they have
related taxa without (conspicuous) phenotypic differences—with
which they form (pseudo-)cryptic species complexes (Bonuso
et al. 2009; Chen et al. 2011; Merényi et al. 2014).

The present study deals with the recently reexamined Tuber
brumale agg. (Merényi et al. 2014), which contains a sibling
species pair. Tuber brumale Vittad. was first described by
Vittadini in 1831 prope Milano, Italy (Vittadini 1831).
However, a survey of T. brumale and T. melanosporum

collections attributed to Vittadini himself in six major European
herbaria showed variations in morphology or even misidentifica-
tions, and none of these could be confirmed as Vittadini types
(Trappe, unpublished data). Later in the nineteenth century, a new
species was described with the name of Tuber moschatum Bull.,
whichwas similar toT. brumale but varied in its odour and colour
(Ceruti et al. 2003). Taxonomic confusion surrounding these spe-
cies persisted for centuries (Ceruti et al. 2003; Merényi et al.
2016). In our previous multiloci phylogenetic work (Merényi
et al. 2014), we genotyped 141 specimens using two different
methods: a phylogenetic analysis based on the nuclear internal
transcribed spacer (ITS), the large subunit (LSU) regions of the
ribosomal DNA repeat, and the variable segment of the protein
kinase C (PKC) nucleotide sequences, and the ITS restriction
fragment length polymorphism (RFLP). Based on broad geo-
graphical sampling, it showed that T. brumale should indeed be
treated as a species aggregate, containing two phylogenetically
distinct species (clades A and B), but these do not correspond to
the earlier division of T. brumale and T. moschatum (or
T. brumale f. moschatum). And although we found a clear mo-
lecular division between the members of the aggregate, our pre-
liminary morphological measurements did not permit a similarly
suitable partitioning of the aggregate and the description of the
new species. Thus, we suggested treating them temporarily as a
cryptic species complex. We argued that the species originally
described by Vittadini had to be clade A—thus we refer to it as
T. brumale sensu stricto (s.str.). Also, we have shown the exis-
tence of two significantly segregated ITS haplogroups (AI and
AII) within T. brumale s.str. (Merényi et al. 2014).

In this article, we present a novel, more detailed morpholog-
ical examination and reconsider the aggregate’s cryptic status.
We describe clade B as a new species, Tuber cryptobrumale sp.
nov. We find that the aggregate’s quantitative characters, though
they overlap among the two species to various degrees, are dif-
ferent enough to enable a morphology-based identification. We
performLinear DiscriminantAnalyses (LDA) to find howbest to
separate the two species, first based onmorphological characters,
then soil characters, and, finally, coenological data. We charac-
terize aspects of the two species’ ecology, including their poten-
tial area reconstruction, and the relationship of each species and
its habitat (soil and plant coenology). We discuss the pitfalls of
non-representative sampling, both in terms of the species’ geo-
graphic distribution and the characters’ variability. We recom-
mend the use of multiple characters for species delimitation,
especially in the case of morphologically similar species.

Materials and methods

Specimens and survey data

In the last 25 years, members of the First Hungarian Truffling
Association (FHTA) collected numerous hypogeous fungus
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specimens, which were subsequently organized into a
mycotheca (Bratek et al. 2013). Related botanical and pedo-
logical data were arranged into a database (Merényi et al.
2010). The former consists of information on the species iden-
tity and abundance of all plants in a 100-m2 (∼10 × 10 m) area
around the truffle beds, and inferred from this their communi-
ty type (coenosis; classified according to Borhidi 2003). The
latter is based on soil samples collected in the immediate vi-
cinity of the ascocarps, from the surface (layer A), analysed by
the laboratories of the Hungarian Central Agricultural Office.
Also, through collaborative efforts, the FHTA mycotheca and
database has been supplemented with specimens from around
Europe.

Molecular identification

We also have information on the genetic identity of the above
specimens (see Bintroduction^). As part of this study, we char-
acterized an additional 28 specimens by ITS-RFLP using
MboI and HinfI (Fermentas) restriction enzymes or specific
primers. On this basis, we can classify all examined specimens
into 3 groups: clade A haplogroups AI and AII, and clade B.
Also, we sequenced the ITS-LSU region of two clade B spec-
imens (for a detailed method, see Merényi et al. 2014). In
addition, we developed a multiplex PCR assay for the separa-
tion of the two clades (A and B). Two forward primers (TbrA
and TbrB) were designed for the T. brumale agg. specific
insertion of ITS1 region (about insertion, see Merényi et al.
2016). The target of TbrA (5′- CGTTAGACTGTATC
GGTGTC-3′) is in the middle of the ∼300-bp insertion (from
the 258th bp of ITS1) and planned for Clade A (both
Haplogroups I and II), while the target of TbrB (5′-
GCTACCTTGTACTGCCTGCC-3′) is in the 3′ end of the
insertion (from the 134th bp of ITS1) and planned for clade
B. The choice of primers were checked using the online
OligoAnalyser 3.1 (IDT, Coralville, IA, USA, www.
IDTDNA.com) tool, to exclude primer-primer and self inter-
actions. The multiplex PCR method was tested with gradient
PCR reactions, involving at least five specimens from each
clade, which were all sequenced earlier.

Morphological description and measurements

We had intended to base our description of T. brumale on a
holotype or lectotype, but we have not succeeded in finding a
collection so designated. Vittadini sent portions of many of his
collections to colleagues at many European or British
universities, and at his death in 1865 his collections
remaining at the University of Milan were dispersed to other
herbaria. With generous contributions from many of these
herbaria, Mattirolo (1907) later reassembled much of
Vittadini’s original herbarium at what is now the Herbarium
of the Department of Plant Biology (TO) University of Turin,

Italy. One of us (JMT) spent a year’s sabbatical there in 1967–
1969 and wrote detailed descriptions of all collections attrib-
uted to Vittadini. The Vittadini collection packets of
T. brumale were variously labelled Bcollezione Vittadini^ or
Bautoptico Vittadini^, respectively Bcollection of Vittadini^ or
Bseen by Vittadini^. No other information was recorded. The
updated description of T. brumale by Ceruti et al. (2003) is
said to be based on a Bsintipo^ as defined byKirk et al. (2003):
"...syntype... one of several elements cited by an author when
originally proposing a name but where no holotype was se-
lected. " Vittadini did not select a holotype, the concept of
types being formulated decades later. It is not clear whether
any of the collections attributed to Vittadini were listed in his
original description or were collected later, because his collec-
tions have no data other the attribution to him. Hence, if a type
is to be designated, it would need to be a neotype. Trappe
examined all of the T. brumale packets labelled ‘Vittadini B.
Some contained missidentified species or mixes of T. brumale
and other specimens. For our purposes, he picked one that had
T. brumale that matched Vittadini’s description precisely, and
that he described macro- and microscopically in detail to serve
as our standard to identify our recent collections and provide
DNA sequences. Its Vittadini packet was labelled BCollezione
Vittadini del Museo de Pavia^, i.e., a collection from his own
herbarium that had been donated to Pavia but that Pavia had
later sent to Mattirolo for deposit at TO.

We measured the morphology of 119 specimens. Most of
them originated from the Carpathian Basin (87) where the
three genetic groups coexist. A total of 18 specimens originat-
ed from northern and western Europe (Spain, France, Italy,
Poland), and 14 specimens came from southern and eastern
Europe (Romania, Greece, Turkey) (Online Resource 1). We
chose a total of 16 quantitative morphological characters,
among them both measured and derived ones. We measured
the length and width of the ascospores (SPL and SPW, respec-
tively), as these are generally used characters for truffles. We
also made more labour-intensive measurements, resulting in
characters such as the diameter of peridial warts (Warts), the
average size of peridial cells (ASPC), and the height of spines
on the spores (Spine). From the size and the number of the
spores, we derived characters such as the estimated volume of
the spore (Vol), and the frequency of asci with 1, 2, …, 8
number of spores (R1–R8). Detailed descriptions of the mor-
phological measurements are included in Online Resource 2.
We succeeded in exploring the value of all 16 characters for 83
specimens (n = 51 for clade A and n = 32 for clade B; see
Online Resource 3).

Multicharacter species delimitation

We wanted to determine whether the two clades differed sig-
nificantly in their morphological characters. Since the distri-
bution of some of the characters was non-normal (determined
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by the Shapiro–Wilks test), we checked the equality of the two
clades’ values with the nonparametric Brunner–Munzel test
(Online Resource 3).

We have seen that the characters show significant overlap
between the two species, therefore we tested if character com-
binations can separate them. Finding the best discriminating
combination requires the elimination of the redundant and
poorly explaining characters. For this task, we used variable
selection: stepwise Linear Discriminant Analysis (sLDA).
This method starts with the single best discriminating charac-
ter, and adds new characters to it one by one, as long as they
significantly increase the explained variance. We assigned
weights to the resulting subset of characters using LDA.
LDA finds the linear combination of given variables which
displays the largest variance between the groups relative to the
intragroup variance. The resulting combination can be used as
a linear classifier, enabling in our case classification based on
mophological and soil characters.

We calculated several linear classifiers, differing in the fea-
tures they consider as input (morphology only, soil only, and
both) and the groups they were chosen to predict in their
output (clade A and B vs. haplogroups AI, AII, and clade
B). For the morphology-based classification, we used 16 char-
acters of 83 specimens [haplogroups AI (n = 29) and AII
(n = 22), and clade B (n = 32)]. For classifications considering
soil data, we used 39 specimens, as only they had all the
required measurements.

The best linear classifiers are not always flawless: a
morphology- and/or soil-based prediction of specimens’ ge-
netic clade identity may not be possible without errors.
Internal validation measures the extent of misclassification
within the training dataset, the very data used for constructing
the classifier. This Binternal error^ informs us of the relative
utility of the different linear classifiers, and thus helps us as-
sess the importance of measuring the different characters.

External validation is based on novel data, and it quantifies
the expected predictive power of a classifier. To illustrate the
potential (absolute) utility of classifying T. brumale agg. spe-
cies in the absence of genetic data, we externally validated a
linear classifier having a small Binternal error .̂ For this pur-
pose, we collected a dozen more T. brumale agg. specimens,
and measured three of their characters (to be used by the
selected linear classifier) and their genetic clade.

For LDA and sLDA calculations, we used the statistical
software R (v.3.0.2; R core team 2016) packages MASS
(Venables and Ripley 2002) and klaR (Weihs et al. 2005),
respectively.

Ecological analyses

We compared the surrounding vegetation, the properties of the
soil, and the fruiting periods of the two species. The vegetation
survey had a sample size of 59 (36 of clade A, 23 of clade B),

while the pedological analysis was based on 80 sites (and 84
soil samples: 54 of clade A, 30 of clade B). Non-metric mul-
tidimensional scaling analysis (NMDS) was used to detect
differences between the species. The use of Bray–Curtis dis-
tances (1000 iterations and 3 reduced dimensions) resulted in
a convenient representation of the multidimensional space
(stress values between 0.12 and 0.17). Soils, herbs, and woody
plants were analysed separately. In the case of the pedological
data, some pairs of variables were highly correlated (Pearson
correlation, R2 > 0.5), thus we excluded 3 characters from the
NMDS: lime-dissolving carbonic acid, zinc and sulfate. The
two species’ fruiting periods were recorded at a resolution of
months (n = 46 for clade A, n = 28 for clade B), and were
compared with the Kolmogorov–Smirnov test.

After the results of the above-mentioned analysis, it proved
interesting to compare the soil copper content of T. brumale
agg. with other Tuber species nests. We consulted the FHTA’s
database concerning the copper content spectrum of 12 Tuber
species (or species complexes), and found data on 975 soil
samples (n ≥ 18 per species). We checked the equality of their
variances with Bartlett’s test, and used the nonparametric
Neményi post hoc test (PMCMR package; Pohlert 2014) to
compare the copper content of the 12 species.

Predictive distribution modelling

In order to predict the potential distribution area of T. brumale
agg. in Europe and the Middle East, we used the dedicated
software MaxEnt (v.3.3.3 k; Phillips et al. 2006). MaxEnt
combines presence-only data with spatially explicit environ-
mental variables to predict species’ environmental envelope
(realized ecological niche), and, based on that, their potential
distribution (Phillips et al. 2006). We chose this software be-
cause it is the most capable of producing useful results even
with as few as 5 occurrences (Hernandez et al. 2006).

We compiled 225 instances of T. brumale agg. location
data (GPS coordinates), including all specimens from this
study and Merényi et al. 2014. Clade A’s 182 datapoints oc-
cupied 124 grid cells of ∼4 × 4 km (2.5 arcmin), while clade
B’s 43 datapoints occupied 32 grid cells. The grid cell data
were randomly partitioned into training and test sets, used to
build the distribution model and to validate it, respectively.
The training set had 93 datapoints for clade A and 24
datapoints for clade B, while the test set had 31 datapoints
for clade A and 8 datapoints for clade B.

The MaxEnt model’s present conditions data was based on
the elevation and 19 bioclimatic layers, downloaded from the
WorldClim database (www.worldclim.org, 13 Apr. 2015;
Hijmans et al. 2005). These layers were converted to ESRI
ASCII raster format with QuantumGIS (QGISWroclaw 1.7.3
software; QGIS Development Team 2009). MaxEnt selected
the most relevant layers in determining species distributions.
We used the following parameters: 25% random test, 20
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replicates, max. 5000 iterations, ‘subsample’ type replicate,
and a ‘logistic’ modelling output; all other settings were left
as default. The performance of the species distribution model
was evaluated by the Area Under the Curve (AUC) statistic of
the Receiver Operating Characteristic (ROC) plots. Jackknife
resampling was used to assess the importance of the variables.
The final potential species distribution map was made with
QGIS.

Results

Our 119 independent T. brumale agg. specimens, originating
from all over Europe, show great similarity across geographic
regions (Online Resource 1). Twenty eight of these 119 spec-
imens were newly examined, as part of this study, by use of
the ITS-RFLP method. We could not detect any differences
between clades A and B based on macromorphology and
odour descriptions. Their spore size and ornamentation did
not differ significantly (Online Resource 3). After adding fur-
ther characters, we found a few traits which showed strong
significant difference between the two species, e.g. the size of
peridial cells, wart size and dry weight (Online Resource 3).
From the number of spores per asci (1–8) we derived addi-
tional characters: their mode (Bdominant number^), and their
ratios (relative to the sum total). The dominant number of
spores per asci is 4 in both species; also, the ratio of four-
spored asci shows no significant difference. In contrast, the
ratio of three- and five-spored asci differed significantly be-
tween the two species: clade A has a higher ratio of five-
spored asci and a lower ratio of three-spored asci than clade
B. Accordingly, a strong correlation occured between the ra-
tios of three- and five-spored asci (Pearson correlation:
R2 = −0.806, p < 0.001).

Multicharacter species delimitation

None of the 16 independent or derived characters could sep-
arate the two species without overlap. Variable selection indi-
cated that the most useful characters for distinguishing the two
species are ASPC, Warts and R5. We arrived at the following
delimitation formula, capable of efficiently delimiting the two
species:

D ¼ 0:23� ASPC−1:07�Warts−3:64� R5−2:06 ð1Þ

If D < 0 for a given specimen, it is expected to be of clade
A, otherwise it is of clade B. This formula misclassifies only
four of the training set’s 83 specimens: its Binternal error^ is
4.8%.

We also performed variable selection to delimit, beyond the
two clades, the two haplogroups of clade A (AI and AII;
Fig. 1). The resulting most useful characters turned out to be

the same as above (ASPC, Warts and R5); however, they
could not effectively separate the haplogroups (43.1%
misclassification).

For a combined analysis of the morphology and the soil,
we selected those specimens for measurement of all their re-
spective characters (39 specimens). On this set of specimens, a
delimitation using only morphological characters resulted in
5.1% misclassification (selected variables: ASPC, R3); use of
solely pedological characters led to 20.5% misclassification
(selected variables: Cu, pH(KCl)). Using both sets of charac-
ters, we found a mere 2.6% Binternal error^ with the character
combination ASPC, Cu and R3. As yet, this is the most effec-
tive separation of the two species.

The morphology-based classification rule (formula 1) was
also validated externally. A total of 13 newly measured spec-
imens could all be correctly classified on the level of clades
(Online Resource 4), corresponding to no Bexternal error^
(100% efficiency). It is interesting to note, however, in this
validation dataset, that none of the 3 characters alone would
meaningfully delimit the clades. Half of the character values
are in the overlapping ranges of their respective characters.
And, apart from a single exception, all specimens have such
Boverlapping^ character values (i.e. at least one out of three).

Ecological descriptions of T. brumale aggr.

Of the 12 soil variables measured, 7 differed significantly
between the two species (p < 0.05; Online Resource 5). The
most remarkable difference was found in the copper content of

Fig. 1 Linear discriminant analyses (LDA) of clades based on
morphological data. Point colours represent the three phylogenetic ITS
lineages. Red triangle Tuber brumale s.str. (clade A haplogrop I.); blue
square Tuber brumale s.str. (clade A haplogrop II); green circle Tuber
cryptobrumale sp. nov. (clade B)
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the soil: clade A had 3.65 ± 1.75 mg/kg while clade B had
6.71 ± 3.89 mg/kg. Copper levels similar to the soil of clade B
were found in T. borchii Vittad., T. macrosporum Vittad. and
T. rapaeodorum Tul. and C. Tul. All other examined Tuber
species had a significantly lower copper level (Online
Resource 6).

Clade A and B were also found to be separable using
NMDS plots (Online Resource 7). The most separating di-
mension was composed of phosphate (P2O5, R

2 = 0.36,
p < 0.001), potassium (K2O, R

2 = 0.60, p < 0.001) and copper
(Cu, R2 = 0.60, p < 0.001). Also, zinc is highly correlated with
potassium (Pearson correlation R2 = 0.61, p < 0.01).

Most of the explored habitats of both species had brown forest
soil (> 70%; different subtypes), but T. brumale s.str. was also
collected from rendzina (21%), while T. cryptobrumale sp.nov.
was occasionally found in meadow soils (28%).

Based on the coenological surveys, both species were often
associated with mountainous oak–hornbeam forests (Carici
pilosae–Carpinetum; A: 50%; B: 33%). Clade B was found
similarly often in lowland oak–hornbeam forests (Circaeo–
Carpinetum; 33%). Of the ectomycorrhizae-forming woody
plants, Carpinus betulus L. (A: 72%; B: 87%),Quercus robur
L. (A: 31%; B: 48%), andQuercus cerrisL. (A: 39%; B: 26%)
were found to be most frequently present in the vicinity of
T. brumale agg.

According to the NMDS (Online Resources 8–9), trees and
herbs showed no substantial difference in their association
with the two species. However, weak effects were attributable
to Acer campestre L. seedlings (R2 = 0.32, p < 0.01), Fraxinus
angustifolia subsp. pannonica Soó & Simon seedlings
(R2 = 0.3, p < 0.01), Poa pratensis agg. (R2 = 0.40,
p < 0.001), Rubus caesius L. (R2 = 0.34, p < 0.001) and
Tilia cordata Mill. seedlings (R2 = 0.30, p < 0.1).

The distribution of the harvesting periods have shown no
significant difference between the two species (p = 0.9). More
than 90% of the collections of both species dated from
October to February.

Distribution modelling

The potential area reconstructions of both T. brumale s.str. and
T. cryptobrumale sp. nov. (Online Resource 10) were found to
be accurate by cross-validation, as indicated by their high
AUC scores (0.935 ± 0.022 and 0.957 ± 0.031, respectively).

T. brumale s.str.’s potential area was based mostly on tem-
perature seasonality (BIO4: 33.4%), max. temperature of the
warmest month (BIO5: 17.9%), and precipitation of the driest
quarter (BIO17: 13.2%). Based on jackknife testing, temper-
ature seasonality (BIO4) provides the most useful information
by itself. T. cryptobrumale sp. nov.’s potential area was based
mostly on the mean temperature of the driest quarter (BIO9:
37,5%), precipitation of the driest month (BIO14: 25,5%) and

isothermality (BIO3: 12,1%). BIO9 was the most useful var-
iable according to jackknife tests.

T. cryptobrumale’s distribution, both realized and potential,
is restricted to a considerably smaller region than that of
T. brumale s.str. The former’s realized distribution is in east-
ern–central Europe, and mainly in the Carpathian Basin. Its
predicted potential area is in a much wider range (from north-
eastern Spain to the Caucasus), but is confined to small
patches.

Taxonomy

Tuber brumaleVittad., Monographia Tuberacearum: 37, Tab,
fig. VI (1831) [MB#228019].

≡ Oogaster brumalis (Vittad.) Corda (1854), Icones
fungorum hucusque cognitorum 6: 72, 73, t. 17:127

= Tuber cibarium Sibthorp (1794) Flora Oxoniensis 398
= Tuber hiemalbum Chatin (1869) La Truffe 46
= Tuber renatii Bonnet (1884) Rev. Myc. 6(23): 137
= Tuber moschatum Bonnet (1869), La Truffe 44 [non

T. moschatum Bull., Herb Fr. (Paris): tab. 479 (1790), nec.
T. moschatum Sowerby, Col. fig. Engl. Fung. Mushr.
(London) 3: tab. 426 (1803), = Melanogaster variegatus
(Vittad.) Tul. & C. Tul., Fungi hypog.: 92 (1851)]

= Tuber montanum Chatin (1891), Bull. Soc. Bot. France
38: 58

≡ Tuber brumale Vittadini subsp. montanum (Chatin) E.
Fischer (1897) Ascomyceten: Tuberaceen und Hemiasceen 44
Description: Ascomata hypogeous, globose to flattened-
subglobose, often with a basal depression or cavity. 6–
60 mm in diam.; dried weight 0.06–7.05 g; warted, black
(36) (RBGE, 1969), sometimes reddish at the base of warts.
Warts 1.8 ± 0.4 mm (0.9–3.3 mm) (this is mean and standard
deviation value pair and min–max range in parentheses)
across, angular, usually flattened but sometimes pyramidal,
usually 5- to 6-sided, often pointed or depressed at the apex,
radially fissured. Warts sometimes separated by fissures in the
surface of the ascomata, easily detaching. Gleba firm, solid,
whitish at first, becoming grey-brown, and most frequently
sepia (26) and drab (33) (RBGE, 1969), dark-brown at matu-
rity, marbled with a few, infrequently or widely spaced, white
veins.Odour pleasant, slightly chocolate-like or rarely strong,
acetone-like. Peridium 324 ± 70 μm (210–475 μm) thick in
total, the external layer 80 ± 29.5 μm (33.7–126.3 μm) thick,
of cells as a hyaline or pale yellow pseudoparenchyma. The
uppermost cells (layer: 89 ± 42.8 μm) are highly pigmented,
orange-brown and often have extremely thick cell walls. The
size of the largest peridial cells (ASPC) are 15.65 ± 2.62 μm
(10.93–23.4 μm). The internal per id ia l layer is
156.7 ± 53.8 μm (50.5–244.1 μm) thick, this prosenchyma
is intricately interwoven with hyaline hyphae (3–6 μm). Asci
globose to subglobose or broadly ellipsoid, stemless, 50–
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70 × 60–80 μm. The distribution of spore numbers per asci is
1: 3.1 ± 3.1%; 2: 9.3 ± 8.6%; 3: 23.7 ± 9.3%; 4: 37.0 ± 10.7%;
5: 22.6 ± 11.1%; 6: 4.0 ± 6.4%;7: 0.2 ± 0.7%; and 8:
0.0 ± 0.2%. Thus, the 3- to 5-spored asci are the most com-
mon. Ascospores ellipsoid Q = 1.62 (1.44–1.82), sometimes
plum seed-shaped, yellow to light golden brown,
28.1 × 17.4 μm ((25.3–33.7) × (15.7–19.1) μm), in four-
spored asci excluding ornamentation. Spore volume is
4487 ± 541 μm3 (3392–6469 μm3). Spores are ornamented
with slender flexuous spines, spicule height is 2.32 ± 0.49 μm
(0.63–3.73 μm). In Melzer’s reagent: immature asci orange,
spores orange-brown, peridium deep orange brown, other tis-
sue yellowish. In ammonium hydroxide, spores could became
greenish in a low rate of asci.
Distribution and habitat: The fruiting period is mainly in
late autumn-winter (October–January, occasionally August–
March). Ascomata can be found under a variety of potential
host plants (eg. Carpinus betulus, Quercus robur, Quercus
cerris, Quercus petraea, Corylus avellana, Tilia cordata and
Fagus sylvatica), mostly in Carici pilosae–Carpinetum
phytocoenoses. Nearly neutral pH (pHwater = 6.79 ± 0.51,
pHKCl = 6.56 ± 0.49) humus-rich (6.04 ± 1.47%) heavy soil
(‘sticky point according to Arany’ is 61.5 ± 9.9). Occurs in the
nonmountaineous areas of Europe.
Conservation status: T. brumale is common in the
Mediterranean and continental regions of Europe. In addition,
its existence was detected with environmental DNA sampling
from outside Europe (e.g. Iran and New Zealand).
Additional specimens examined: See Online Resource 11.
Notes: T. brumale and its sister taxon, T. cryptobrumale, share
notable morphological similarities in their colour, shape,
ascomata size, and spore size. Their separating features are:
the size of the largest peridial cells (ASPC), the average size
of warts (Warts), and the ratio of five-spored asci (R5). The
formula D = 0.23 × ASPC − 1.07 × Warts − 3.64 × R5–2.06
efficiently (95.2%) delimits the two species. A negative D val-
ue is indicative of T. brumale. T. brumale also differs from
T. cryptobrumale in some unique fixed alleles on LSU and
ITS loci, based on the alignments of loci deposited in
TreeBASE (S18611). T. brumale unique fixed alleles are: ITS
positions: 11(T), 18(C), 38(C), 39(T), 41(C), 44(T), 106(G),
111(C), 115(G), 120(A), 121(G), 123(C), 149(T), 158(A),
176(C), 196(C), 201(G), 205(A), 208(T), 213(T), 216(T),
229(C), 242(A), 251(A), 258(A), 263(A), 266(G), 269(C),
275(A), 283(G), 285(T), 286(G), 290(T), 291(G), 296(A),
297(A), 309(T), 317(A), 326(T), 329(C), 338(T), 340(T),
341(T), 346(C), 350(A), 351(A), 364(T), 420(G), 435(G),
444(T), 470(A), 637(T), 666(T), 680(G), 688(T), 689(T),
690(A), 693(A), 694(C), 701(T), 705(G), 712(T), 713(C),
718(A), 727(C), 728(A), 732(G), 748(A), 779(G), 793(G),
794(T), 802(A), 804(A); LSU positions: 971(T), 972(A),
975(C), 1026(A), 1042(T), 1084(G), 1105(C), 1300(T),
1362(A), 1368(A), 1405(T), 1407(T), 1415(T), 1433(C).

Tuber cryptobrumale Z. Merényi, T. Varga & Z. Bratek, sp.
nov. – Holotype: HUNGARY, Bükk mountains, Felsőtárkány
(48°0.091′N, 20°26.517′E), 290 m asl, 09 December 2012,
Leg: Zs. Merényi, É. Bordás, I. Merényi ZB4690A,
BP107922 (BP!). GenBank: KU203777 MycoBank: MB
815399; Fig. 2
Diagnosis: Tuber cryptobrumale morphologically resembles
T. brumale, but differs in the size of the largest peridial cells
(ASPC) and the average size of warts (Warts). ASPC of
T. cryptobrumale is larger, 24.0 ± 4.98 μm (in the range of
16.6–38.73 μm) [vs. 15.65 ± 2.62 μm (10.93–23.4)]; Warts of
T. cryptobrumale are smaller 1.3 ± 0.3 mm (0.9–2.0 mm) [vs.
1.8 ± 0.4 mm (0.9–3.3 mm)]. In addition, the ratios of three-
and five-spored asci (R3 and R5, respectively) are different in
the two species (31.4 ± 7.7 and 13.2 ± 6.8% in
T. cryptobrumale vs. 23.7 ± 9.3 and 22.6% ± 11.1% in
T. brumale, respectively). In addition, the two species differ
in some unique fixed alleles on LSU and ITS loci, based on
the alignments of loci deposited in TreeBASE (S18611).
T. cryptobrumale’s unique fixed alleles are: ITS positions:
11(C), 18(T), 38(T), 39(C), 41(A), 44(C), 106(A), 111(T),
115(A), 120(G), 121(A), 123(T), 149(C), 158(G), 163(C),
176(T), 196(T), 201(A), 205(C), 208(A), 213(A), 216(G),
229(T), 242(T), 251(G), 258(G), 263(G), 266(T), 269(T),
275(G), 283(A), 285(C), 286(T), 290(G), 291(A), 296(gap),
297(C), 309(C), 317(G), 326(C), 329(T), 338(G), 340(C),
341(A), 346(T), 350(G), 351(T), 364(C), 420(C), 435(C),
444(C), 470(T), 637(C), 666(C), 680(A), 688(gap),
689(gap), 690(gap), 693(G), 694(A), 701(C), 705(A),
712(C), 713(G), 718(G), 727(T), 728(G), 732(A), 748(G),
779(A), 793(C), 794(C), 802(G), 804(T); LSU positions:
971(C), 972(T), 975(G), 1026(G), 1042(C), 1084(A),
1105(T), 1300(C), 1362(G), 1368(G), 1405(C), 1407(C),
1415(C), 1433(T).
Etymology: crypto (ancient greek for hidden) refers to the
pseudocryptic nature of this species and brumale refers to its
high similarity to its sibling species, T. brumale.
Description: Ascomata hypogeous globose to flattened
subglobose, kidney-like, almost always with a basal depres-
sion or cavity. 5–27 mm in diam.; dry weight 0.06–1.62 g;
warted, black (36) (RBGE, 1969), sometimes reddish at the
base of warts. Warts 1.3 ± 0.3 mm (0.9–2.0 mm) across,
angular, much flattened, usually 5–6-sided, often depressed
at the apex, radially fissured. Warts sometimes separate from
each other, forming fissures in the surface of the ascomata,
also warts easily detaching. Gleba firmly solid, whitish at
first, becoming grey-brown, and most frequently sepia (26),
cigar-brown (16) and drab (33) (RBGE, 1969), dark-brown at
maturity, marbled with a few, infrequently or widely spaced,
white veins. Odour similar to T. brumale, pleasant, slightly
chocolate-like or rarely strong, acetone-like. Peridium
381 ± 103 μm (244–522 μm) thick in total, with an external
layer of 92 ± 26.3 μm (51.5–134.7 μm), composed of cells
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arranged as a hyaline or pale yellow pseudoparenchyma. The
uppermost cells (layer: 108 ± 46.9 μm) are highly pigmented
and often have extremely thick cell walls. The size of the
largest peridial cells (ASPC) are 24.0 ± 4.98 μm (16.6–
38.73 μm). The internal peridial layer is 180.7 ± 49.5 μm
(101–261 μm) thick, intricately interwoven with the hyaline
hyphae.Asci globose to subglobose, ellipsoid or irregular. The
distribution of spore numbers per asci is 1: 4.0 ± 2.3%; 2:
11.7 ± 5.4%; 3: 31.4 ± 7.7%; 4: 38.2 ± 5.7%; 5: 13.2 ± 6.8%;
6: 1.3 ± 2.0%; 7: 0.0 ± 0.2%; and 8: 0.0 ± 0.0%. Thus, the 3- and
the 4-spored asci are the most common. Ascospores ellipsoid
Q = 1.57 (1.49–1.67), sometimes plum seed-shaped, yellow to
brown, 27.6 × 17.5 μm [(25.3–30.5) × (16.1–18.9) μm], in four-
spored asci excluding ornamentation. Spore volume is
4452 ± 587 μm3 (3598–5598 μm3). Spores are spiny, spicule
height is 3.51 ± 0.51μm (2.72–4.76μm). In ammonium hydrox-
ide, spores often became greenish in 5–40% of asci.
Distribution and habitat: The fruiting period is mainly in
late autumn-winter (October–January, occasionally August–
February). Ascomata can be found under a variety of potential
host plants (e.g. Carpinus betulus, Quercus robur, Q. cerris,
Q. petraea, Corylus avellana, Tilia cordata and Fagus
sylvatica), mostly in Carici pilosae–Carpinetum and
Circaeo–Carpinetum phytocoenoses. Nearly neutral pH
(pHwater = 6.79 ± 0.57, pHKCl = 6.16 ± 0.71) humus-rich
(6.85 ± 2.01%) heavy soil (‘sticky point according to
Arany’ is 6.,8 ± 9.5). Occurs in the nonmountaineous
areas of the Carpathian Basin; also, a single specimen
has been found in Istria.

Conservation status: In the FHTA’s mycotheca, approximately
30% of the specimens assigned to T. brumale s.l. belong to
T. cryptobrumale. T. brumale agg. is common in the
Mediterranean and continental regions of Europe, therefore
T. cryptobrumale does not seem rare. According to our current
knowledge, its distribution is limited to the Carpathian Basin and
its immediate vicinity. It is most probably a locally common
species.
Additional specimens examined: See Online Resource 11.
Notes: T. cryptobrumale and its sister taxon, T. brumale, share
notable morphological similarities in their colour, shape,
ascomata size, and spore size. Their separating features are:
the size of the largest peridial cells (ASPC), the average size of
warts (Warts), and the ratio of five-spored asci (R5). The for-
mula D = 0.23 × ASPC − 1.07 × Warts − 3.64 × R5–2.06
efficiently (95.2%) delimits the two species. A positive D
value is indicative of T. cryptobrumale. Our 83 specimens of
the two species had D values between −2.6958 and 5.5162.
The 4 erroneously classified specimens had near zero values
of D (−0.5221 ≤ D ≤ 0.6430; in this range, we also had 7
correctly classified specimens).

Testing of species-specific primers

According to our trials (e.g. gradient PCR,) the following PCR
protocol can be recommended: DreamTaq Green Buffer
(Fermentas) (20 mM MgCl2, 1.0 μl), dNTPmix (Fermentas)
(2 mM, 1.0 μl), primers TbrA, TbrB and ITS4 (White et al.

Fig. 2 Tuber cryptobrumale sp.
nov. a Ascomata of the holotype
(BP107922). Bar 1 cm. b
Ascospores of the holotype
(BP107922) Bar 25 μm. c Cross-
section of the peridium. Below
the pigmented layer, there lies the
ectal excipulum with
pseudoparenchymatous big
roundish, isodiametric cells, and
beneath that, the inner excipulum
of textura intricata from paratype
ZB4705H, Bar 50 μm
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1990) (0.01 mM, 0.2 μl), Milli-Q water (2.35 μl), Dream Taq
polymerase (Fermentas) (5 unit/μl, 0.05 μl) and template
DNA dissolved in Milli-Q water (5.0 μl). Thermocycling
was carried out under the following conditions: 94 °C for
4.5 min, 30 cycles of 94 °C for 20 s, 56 °C for 30 s and
72 °C (elongation) for 40 s, and finally a 72 °C for 3 min.
Our designed primers proved to be effective in multiplex PCR
conditions. Primers with the above-mentioned conditions are
not able to amplify product in other Tuber species (tested with
T. excavatum, T. macrosporum and T. rufum). In the case of
T. brumale s.str. (clade A), amplified PCR product (owing to
TbrA primer) was 627 bp, while from T. cryptobrumale (clade
B) the PCR product was 750 bp. This 123-bp difference is
easily distinguishable in agarose gel electrophoresis (Online
Resource 12).

Discussion

A new species in the genus Tuber

For decades, it was common knowledge that T. brumale and
T. moschatum were distinct species pairs, but both
Gandeboeuf et al. (1994, 1997) and our molecular results
(Merényi et al. 2014) found no basis for such differentiation.
A recent, PSR-based species delimitation of T. brumale agg.
found no morphological difference, indicative of a cryptic
species complex (Merényi et al. 2014). To verify T. brumale
agg.’s cryptic nature, we analysed more than 100 specimens
for this article. We found all examined characters to be over-
lapping, but still identified a (linear) combination of characters
capable of efficient species delimitation; it is based on
exoperidial cell size (ASPC), wart diameter (Warts) and the
ratio of five-spored asci (R5). Used as a classifier, this formula
(1) correctly identified the clade of 95.2% of the specimens,
demonstrating that there is fundamental morphological differ-
ence between the two monophyletic lineages. These lineages
shall thus be treated as being pseudocryptic rather than cryp-
tic. The suggested species names are T. brumale s.str. (clade
A) and T. cryptobrumale sp. nov. (clade B). Concerning the
two haplogroups of T. brumale s.str., we found that none of the
characters could support their efficient separation. This is in
accordance with our earlier hypothesis that these haplogroups
form a single species (Merényi et al. 2014).

The ecological study of T. brumale and T. cryptobrumale
focuses on the question whether or not the two species share
the same niche. Their climatic demands are similar. The flora
in the habitat of the two species are almost identical.
Moreover, in some forests, the two species were found to
coexist ( e.g. KF551031–KF551034; see Merényi et al.
2014). However, this might only be due to their host-
generalism—which has been proven by independent observa-
tions (Merényi et al. 2016). The two species have the same

harvesting period, which might affect the range of their con-
sumers and vectors (see below). But the two species’ habitats
show significant differences in their soil characteristics. The
main difference is in the copper content of the soil, which is
higher for T. cryptobrumale than for most other Tuber species.
This can either mean that T. brumale and T. cryptobrumale do
not share the same niche or that the mycelia of
T. cryptobrumale (and similar species) accumulate copper—
this has been hypothesised earlier in the case of T. brumale s.l.
(Bratek 1991). The high level of copper in their fruiting bodies
supports this hypothesis (Granetti et al. 2005; Orczán et al.
2012). But the two species also differ in their preference of
genetic soil types, and the radical transformation of soil types
is certainly beyond the capabilities of fungi.

The harvesting period of the Melanosporum group, includ-
ing T. brumale agg. (also called winter truffle), is uncommon:
it lasts from November to March (Riousset et al. 2001; Hall
et al. 2007). This is in sharp contrast with the majority of
hypogeous fungi which have a summer to early winter har-
vesting period. Having a harvesting period unlike most con-
current species must provide certain benefits: their fruiting
bodies have a better chance of being consumed, and thus the
spores contained within are helped in being spread.

Contrary to intuition, a winter harvesting period does not
indicate a greater temperature tolerance of a species (i.e. its
whole l i fe cyc le ) . Winte r t ru f f les , s imi la r ly to
T. melanosporum Vittad., avoid northern Europe
(Ławrynowicz 1992; Ławrynowicz et al. 2008; Stobbe et al.
2012), as confirmed by potential area reconstruction (Online
Resource 10). They are also unlikely to be found in high
mountains (the Pyrenees, Alps or Carpathian Mountains).

The reconstructed potential areas of T. brumale s.str. and
T. cryptobrumale show similar patterns of environmental pref-
erence in the Carpathian Basin, from where they have both
been collected, implying the two species’ similar climatic de-
mands. The difference in the extent of the observed and po-
tential distributions of T. cryptobrumale suggest that historical
circumstances (climatic changes or past barriers) have contrib-
uted to its present, limited range. It has already been
hypothesised that in the last glacial the Carpathian Basin and
the Balkans, and the Iberian or Italian peninsulas, provided
refugia for different winter truffle species and haplogroups
(Merényi et al. 2014). The Balkans might also have been the
refugia of a recently described T. brumale agg. relative,
T. petrophilum Milenković, P. Jovan., Grebenc, Ivančević &
Marković.

The area reconstruction of T. brumale aggr. also shows
favourable conditions on the eastern shore of the Black Sea
and the Caucasus, where as yet no winter truffles have been
observed. However, T. brumale has been detected even farther
to the east, in Iran, by environmental sampling (Bahram et al.
2012). Also, other truffle species have been reported from
Armenia (Badalyan et al. 2005). It would be helpful if these
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localities received more attention from the truffle research
community, as they may hold the key to the past interactions
of the truffle mycota of Europe and Asia.

Problems and bias in the course of species delimitation

Sampling

This study showcases the advantages of broad geographical sam-
pling and a large sample size. These features have enabled the
discovery of a new species, and, hopefully, the reliable explora-
tion of the aggregate’s genetic diversity. Until the 1990s,
T. brumale agg. has only been sampled in western Europe and
thus could not reveal the existence of T. cryptobrumale. This
warns us that, if molecular sampling does not cover a presumed
species’ complete distribution, morphologically similar (cryptic/
pseudocryptic) species can evade discovery, no matter how thor-
ough the respective studies are in other respects.

Extensive sampling coverage does not just expose genetic
diversity but also uncovers morphological variability.
According to our literature search in peer-reviewed journals,
75.5% of the species descriptions in the genus Tuberwere based
on fewer than five specimens (Online Resource 13). Moreover,
14.3% of the reviewed 49 species were described without any
molecular examinations (between 2007 and 2016). In the case of
T. brumale agg., preliminary measurements on only 5–10 spec-
imens (and a focus on classical traits, i.e. macromorphology and
spore features) did not show any morphological differences be-
tween the two species, suggesting that they were cryptic
(Merényi et al. 2014). By increasing the sample size to n > 30
per clades (and including non-traditional characters), we
succeeded in uncovering a significant difference between the
two species—even if not without character overlap.

Characters

Among both epi- and hypogeous mushrooms, the most fre-
quently examined identification characters are related to
spores, e.g. their shape, diameter or ornamentation; this is also
true for the genus Tuber (e.g. Montecchi and Sarasini 2000;
Chen et al. 2011). But spore characters do not play a signifi-
cant role in the differentiation of the winter truffle species,
with the notable exception of a derived character: the distribu-
tion of the number of spores per asci. Separation benefitted
from the use of peridial features (wart size and exoperidial cell
size)—differences in these may be due to selection on the
peridium, which acts as a barrier protecting the spore-
bearing structures from their underground habitat.
Researchers of other Tuber species have also found peridial
characters to be useful identifiers (Chen et al. 2005; Halász
et al. 2005; Chen and Liu 2007; Bonito et al. 2010b).

The earlier erroneous description of T. moschatum demon-
strates the remarkable phenotypic variability (both in colour

and odour) of T. brumale s.str. haplogroup I. This might have
been due to the non-representative sampling of high-variability
continuous morphological characters (often the symptom of
quantitative genetic traits and/or environmental effects). Non-
representative sampling can blur the difference between a sin-
gle wide distribution and several narrow ones, potentially lead-
ing to the discription of non-existent species (Verbruggen et al.
2005b) or deeming two species morphologically identical, thus
cryptic. Several studies caution against underestimating the
variability of characters between closely related species
(Verbruggen et al. 2005a, b; Chen et al. 2011, Szurdoki et al.
2014). When characters covary with the environment or the
geographic location, it is even more difficult to use them for
species delimitation and identification (Verbruggen 2014).

Multicharacter analyses

When trying to delimit two or more species, it is sufficient to
find a single character whose distributions (for the given spe-
cies) do not overlap. In the absence of such characters, multi-
variate analyses may offer a solution (for a general overview,
see Podani 2000; James 1990), e.g. principle component anal-
ysis (cf. Rivera et al. 2011; Schwarzfeld and Sperling 2014),
canonical variate analysis (cf. Florio et al. 2012; Barrett and
Freudenstein 2011), non-metric multidimensional scaling (cf.
Jiménez-Pérez and Lorea-Hernández 2009), and linear dis-
criminant analysis (cf. Lumley et al. 2010; Szurdoki et al.
2014). These tools can integrate data coming from morpho-
logical, ecological and other measurements—as such, they are
instruments of integrative taxonomy.

We chose LDA, and it provided us with a linear classifier in
the form of the weighted sum of a small subset of our charac-
ters. This classifier, specific to our purposes, can identify
whether a given winter truffle specimen belongs to
T. brumale s.str. or to T. cryptobrumale. This approach, how-
ever, is probabilistic, and thus cannot offer absolute certainty.
But for those able to tolerate a mere 95% reliability, this clas-
sifier can prove useful in practice. And even if some of the
characters are inconvenient for species identification (e.g. soil
variables), their role in species delimitation—the real focus of
integrative taxonomy (Pante et al. 2015)—is undeniable.

The advantages of integrative taxonomy are particularly ev-
ident in the case of apparently cryptic species: it is most often in
these cases that only a combination of diverse characters will
prove suitable for species delimitation. The cross-validation of
different methods is also recommended when delimiting mor-
phological similar species (Jörger and Schrödl 2013).
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