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Extensive morphological convergence or divergence,
common occurrence in fungi, tends to obscure recog-
ition of phylogenetic relationships among Pezizales,
idespread filamentous Ascomycetes with either en-

losed underground (hypogeous) or exposed (epi-
eous) fruit bodies, that often establish mutualistic
nteractions with arboreous plants. Focusing on hypo-
eous Pezizales commonly known as truffles, we se-
uenced the 18S rDNA from nine species belonging to
hree different families (Tuberaceae, Terfeziaceae, and
alsamiaceae). A data set consisting of 1700 secondary
tructure-aligned sites, including 24 homologous se-
uences from the GenBank DNA database and using
hree reconstruction methods, was employed to infer
hylogenies in an interval ranging from the subordi-
al to the subgeneric level. As revealed by the 18S
hylogenetic scheme, Balsamiaceae represent a mono-
hyletic clade, comprising the hypogeous taxa Bal-
amia and Barssia, nested within Helvellaceae. Simi-
arly, the terfeziacean genera Pachyphloeus and Terfezia
onstitute together with Cazia a distinct hypogeous clade
ested within Pezizaceae. The lack of clustering between
erfezia arenaria and Terfezia terfezioides strongly sup-
orts the reassignment of the latter taxon to the original
onotypic genus Mattirolomyces. Within Tuberaceae,
hich are sister to the highly evolved Helvellaceae, the
enus Tuber cannot be considered monophyletic if Choiro-
yces is recognized. The paraphyly of Tuber and other

elationships that were not supported by high bootstrap
alues, nor corroborated by morphological evidence, were
upported by a parallel analysis of the faster evolving
nternal transcribed spacer (ITS) rDNA. Distinct episodes
f fruit body morphology shifts are discernable in the 18S
DNA phylogenetic tree. In all cases, the shift from an
pigeous to a hypogeous form is the most parsimonious
nterpretation of character transformation, without any
nstance of character reversal. r 1999 Academic Press

INTRODUCTION

Interest in the molecular phylogeny of fungi has

ncreased in recent years because of their expanding i
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mpact on biotechnology and their role as key elements
f plant nutrition. The latter feature is well repre-
ented in the Pezizales, a large group of filamentous
scomycetes that colonize a variety of forest and semi-
esertic ecosystems and frequently establish mutualis-
ic associations with vascular plants via specialized
utrient-gathering organs known as mycorrhizae (Read,
995). Pezizales are characterized by distinct fruit body
orphologies and spore dispersal mechanisms that

ave been independently acquired several times in the
ourse of evolution (Trappe, 1979). Epigeous taxa have
xposed spore-bearing structures (most of them with a
up or a sponge-like morphology) that possess a forcible
ode of spore discharge, while hypogeous taxa are

haracterized by enclosed, underground fruit bodies in
hich spore dispersal is mediated by dehiscence or
nimal mycophagy.
Confronted with this complex evolutionary scenario,
hich may include episodes of adaptive relationships
ith plant hosts and shifts of fruit body morphology,
evelopment of a robust phylogenetic framework for
ezizales has proven difficult because of character
onvergence and extreme paucity of fossil records.
olecular phylogenetic analysis thus represents a prom-

sing tool for elucidating the evolutionary history of this
roup of fungi whose amount of DNA sequence data has
onsiderably increased in recent years. Among the most
eaningful results so far produced by molecular phylo-

enetic analysis are the definition of Pezizales as a
onophyletic, early branching clade of filamentous
scomycetes (Gargas and Taylor, 1995; Spatafora, 1995),

he confirmation of an independent phylogenetic origin
f various hypogeous genera (O’Donnell et al., 1997),
nd the recognition of three main evolutionary lineages
ithin the order (Landvik et al., 1997). Taxonomic

lassification of Pezizales has also been significantly
nfluenced by molecular phylogeny. Many pezizalean
amilies, however, are still identified by morphological
haracters only, and subgeneric relationships have
een subjected to molecular analysis in just a few cases
Egger, 1996; Harrington and Potter, 1997). Problems

n assessing relationships between closely related spe-
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170 PERCUDANI ET AL.
ies are most evident for hypogeous genera in which
election for mycophagy and reduction of water loss
roduce an extremely convergent morphology (Thiers,
984; Bruns et al., 1989). In particular, phylogeny of the
ypogeous families Tuberaceae and Terfeziaceae, which

nclude the edible ectomycorrhizal fungi known as
ruffles, has been especially controversial. Recent mo-
ecular data have revealed previously unsuspected
elationships between Tuberaceae and the sponge-like
elvellaceae (Landvik et al., 1997). Less straightfor-
ard results have been obtained in the case of Terfezia-

eae, where Choiromyces, the only terfeziaceous genus
o far subjected to molecular analysis, has been reas-
igned to Tuberaceae (O’Donnell et al., 1997), while
ther terfeziacean genera have been found to exhibit
ltrastructural characters typical of Pezizaceae (Kim-
rough, 1994).
Focusing on truffles, the present analysis includes 33

axa representing 9 of the 16 presently accepted peziza-
ean families (Eriksson and Hawksworth, 1993). Follow-
ng a secondary structure-based alignment and the use
f three different tree reconstruction methods, nuclear-
ncoded rDNA sequences were utilized to explore a
hylogenetic interval ranging from the subordinal to
he subgeneric level. The 18S rRNA was employed as a
tandard for comparisons in this entire phylogenetic
ange, while sequences derived from the faster evolving
nternal transcribed spacer (ITS) rDNA were used to
est intrageneric relationships that were not corrobo-
ated by strong statistical support nor by morphological
eatures. Our analysis provides new phylogenetic hy-
otheses for the taxonomical classification of truffles
nd emphasizes epigeous/hypogeous shifts in fruit body
orphology.

MATERIALS AND METHODS

axon Sampling and DNA Extraction

Nine hypogeous species of Pezizales, with a special
mphasis on Tuber, were chosen for analysis (Table 1).
ungal samples were collected in various regions of
taly and were identified according to morphological
riteria (Pegler et al., 1993; Zambonelli and Morara,
984). They consisted of fresh fruit bodies, except for
uber borchii and Terfezia arenaria, which were ob-
ained, respectively, as mycelium from a pure culture
nd a herbarium specimen. Specimens of all the fungi
nalyzed in the present study are available as voucher
pecimens; identification numbers and sites of collec-
ion of individual specimens are listed in Table 1.

Standard CTAB-based protocols (Lee and Taylor,
990; White et al., 1990) were used to extract total
NA. In two cases (Choiromyces meandriformis and
achyphloeus melanoxanthus), DNA was further puri-
ed by adsorption to GeneClean II (Bio 101, La Jolla,

A) prior to PCR amplification. s
CR Amplification, Cloning, and Sequencing

Sequences of 18S rDNA were amplified by PCR using
rimer NS1 (White et al., 1990) and a modified version
f primer NS8 (NS81: 58-AACCTTGTTACGACTTTTAC-
8). Primers ITS1-ITS4 (White et al., 1990) were uti-
ized for ITS1-5.8S-ITS2 rDNA amplification. After an
nitial denaturation at 94°C for 2 min, amplification
eactions were run for 40 cycles under the following
onditions: 1 min denaturation at 94°C, 45 s annealing
t either 53°C (18S rDNA) or 60°C (ITS rDNA), 3 min
xtension at 72°C. Amplification products were electro-
horesed on a 1% agarose gel, purified on QIAquick
olumns according to the manufacturer’s instructions
Qiagen, Hilden, Germany), and cloned into the pCRII
ector (InVitrogen, San Diego, CA). For each amplified
NA at least three clones carrying correctly sized

nserts were subjected to partial sequence analysis.
NA sequences were manually determined with the
hermoSequenase cycle (Amersham, Buckingham-
hire, UK) dideoxy sequencing method (Sanger et al.,
977), using [a-35S]ATP as the labeling nucleotide. M13
niversal primers were utilized for initial 18S rDNA
equencing. The identity of cloned DNA was initially
erified by comparing sequence data for the ends of
ach insert with a database of 18S rDNA sequences
xtracted from the GenBank, using the program FASTA
Pearson and Lipman, 1988). The complete sequencing
f 18S rDNA inserts was carried out as described above,
sing a set of internal primers complementary to both
trands of the 18S rDNA (NS21, NS41, and NS61 on the
emplate strand; NS31, NS51, and NS71 on the coding
trand; as specified in Fig. 1). ITS1-5.8S-ITS2 rDNA
equences were similarly determined, using M13 univer-
al primers and [a-35S]ATP as the labeling nucleotide.

equence Alignment

Sequences were entered manually into a computer
nd assembled using programs of the GCG package
Genetics Computer Group, Madison, WI). Secondary
tructures of all newly determined 18S rDNA se-
uences were predicted according to the model of Van
e Peer (Van de Peer et al., 1997). The RNAdraw
alculation program (Matzura, 1995), set at standard
arameters, was used to infer the secondary structure
f stem 49, which could not be unambiguously folded
ccording to the model. Alignments generated by Clust-
lW (Thompson et al., 1994) were refined with the
rogram GeneDoc (Nicholas and Nicholas, 1997) by
eferring to previously determined secondary struc-
ures. Each position in the alignment was identified as
art of a stem or a loop and labeled according to Kjer
1995). Positions that were not paired in all sequences
ere labeled as ‘‘polymorphic.’’ All homologous sites

ould thus be unambiguously superimposed, except for
few loops with insertions or deletions of variable

ength and a structural highly ‘‘polymorphic’’ region of

tem 49. By excluding all these ambiguous positions,
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171MOLECULAR PHYLOGENY OF TRUFFLES
e obtained a second set of aligned sequences (‘‘filtered’’
et). Both alignment files, in MSF format, are available
t the WWW site: irisbioc.bio.unipr.it/tuber/phylogeny.
tml. The GenBank accession numbers of the nine 18S
DNA sequences determined in the present study are
isted in Table 1.

Our sample of aligned sequences was extended to
nclude 24 pezizalean 18S rDNAs extracted from the
atabase. They were: Balsamia magnata (GenBank
ccession no. U42656), Barssia oregonensis (U42657),
elvella lacunosa (U42654), Tuber gibbosum (U42663),
uber rapaeodorum (Z49755), Dingleya verrucosa

U42659), Labyrinthomyces varius (U42662), Reddello-
yces donkii (U42660), Choiromyces venosus (U42661),
yromitra esculenta (Z30238), Discina macrospora

U42651), Morchella esculenta (L36998), Verpa bohe-
ica (U42645), Rhizina undulata (U42664), Inermisia

ggregata (Z30241), Wilcoxina mikolae (U62014), Gla-
iella aurantiaca (Z49753), Plectania nigrella (Z27408),
rnula hiemalis (Z49754), Peziza quelepidotia

U42665), Peziza Badia (L37539), Cazia flexiascus
U42666), Ascobolus lineolatus (L37533), and Under-
oodia columnaris (U42685). Homologous sequences

rom the yeast Saccharomyces cerevisiae (J01353) and
rom Neolecta vitellina (Z27393), a close relative of
ezizales (Landvik et al., 1993), were used as outgroups.
hese sequences were added to the previously constructed
tructural alignment using the profile alignment algo-
ithm of ClustalW, followed by manual adjustment.

Different alignments of truffle 5.8S-ITS2 sequences,
enerated with the ClustalW and PILEUP (Genetics
omputer Group) programs by varying gap weight and
ap length weight parameters, were examined. Out-
roup sequences from Pithya cupressina and Sarcoscy-
ha striatispora were aligned by manual editing. The
ccession numbers of the ITS-5.8S rDNA sequences
etermined in the present study are listed in Table 1;

TAB

Pezizalean Taxa Sampled for rD

Speciesa
Type of

specimen

amily Tuberaceae
Tuber borchii Vittad. Fresh mycelium
Tuber magnatum Pico Fresh fruit body
Tuber excavatum Vittad Fresh fruit body
Tuber panniferum Tul. & Tul. Fresh fruit body

amily Terfeziaceae
Terfezia arenaria (Mor.) Trappe Exsicata
Terfezia terfezioides (Matt.) Trappe Fresh fruit body
Choiromyces meandriformis Vittad. Fresh fruit body
Pachyphloeus melanoxanthus Tul. & Tul. Fresh fruit body

amily Balsamiaceae
Balsamia vulgaris Vittad. Fresh fruit body

a The classification of Pezizales is according to Eriksson and Hawks
TS sequences of T. magnatum (AF003913), T. borchii i
AF003920), P. cupressina (U66009), and S. striatispora
U66016) were obtained from GenBank.

hylogenetic Analysis

Phylogenetic relationships among Pezizales were
nferred using maximum parsimony (MP), neighbor-
oining (NJ), and maximum-likelihood (ML) methods.
nweighted MP analysis was performed using Hen-
ig86 (Farris, 1988). Characters were treated as nonad-
itive (‘‘cc-;’’) and separate analyses were first done by
ncluding and then excluding gaps. MP trees for truffle
8S rDNA and ITS sequences were generated using the
xhaustive search (‘‘ie*;’’) option, while the heuristic
earch within the multiple trees generated by multiple
asses of branch swapping (‘‘mh*;bb*;’’) was applied to
he extended set of 33 pezizalean 18S rDNA sequences.
enetic distances for NJ analysis were calculated with

he DNADIST program (PHYLIP package; Felsenstein,
993), using the two-parameter method of Kimura
1980) to take into account unequal number of transi-
ion (TS) and transversion (TV) substitutions. An ini-
ial estimate of TS/TV ratios was obtained by a linear
egression of the substitutions identified in pairwise
equence comparisons conducted with the program
UCSTAT (MOLPHY package; Adachi and Hasegawa,
995). Trees based on distance data were inferred with
he NEIGHBOR module of PHYLIP using the random
ddition of taxa option. Bootstrap analysis utilized 100
eplicate data sets generated by the SEQBOOT pro-
ram (PHYLIP package). ML analyses were conducted
ith fastDNAml (Ver 1.1; Olsen et al., 1994) using
mpirical base frequencies and previously estimated
S/TV ratios. Nonbootstrap trees were optimized by
lobal rearrangement of branches. Bootstrapping was
erformed with the fastDNAml_boot script program
un on an INDY Unix workstation, using 100 data
eplications and random jumbling of the sequence

1

Amplification and Sequencing

llection
cality

Collection
date

Isolate
number

GenBank Accession Nos.
18S/5.8S-ITS2

rino 03/07/95 CLM80.97 AF054902
logna 30/03/94 1120-10 AF054901
logna 10/11/95 1159-3 X98089/AF073509
ena 06/11/96 1234-5 AF054903/AF073510

ristano 15/05/96 1217-1 AF054898
rrara 02/12/95 1175-1 AF054900
logna 01/10/96 1224-1 AF054904/AF073508
logna 01/10/96 1255 AF054899

logna 05/11/95 1236-1 AF054905

rth (1993).
LE

NA
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Bo
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nput order. Concordance between trees generated by
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FIG. 1. Nucleotide positions utilized for phylogenetic analysis displayed on a folded 18S rRNA. Positions that were excluded from the
‘filtered’’ set (boxed sequences) are indicated in black along the predicted secondary structure of the 18S rRNA of Tuber excavatum. The
ositions of internal sequencing primers are marked with arrows. Terminal regions (N), corresponding to primers NS1 and NS81, were

xcluded from analysis. Stems are numbered according to convention (Van de Peer et al., 1997).
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173MOLECULAR PHYLOGENY OF TRUFFLES
pplying the three reconstruction methods to different
ata sets was evaluated by examining strict consensus
rees generated with the Nelsen command of Hennig86.

The effect of different TS/TV ratios on ML and NJ
ree topologies was examined by imposing TS/TV val-
es of 0.5, 1, 1.5, . . . 3. Sequence relative rates were
alculated by averaging Kimura distances between the
equences of the species under examination and the
equences of the two outgroups. The ranking of diver-
ence rates was compared with the topology obtained
rom phylogenetic reconstructions in order to detect a
ossible artificial clustering of taxa resulting from
ong-branch attraction (Hendy and Penny, 1989). The
istribution of substitution rates among sites was esti-
ated a posteriori by computing the minimum number of

ubstitutions required at each site to justify ML tree
opology with the user-tree option of DNAPARS (PHYLIP
ackage). Assuming either a single category or multiple
ategories of substitution rates, the observed number of
ubstitutions per site, k, was then modeled with the
ollowing mixture of poissonian distributions:

P(k) 5 o
i

di

li
ke2li

k!
, k 5 0, 1, 2, . . .

here d is the proportion of sites and l is the substitu-
ion rate for site category i. The different rates and the
elative proportions of site categories, as derived by
onlinear fitting procedures, were employed for maxi-
um-likelihood reconstruction using the category op-

ion of DNAML (PHYLIP package).

RESULTS

hylogenetic Analysis of Truffle 18S rRNA

Nuclear 18S rDNA sequences were determined for
ine species of hypogeous Pezizales traditionally classi-
ed as members of the Tuberaceae, Terfeziaceae, and
alsamiaceae (Table 1). A preliminary analysis of these
equences revealed regions that could not be aligned
nambiguously. To set up a framework for a more
eliable alignment, all the rRNA sequences in our
ample were folded according to the secondary struc-
ure model for the 18S rRNA (Van de Peer et al., 1997)
Fig. 1). This allowed us to unambiguously align homolo-
ous sites along the entire 18S rRNA molecule, leaving
ut only a few small regions. As shown in Fig. 1, most of
he regions difficult to align correspond to loop struc-
ures, with the main exception of a relatively large
egion comprising stem 49. Interestingly, a comparison
ased on this structural model also revealed features
hat distinguish between Tuberaceae and Terfeziaceae.
n keeping with the results of O’Donnell et al. (1997)

ut at variance with previous morphological classifica- t
ions, these data point to Choiromyces as a close
elative of Tuber (Table 2).
The structure-based alignment of the nine sequences

nder examination, including the outgroups Neolecta
itellina and Saccharomyces cerevisiae, contained 260
nformative sites on a total of 1700 positions. An
dditional alignment composed of a ‘‘filtered’’ set of 199
nformative sites was created by excluding all the
nmatchable regions indicated in Fig. 1. A preliminary
stimate of the average transition/transversion ratio
ielded a value of 1.7 for the two sets (Table 3). This
atio was used for the determination of genetic dis-
ances according to Kimura’s formula (Kimura, 1980)
nd for maximum-likelihood analysis (Felsenstein,
981). Neighbor-joining (Saitou and Nei, 1987) and
aximum parsimony (Kluge and Farris, 1969) were

lso used for phylogeny reconstruction. With the sole
xception of the different positioning within the Tuber
lade of Tuber borchii relative to Choiromyces meandri-
ormis in the NJ reconstruction, an identical topology
as recovered with all three methods and the resulting

rees clearly distinguished between a terfeziacean clade
nd another clade in which Balsamia vulgaris is the
ister taxon of Tuberaceae (not shown). No differences
n the topologies of trees produced by the three recon-
truction methods were observed when using either the
‘unfiltered’’ or the ‘‘filtered’’ set of aligned sites. To place
he hypogeous taxa under examination into a broader
volutionary framework, also taking advantage of the
ositive effect of an expanded sequence sample on
hylogenetic reconstruction, the set of 18S rDNA se-
uences determined in the present study was extended
o include representatives of all pezizalean families
hat were available in the GenBank as sequences

TABLE 2

Distinctive Stem Base Pairing of 18S rRNAs from
Different Hypogeous Pezizalean Taxa

tema Terfeziaceae
Choiromyces

meandriformis Tuberaceae
Balsamia
vulgaris

0 G-U A-U A-U A-U
10-1 A-U G-U G-U G-U
1 A-U G-C G-C G-U
23-1 G-U G-C G-C U-G

G-U G-C G-C G-C
23-5 G-U G-C G-C C-G
23-9 U-A C-G C-G U-G
5 G-C G-U G-U G-U
9 U-A C-G C-G C-G
3 U-G C-G C-G C-G

Note. Invariant stem base pairs in our sample of Tuberaceae and
erfeziaceae 18S rRNAs are compared with structurally equivalent
ase pairs found in the 18S rRNAs of Choiromyces meandriformis
nd Balsamia vulgaris.

a Stem numbering is in accordance with the standard representa-

ion of 18S rRNA secondary structure (Van de Peer et al., 1997).



l
1
a
t
t
(
a
s
l
y
‘
c
s
s
a
‘
t
c
t
‘

p
t
i
c
t
a
x
n
l
c
n
w

c
a
D

V

t
t
i
a
t
o
c
b
u
a
b
t
m
s
t
t
w
n
a
t
a
t

t
c
M
T

A
T

r
a

t

r
C
M
r
h
M
a

174 PERCUDANI ET AL.
onger than 1400 bp. This extended set contained the
8S rDNA of Choiromyces venosus Fries, which differed
t 7 positions (out of 1714) with respect to the sequence
hat we determined for C. meandriformis Vittad., a
axon considered to be synonymous with C. venosus
Trappe, 1979). The three reconstruction methods were
pplied to either the ‘‘unfiltered’’ set (452 informative
ites) or the ‘‘filtered’’ set (391 informative sites). Simi-
ar phylogenies were produced by the three methods,
et more concordant trees were obtained with the

‘filtered’’ set. In particular, as revealed by the strict
onsensus tree of MP, NJ, and ML reconstructions (not
hown), the ‘‘filtered’’ data set best resolved relation-
hips within the large clusters containing Tuberaceae
nd Terfeziaceae. Furthermore, the MP analysis of the

‘filtered’’ set exhibited a more robust fitting between
ree and data, as evidenced by the values of the
onsistency index (CI) and the retention index (RI) for
he ‘‘filtered’’ set (CI and RI of 0.64 and 0.68) and the
‘unfiltered’’ set (CI and RI of 0.60 and 0.65).

The ML tree derived from the ‘‘filtered’’ set, which
erfectly matched one of the six most parsimonious
rees, is presented in Fig. 2. Beyond the early branch-
ng of Ascobolus, the most basal cluster of Pezizales
omprises epigeous fungi of the genus Peziza as well as
he hypogeous Cazia flexiascus and includes the terfezi-
cean truffles T. arenaria, T. terfezioides, and P. melano-
anthus. All of the remaining taxa of Pezizales origi-
ate from a single branchpoint that identifies two main

ineages. One includes members of the Sarcosomata-
eae, Glaziellaceae, and Otideaceae. In the other, Disci-
aceae and Morchellaceae share a common ancestor
ith the two sister groups Helvellaceae and Tubera-

TAB

Substitution Frequenci

Taxon No. sites No. var. sites Gaped. p

ll taxa 1664 199 8
ruffles 159 7
Terfeziaceae 64 6
Tuberaceae 41 6

Note. Truffle 18S rDNA sequences determined in the present
econstruction, were examined. The number of variable positions and
re reported. The number of substitutions resulting from pairwise co

a The total number of substitutions divided by the number of aligne
o 100 nucleotides.

FIG. 2. Phylogenetic scheme of Pezizales inferred from the analy
ecovered with maximum-likelihood (ln L 5 26852.586), exhibits the
I 0.64, RI 0.68); Neolecta vitellina and Saccharomyces cerevisiae we
P strict consensus tree. ML bootstrap values (.50%) for each node

epresenting 10 mutations. Brown branches represent the most par
ypogeous Pezizales are identified, respectively, by black and brown b
aia et al., 1996 and Bratek et al., 1996, are shown in green. Famil
ccording to an unranked system of classification (Hibbett and Donoghue
eae. Albeit with a rather low bootstrap value, Rhizina
ppears as an early branching of the Morchellaceae–
iscinaceae–Helvellaceae–Tuberaceae clade.

alidation of the Tree

Potential artifacts that might have affected tree
opology were next considered. Heterogeneous muta-
ion rates are apparent in the tree reported in Fig. 2, as
ndicated by differences in branch length (cf., for ex-
mple, the Helvellaceae and Tuberaceae clades). Since
ree reconstruction is known to be sensitive to the
ccurrence of different mutation rates among taxa, we
onducted a relative rate test (Sarich and Wilson, 1973)
y comparing genetic distances between the 33 taxa
nder examination and the two outgroups N. vitellina
nd S. cerevisiae. Ascobolus and Rhizina were found to
e the most divergent from the average, being charac-
erized, respectively, by the highest and the lowest
utation rate. Accordingly, as evidenced by the corre-

ponding bootstrap values, placement of these two taxa
urned out to be problematic. Mutation rates for all of
he other taxa were found to be quite homogeneous
ithin individual families identified by our tree (data
ot shown). The fact, moreover, that we did not observe
ny topological grouping between the taxa exhibiting
he highest mutation rates is inconsistent with an
rtificial clustering of species due to long-branch attrac-
ion (Hendy and Penny, 1989).

The influence of the transition/transversion ratio on
ree reconstruction was then evaluated by systemati-
ally varying this ratio. The tree topology produced by
L analysis was found to remain the same when using
S/TV ratios between 0.5 and 3, with the highest

3

of 18S rDNA Sequences

Subst.a (3100 nt) TS (3100 nt) TV (3100 nt)

3.802 2.531 1.271
3.337 2.255 1.082
2.584 1.983 0.601
1.088 0.895 0.192

udy, plus the two outgroup sequences utilized for phylogenetic
number of positions with gaps in the 18S rDNA ‘‘filtered’’ alignment

arisons was subdivided into transitions (TS) and transversions (TV).
ites and by the number of pairwise comparisons is expressed relative

of the ‘‘filtered’’ set of aligned 18S rRNA sequences. The tree shown,
e topology of one of the six most parsimonious trees (tree length 758,
tilized as outgroups. Nodes marked with an asterisk collapse in the
reported. Branches are drawn to scale, as indicated by the scale bar
onious optimization of the hypogeous character state; epigeous and
ches. Names of species reported to be ectomycorrhizal, as reported by
ames associated with square brackets delimit monophyletic groups
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ikelihood value corresponding to the previously esti-
ated ratio of 1.7. Notably, however, the same spec-

rum of TS/TV ratios lead to substantially different
rees in the case of NJ analysis, which turned out to be
nfluenced even by slight deviations (less than 15%)
rom the 1.7 value.

The model that we utilized for ML reconstruction
ssumes an equal substitution rate among sites. This
ondition is not necessarily met by the 18S rRNA, a
olecule in which structural and functional con-

traints are expected to be distributed in a rather
eterogeneous manner (Tourasse and Gouy, 1997). To
uantitatively evaluate the position-dependent rate of
ariation in 18S rRNAs from Pezizales, we inferred the
umber of substitutions per site by imposing a maxi-
um parsimony criterion on the ML tree. The resulting

istribution of the number of substitutions per site,
hich could not be closely fitted by a single poissonian

urve, could be modeled with a curve composed of four
ifferent poissonian distributions (i.e., assuming four
ifferent classes of substitution rates, as specified
nder Materials and Methods) (Fig. 3). Therefore, a
odel with four classes of substitution rates, calculated

FIG. 3. Observed and modeled distributions of the number of
ubstitutions per site in 18S rDNA sequences of Pezizales. The
istribution of the number of substitutions per site, inferred by
arsimony over the tree reported in Fig. 2, is shown (filled circles).
he fit of a model poissonian distribution to the data set, assuming
ither one or four classes of substitution rates, is indicated, respec-
ively, by a continuous or a dashed line. In the four-classes model
hich best fit our data set, 59% of the sites were invariant, 32% were

low-evolving, and the sites in the remaining two classes (7.5 and
.5%, respectively) were 5 times and 10 times more rapidly evolving
ahan those in the second class.
ith the above-described fitting procedure, was incorpo-
ated into our ML reconstruction. The likelihood value
f the tree increased from 26852.59 to 26429.33; yet no
ariation in the branching order of the tree was ob-
erved. This confirms the robustness of ML reconstruc-
ion with respect to this specific violation of the evolu-
ionary model (Yang et al., 1994).

Altogether, the above tests provided increased confi-
ence in the phylogenetic reconstruction afforded by
8S rRNA analysis. As to the reliability of the different
lades, it can be noted that, with the exception of the
ncertain positioning of Rhizinaceae as the sister group
f the Morchellaceae–Discinaceae–Helvellaceae–Tu-
eraceae clade and of Ascobolaceae as the basal group
f Pezizales, those corresponding to the hierarchical
evel of families are all supported by high bootstrap
alues. Instead, relationships among species belonging
o the same genus are less well delineated. Uncertain-
ies at the intrageneric level likely reflect the relatively
ow number of informative sites afforded by a slowly
volving molecule, such as the 18S rRNA, when applied
o the comparison of closely related species. In addition,
he presence of a subset of hypervariable sites (Fig. 3)
hat can be saturated even if the total number of
etectable substitutions is low may further weaken the
hylogenetic signal.

TS Analysis at the Intrageneric Level

Considering the limited capacity of the 18S rRNA to
esolve intrageneric relationships, we next examined a
aster evolving rDNA sequence, namely the internal
ranscribed spacer. This analysis was aimed to evalu-
te relationships within the Tuber clade that were
either corroborated by high bootstrap values in 18S
RNA phylogeny nor by supportive morphological evi-
ence. Most unexpected were the placement of Choiro-
yces meandriformis within the genus Tuber and the

ssociation between T. magnatum and T. panniferum,
wo truffles that exhibit very divergent morphological
raits (A. Zambonelli, unpublished). We thus sequenced
he ITS1-5.8S-ITS2 rDNA region of T. excavatum, T.
anniferum, and C. meandriformis, and added the
orresponding sequences of T. magnatum and T. borchii
rom the database. Truffle ITS sequences were aligned
sing different values for gap weight and gap length
eight parameters, followed by the manual addition of
omologous sequences from Pithya cupressina and
arcoscypha striatispora outgroups. The ITS1 region,
hich was poorly alignable and incompletely se-
uenced in some species, was excluded from analysis.
he most satisfactory alignment of 5.8S and ITS2
equences, obtained with gap weight and gap length
eight values of 2 and 0.3, is presented in Fig. 4. Among

he ingroup taxa, the number of mutations per site for
he 5.8S and the ITS2 rDNAs was, respectively, 3-fold

nd 16-fold higher than the corresponding value for the
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8S rDNA. When considering the combined alignment
f 5.8S and ITS2 sequences (a total of 410 nucleotides),
his corresponds to 168 informative sites (Table 4), as
ompared to only 41 sites in the case of the 18S rDNA
Table 3). Maximum-likelihood analysis was then con-
ucted on combined 5.8S and ITS2 sequences and the
esulting phylogenetic tree is reported in Fig. 5. Tree
opology, which is supported by high bootstrap values
nd confirmed by maximum parsimony reconstruction,
s congruent with that previously obtained from 18S
RNA analysis as to the positioning of Choiromyces
ithin the genus Tuber and the clustering of T. magna-

um and T. panniferum (cf. Fig. 2). The paraphyly of the
enus Tuber with respect to Choiromyces was also
upported by an extended ITS tree including an addi-
ional, previously sequenced C. meandriformis speci-

FIG. 4. Alignment of 5.8S-ITS2 sequences. PILEUP alignmen
eandriformis 5.8S-ITS2 sequences, along with homologous sequ
equence shadowing, as displayed by the GeneDoc program (Nichol
oundaries of 5.8S and ITS2 rDNAs are indicated.

TAB

Substitution Frequenci

Taxon No. sites No. var. sites Gaped. p

.8S
ll taxa 157 12 3
Tuberaceae 10 3

TS2
ll Taxa 246 197 114
Tuberaceae 158 44

Note. Truffle 5.8S/ITS2 rDNAs, plus the two outgroup sequences u
ariable positions and the number of positions with gaps in the 5.8S a
rom pairwise comparisons was subdivided into transitions (TS) and t

a The total number of substitutions divided by the number of aligne

o 100 nucleotides.
en and eight Tuber species from the GenBank for
hich no 18S rDNA data are available (not shown).

DISCUSSION

The present work fits within the context of recent
tudies using molecular analyses to delineate the origin
nd diversification of fungi. Through the analysis of
ifferent rDNA regions, we have gained insights into
he phylogeny of pezizalean truffles. A most popular
equence for long-range evolutionary comparisons, the
8S rRNA was shown here to be capable of resolving
hylogenetic relationships within an evolutionary inter-
al ranging from the subordinal to the subgeneric level.
n fact, despite the relatively small number of informa-
ive sites and the correspondingly low bootstrap values

gap weight 2; gap length weight 0.3) of Tuber and Choiromyces
es of Pithya cupressina and Sarcoscypha striatispora outgroups.
and Nicholas, 1997), is proportional to nucleotide conservation; the

4

of 5.8S/ITS2 Sequences

Subst.a (3100 nt) TS (3100 nt) TV (3100 nt)

3.479 0.366 3.205
3.205 — 3.114

18.690 11.331 7.356
17.352 10.040 7.312

ized for phylogenetic reconstruction were examined. The number of
ITS2 alignments are reported. The number of substitutions resulting
sversions (TV).

ites and by the number of pairwise comparisons is expressed relative
t (
enc
as
LE

es

os.

til
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178 PERCUDANI ET AL.
or intrageneric comparisons, tree topologies obtained
ith the 18S rRNA turned out to be congruent with

hose produced by the analysis of the faster evolving
TS rDNA. Paradoxically, an enhanced resolving power
f the 18S rRNA was achieved by masking variable
ites of ambiguous positional homology. The evaluation
f parameters that can critically influence tree topology
videnced the higher reliability of maximum-likelihood
ith respect to neighbor-joining. Maximum-likelihood
roduced results superimposable on those obtained by
aximum parsimony and also proved to be robust to

naccuracies inherent to the assumed evolutionary
odel, such as incorrect estimates of the transition/

ransversion ratio or site-to-site substitution rate varia-
ions.

A number of taxonomically relevant results derive
rom the evolutionary scheme of Pezizales presented in
his study. Terfeziaceae and Tuberaceae, the main
bjects of our analysis, are positioned at opposite ends
f the pezizalean tree, in accordance, respectively, with
heir simple and complex septal pore structures (Kim-
rough, 1994). As to the positioning of Terfeziaceae
ithin Pezizaceae, our molecular data are in keeping
ith ultrastructural observations pointing to the distinc-

ive septal pore structure and uninucleate ascospore

FIG. 5. Maximum-likelihood phylogenetic tree of truffle 5.8S-
TS2 sequences. The ML tree shown (ln L 5 22032.73) exhibits the
ame topology as the single most parsimonious tree (tree length 360,
I 0.84, RI 0.59); Pithya cupressina and Sarcoscypha striatispora
ere utilized as outgroups. The transition/transversion ratio was
.95. Branches are drawn to scale, as indicated by the scale bar
epresenting 10 mutations. ML bootstrap values (.50%) for each
ode are reported.
haracters shared by these fungi (Kimbrough et al., n
991; Zhang, 1992). This strongly supports the emenda-
ion of Pezizaceae to include the hypogeous genera
achyphloeus and Terfezia. It should be noted, how-
ver, that the latter fungi, which at variance with other
eizacean taxa are negative to the iodine-staining
eaction of ascus walls, form a homogeneous clade with
he hypogeous Cazia. By referring to an unranked
hylogenetic classification of fungi (Hibbett and Dono-
hue, 1998), the designation Terfeziaceae can thus be
aintained to identify a monophyletic group of truffles

ested within Pezizaceae. Along this view, there would
lso be no need to discontinue, as proposed by O’Donnell
t al. (1997), the designation Balsamiaceae that simi-
arly identifies hypogeous taxa sharing a common
ncestor and included in Helvellaceae. Given the par-
icular mode of evolution of the hypogeous character
see below), it is likely that most, and ultimately all, of
he traditional hypogeous families will turn out to be
ested within epigeous families. In this situation, the
doption of an unranked classification system would
romote continuity of names denoting monophyletic
roups of Pezizales that exhibit distinctive morphologi-
al features with respect to their epigeous relatives. At

lower taxonomic level, the generic designation of
erfezia terfezioides is not supported by 18S rRNA
hylogenetic data (Fig. 2). Instead, our data support
einstatement of the monotypic genus Mattirolomyces
s originally proposed by Fischer (1938). At the other
nd of Pezizales, Tuberaceae appear as a monophyletic
ypogeous clade most closely related to the Helvella-
eae. As implied by our analysis, which included five
dditional Tuber species with respect to the sample of
’Donnell et al. (1997), the monophyly of the genus
uber would necessarily require the inclusion of Choiro-
yces. Although contrasting with current morphologi-

al classifications, the placement of Choiromyces within
he genus Tuber, as well as the unexpectedly close
elationship between T. magnatum and T. panniferum,
as supported by the topologies recovered from 18S
nd ITS rDNA analysis. Pointing to the existence of as
et unidentified, morphologically hidden relationships
ithin Tuber, these data warrant a reconsideration of

he characters traditionally employed for the taxonomi-
al classification of truffles to include ultrastructural
ata that are in closer agreement with molecular
hylogeny.
More general evolutionary considerations can be

rawn from our phylogenetic reconstruction. As origi-
ally proposed by Trappe (1979) and recently supported
y the molecular phylogenetic analysis of O’Donnell et
l. (1997), independent episodes of epigeous/hypogeous
ruit body transitions have taken place during the
volutionary history of Pezizales, thus clearly indicat-
ng the homoplasy of such characters for a natural
lassification of these fungi. Three instances of fruit
ody morphology shifts are discernable in our phyloge-

etic tree. Interestingly, in all of these cases the
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179MOLECULAR PHYLOGENY OF TRUFFLES
nalysis of character-state transitions identified the
hift from an epigeous to a hypogeous form as the most
arsimonious interpretation of the data, without any
ccurrence of character reversal. Considering the fre-
uency as well the unidirectionality of this transition,
t is conceivable either that epigeous fruit body morphol-
gy is under the control of a limited number of genes
hat can be readily inactivated in an irreversible man-
er or that the loss of a single epigeous character, such
s the active mode of spore dispersal, somehow forces
he adaptive acquisition of a whole set of morphological
raits associated with a hypogeous lifestyle. A similar
arsimonious interpretation of the evolution of the
ctomycorrhizal lifestyle is prevented by the lack of
omplete documentation on this character for all of the
pecies considered in the present study. It is apparent,
owever, that ectomycorrhization capacity, albeit corre-

ated with the presence of a hypogeous fruit body, is a
iffused feature that recurs in various evolutionary
ineages of Pezizales.
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