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The genus Elaphomyces (Ascomycota, Eurotiales):
a ribosomal DNA-based phylogeny and
revised systematics of European ‘deer truffles’

A. Paz?, J.-M. Bellanger?, C. Lavoise?!, A. Molia®, M. Lawrynowicz*, E. Larsson®,
I.O. Ibarguren®, M. Jeppson’, T. Laessge®, M. Sauve?, F. Richard?, P.-A. Moreau®”

Key words Abstract Elaphomyces (‘deer truffles’) is one of the most important ectomycorrhizal fungal genera in temperate
Astraeus and subarctic forest ecosystems, but also one of the least documented in public databases. The current systemat-
Eurotiaceae ics are mainly based on macromorphology, and is not significantly different from that proposed by Vittadini (1831).
Eurotiomycetes Within the 49 species recognised worldwide, 23 were originally described from Europe and 17 of these were

described before the 20th century. Moreover, very recent phylogenetic treatments of the genus are mainly based
on a few extra-European species and most common European species are still poorly documented. Based on an
extensive taxonomic sampling mainly made in the biogeographically rich Cantabrian area (Spain), complemented
with collections from France, Greece, Italy, Norway, Portugal and Sweden, all currently recognized species in Eu-

identification key
nomenclature
Pseudotulostoma

rDNA phylogen

Rhizogogor? v rope have been sequenced at the ITS and 28S of the rDNA. Combined phylogenetic analyses yielded molecular
taxonomy support to sections Elaphomyces and Ceratogaster (here emended), while a third, basal lineage encompasses
Terfezia the sections Malacodermei and Ascoscleroderma as well as the tropical genus Pseudotulostoma. Species limits

are discussed and some taxa formerly proposed as genuine species based on morphology and biogeography are
re-evaluated as varieties or forms. Spore size and ornamentation, features of the peridial surface, structure of the
peridium, and the presence of mycelium patches attached to the peridial surface emerge as the most significant
systematic characters. Four new species: E. barrioi, E. quercicola, E. roseolus and E. violaceoniger, one new variety:
E. papillatus var. sulphureopallidus, and two new forms: E. granulatus forma pallidosporus and E. anthracinus
forma talosporus are introduced, as well as four new combinations in the genus: E. muricatus var. reticulatus,
E. muricatus var. variegatus, E. papillatus var. striatosporus and E. morettii var. cantabricus. Lectotypes and epitypes
are designated for most recognised species. For systematic purposes, new infrageneric taxa are introduced: E. sect.
Ascoscleroderma stat. nov., E. subsect. Sclerodermei stat. nov., E. subsect. Maculati subsect. nov., E. subsect.
Muricati subsect. nov., and E. subsect. Papillati subsect. nov. Lastly, E. laevigatus, E. sapidus, E. sulphureopallidus
and E. trappei are excluded from the genus and referred to Rhizopogon roseolus, Astraeus sapidus comb. nov.,
Astraeus hygrometricus and Terfezia trappei comb. nov. (syn.: Terfezia cistophila), respectively.

Article info Received: 7 June 2016; Accepted: 10 January 2017; Published: 2 June 2017.

INTRODUCTION mountain and old-growth coniferous forests (especially E. gra-
nulatus: Froidevaux & Schwaérzel 1977, Vogt et al. 1981,
Luoma 1988, Luoma & Frenkel 1991; E. muricatus: Bird &

McCleneghan 2005; E. asperulus: tawrynowicz et al. 2006).

The ectomycorrhizal (EcM) genus Elaphomyces is a well-known
trophic exception within the globally saprobic or pathogenic

class Eurotiomycetes, order Eurotiales (Trappe 1971, LoBu-
glio et al. 1996, Geiser & LoBuglio 2001, Geiser et al. 2006).
Ascomata are hypogeous, and some species that form volumi-
nous cleistothecia represent a considerable fruiting biomass in
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The same species are an important feeding resource for wild
mammals, especially rodents (Fogel & Trappe 1978, Currah et
al. 2000, Castellano & Stephens 2017) but also bears (Genov
1982) and wild boars (Boudier 1876, Hohmann & Huckschlag
2005, Lawrynowicz et al. 2006), although apparently especially
consumed in lean times as secondary food resource (Cork &
Kenagy 1989). Anecdotally, as truffles and many underground
vegetal organs, they have been attributed aphrodisiac proper-
ties and sold as drugs in the past centuries (Bauhin 1651: 851,
Tulasne & Tulasne 1841). Their use of decoctions of E. muri-
catus as a stimulant, for ‘remaining young and treating serious
wounds’ in Mexico was reported by Cazares et al. (1992), who
also mentioned their use in chamanic practises in association
with psychoactive Psilocybe species. Elaphomyces species
can dominate EcM communities, especially in poor, acidic soils
(Boudier 1876, Tedersoo et al. 2006, Ishida et al. 2007), and
have been reported as especially tolerant to drought (Hawker
1959: 82), what makes them of peculiar interest in the context
of global changes regarding old-growth forest resilience and
resistance to water stress. Some of the rarer species are also
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0 o considered as threatened in Central and Northern Europe
§§ § (kawrynowicz 2001) or considered to be good indicators of

9 § § g habitat quality (Nitare 2010).

e The taxonomic baseline was established by Vittadini (1831) — a
92dew QBN lelRIARALNe%8%5S famous Italian mycologist who specialised in hypogeous fungi
2TREE L5282 FIIITSTSan with the aid of trained dogs (Tulasne & Tulasne 1851, Lloyd

%) § § § S8 £5835883888338838885¢ 1923). Fries (1829) only cited two species (E. granulatus and

PlEElzz hinhis8%000%%5Ee5%n%al . ) on'y chiec Pe gra ;

E. muricatus), while Vittadini recognised 14 distinct species
in 1831 (12 of them as new), and later, 17 (Vittadini 1842), all
" collected in the Milano area in northern Italy. Tulasne & Tulasne
5 (1841, 1851) added three new species (E. cyanosporus, E. hirtus
§ ‘_g% and E. leveillei) from the Paris area in northern France. Amongst
T s later authors, Hesse (1894), Holl6s (1908), Vacek (1949) and
b § Kers (1980, 1984), proposed a few new species in the ge-
;; © o § nus. Revisions reduced a few to synonyms or to lower ranks
o 28 £ (Spegazzini 1881, Fontana 1908, 1909). No major revisions
§§§§§ § and additions have come to light in the 20th century, and no
§E‘;§ S8 g new infrageneric classification has been proposed (Reess &
%5 2 éé E Fisch 1887, Bataille 1921, Hawker 1954, Lange 1956, Ceruti
22233 5 1960, Eckblad 1962, Moser 1963, tawrynowicz 1988, 1989,
Tjo000n u Montecchi & Sarasini 2000). Recently however, three new
species have been characterised from north-western Spain,
E. cantabricus (Paz & Gonzéles 2008), E. leonis and E. spiro-

g4 sporus (Paz et al. 2012).
° %%% Meanwhile, extra-European reports of Elaphomyces have
Slege regularly been made, from South America (Spegazzini 1879),
North America (Dodge 1929, Linder 1939, Trappe & Kimbrough
1972, Danielson 1979, Zhang & Minter 1989, Cazares et al.
1992, Castellano et al. 2012b, Beug et al. 2014, Castellano &
Stephens 2017), Japan (Imai 1929, 1938, 1939-1940, 1960,
" oo Kobayasi 1960), South-Eastern Asia (Corner & Hawker 1953,
ggg Zhang 1991), and recently Taiwan (Hosaka et al. 2010), Guy-

. ﬁ § 2 . ana (Castellano et al. 2012c, 2016), tropical Africa (Buyck et

§ % £< §§ < al. 2016, Castellano et .aI. _2016) and Ma_dagascar (Buyck et

S &2833 & al. 2016). Recent investigations in Australia and New Zealand

led to the recognition of 16 new species by Castellano et al.

(2011, 2012a). Finally, a new and remarkable genus close to

NN N Elaphomyces: Pseudotulostoma, was described from Guyana
;;‘( 2 i and Japan (Miller et al. 2001, Asai et al. 2004, Henkel et al.

£l oo g 2006). All these works concur in suggesting that the lineage

2828 g Elaphomyces has an old Gondwanian origin, and current spe-

S15S% < cies have a continental or even regional distribution (Castel-

Rl T lano et al. 2011, 2012¢, 2016, Reynolds 2011). Only very few

_ worldwide distributed species are recognized (if any, possibly
é" recently introduced), contrasting with high regional specific
o|ga9 é ) diversity, as described from Europe, Eastern _Asia_and Australia,

5 a §", % ® 0 g and probably overlooked elsewhere, especially in Africa.

S 283 é & ~ Unfortunately, very few molecular data are available to date

S| Q00 gF Q in the public sequences databases (GenBank, UNITe), and

attempts of reconstructing phylogenies at a global scale
(Reynolds 2011, Castellano et al. 2016) obviously suffer from
the lack of European reference data. Here we aimed at filling
this gap, by yielding a first phylogenetic analysis of European

” Elaphomyces species, identified according to our own experi-

= ence based on abundant fresh material as well as on revision

2] of herbarium collections from the museums of Torino (TO), Kew

. (K_(I\_/I)), Lodz (_LOD), Pa_ris (F_’(_:) and Uppsala (UPS), including
g original material from Vittadini and the Tulasne brothers.

5 . § Vittadini’s material is responsible for an issue in the taxonomy
= E §_ S § c § g = % of hypogeous fungi, as this generous author liberally sent to
§ E %ﬁ % © § g £ =2 % g_% c §§ 3 §(ﬁé many of his correspondents undated samples of his species

z 9 g gt g g :g g§2525233¢8¢ % g § (Lloyd 1923: 1222). Despite the efforts of O. Mattirolo to gather
8 g_ g ®8O %g c3 g_é’v% EESC33qqn 3@ in the Torino herbarium most of Vittadini’s authentic collec-
ool Z2g222=ds¢ccs S5555555¢548¢ tions spread over private herbaria and museums worldwide,
o § g %§ % 5c33a %g’g’g E’ g g g Tg gg ee §§ it appears impossible to consider any of these collections, in
S | & i LHE3Z223a8S 8200080088 BES TO as well as in PC (especially Montagne’s and the Tulasnes’
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Fig. 1 Phylogeny of European Elaphomyces, inferred from a combined phylogenetic analysis of nuclear rDNA sequences. Fifty percent majority rule
Bayesian consensus tree of a representative set of European Elaphomyces (ITS + 28S) sequences. Thick branches are supported by Posterior Probability
(BPP) = 95 % and SH-aLRT 2 0.8 (Materials and Methods). Numbers by nodes indicate Bayesian and ML support for branches that do not meet this level

of credibility. Colour boxes indicate Sections.

collections), K(M) (Berkeley’s collections) and UPS (Fries’
collections) as original material eligible as lectotypes (as dis-
cussed by Vizzini et al. 2010, with an exception for E. foetidus;
see Paz et al. 2012 and below). Dodge (1929) also cited a few
‘authentic’ collections from Vittadini in Patouillard’s herbarium
(FH), and more parts exist in various European and American
herbaria (Stafleu & Cowan 1986: 760). When no material could
be proved as original, Vittadini's illustrations are designated
as lectotypes; other nomenclatural aspects are detailed in the
taxonomic conspectus presented below.

MATERIALS AND METHODS

Sampling and morphological analyses

Ascomata cited as ‘Material studied’ below were collected by
the authors or their correspondents, with or without help of
trained dogs, mainly in Norway and Spain, with additional col-
lections from France, Greece, Italy and Sweden. Morphological
descriptions were made on fresh material and completed on
exsiccata when opportune. Macrophotographs were made
with a Nikon D7100 body with self-made magnifying objec-
tives by C. Lavoise. Microscopical observations and pictures
were made on a trinocular microscope Nikon Eclipse E800,

coupled with a Nikon D5000 or D7100 camera body, pictures
were acquired with the software ‘Helicon remote’ and treated
and assembled with the software ‘Helicon focus’. Material for
microscopical observations was mounted in water or Hoyer’s
medium. Collections are deposited in the herbaria GB (Uni-
versity of Gothenburg, Sweden), LIP (Faculté des sciences
pharmaceutiques et biologiques, Université Lille 2, France), O
(University of Oslo, Norway) and LOD (L6dz University, Poland),
with duplicates in A. Paz’ personal herbarium (as ‘IC’ below)
and in other fungal collections abbreviated as follows: CEFE
(CEFE-CNRS, Montpellier, France), ERD (E. Rubio’s personal
herbarium), JMV (J.M. Vidal's personal herbarium) and PCH
(P. Chautrand’s personal herbarium).

Historical collections were observed and photographed, with
minute samples of gleba and peridium (cross-sections) sam-
pled and provisionally mounted on glass slides during visits of
the authors in the herbaria K(M) (Kew, United Kingdom), PC
(Paris, France) and TO (Torino, Italy), with authorisation of
the curators. For observations, the samples were mounted as
described previously in Hoyer’s medium. Remaining material is
keptin A. Paz’ personal collections. Most ascospores observed
from original or authentic material are illustrated in Fig. 4 and
indicated as such in the following lists of ‘material studied’.
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Fig. 2a

0-F21184 E. papillatus var. striatosporus
0-F245333 E. papillatus var. striatosporus
0-F21185 E. papillatus var. striatosporus
0-F245330 E. papillatus var. striatosporus
0-F245337 E. papillatus var. striatosporus
1C26051201 E. papillatus var. papillatus
LIP-0001136 E. papillatus var. papillatus EPITYPE
1C26070803 E. papillatus var. papillatus
1C06071105 E. papillatus var. papillatus
PC-0001156 E. papillatus var. sulphureopallidus HOLOTYPE
1C18111114 E. decipiens
1C12051208 E. decipiens
1C18031205 E. decipiens Poni
o=l Elaphomyces decipiens
LIP-0001134 E. decipiens NEOTYPE
1C27111118 E. decipiens
EU837229 "E. decipiens”

Elaphomyces papillatus

Elaphomyces aff. barrioi 2
Elaphomyces aff. barrioi 1

0-F22301 E. barrioi
Elaphomyces barrioi

1C23071104 E. quercicola ) :
LP.0001155 £ quers RTINS Elaphomyces quercicola

Elaphomyces violaceoniger

0-F21009 E. aff. mur.icatus )
0-F245437 E. aff. muricatus Elaphomyces aff. muricatus
AM151 E. aff. muricatus

FJ876188 "E. sp."

UDB000043 "E. sp.”
LIP-0001153 E. muricatus var.
1C03051209 E. muricatus var.

Elaphomyces muricatus

IC18111109 E. hassiacus ' Elaphomyces hassiacus
K(M)47712 E. granulatus
0-F21344 "E. aff. granulatus®

Elaphomyces granulatus

1C18011306 E. granulatus
—— GB-0147063 E. granulatus
FJ876187 "E. sp."
0-F245217 E. granulatus
1C16051201 E. granulatus

———— 0-F245285 "E. sp. 3 EL-2015"
t—— 0-F245234 E. asperulus
— — LIP-0001131 E. asperulus EPITYPE
—— 0-F245222 E. asperulus
— GU550112 "E. muricatus®
- 0-F245371 E. asperulus
- 0-F245369 E. asperulus
- 0-F245235 E. asperulus
- 0-F245228 E. asperulus
I—_ £ 245221 E. asperulus
- 0-F21006 E. asperulus
TU-110252 "E. sp.”

Elaphomyces asperulus

Section Elaphomyces ITS O-F245268 E. asperulus
Nb sequences : 71 - 0-F245241 E. asperulus
Nb species : 12 - GB-0150464 E. asperulus

- 0-F21149 E. asperulus
~— 0-F21008 E. asperulus
— 0-F245328 E. asperulus

Dinie max : 11 nts
Djstor Min : 5 nts

0.02

Fig. 2 Phylogenetic organization and species limits of European Elaphomyces, inferred from combined phylogenetic analyses of ITS sequences. Fifty percent
majority rule Bayesian consensus tree of European Elaphomyces ITS sequences. Thick branches are supported by Posterior Probability (BPP) = 95 % and
SH-aLRT 2= 0.8 (Materials and Methods). Numbers by nodes indicate Bayesian and ML support for branches that do not meet this level of credibility. When
two sequences or more are available, grey boxes delimit accepted species and the maximal intraspecific genetic distance (D intra max) of each of them is
assessed as absolute number of nucleotide differences, excluding gaps (Materials and Methods). Species described in the present work are named in bold.
Main phylogenetic features for each section are summarized by the side of each phylogram. a = section Elaphomyces; b = section Ceratogaster; ¢ = sections
Ascoscleroderma (yellow dotted box) + Malacodermei (green dotted box)
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Fig. 2b

Fig. 2c

Section Ceratogaster ITS
Nb sequences : 34

Nb species : 10

Dintra max : 6 nts

Dinter min : 10 nts

LIP-0001150 E. morettii var. moretii E|
1C29041104 E. moretii var. cantabricus
0-21292 E. moretii var. echinatus
1C27091306 E. moretii var. echinatus
LIP-0001148 E. leveillei EPITYPE _
MCVE-16960 E. leveillei
1C24051203 E. leucosporus —
LIP-0001147 E. leucosporus EPITYPE
1C11061103 E. maculatus
LIP-0001149 E. maculatus EPITYPE
MCVE-16961 E. maculatus
0O-F21188 E. maculatus
LIP-0001152 E. spirosporus HOLOTYPE
LIP-0001151 E. septatus EPITYPE
1C08100621 E. septatus
1C10041107 E. septatus
0O-F21183 E. septatus
1C14111101 E. leonis
IC13111101 E. leonis
1C26051211 E. anthracinus f. talospo
1C09111103 E. anthracinus
LIP-0001145 E. anthracinus f. talosporus HC
LIP-0001144 E. anthracinus EPITYPE
1C06070803 E. anthracinus f. talosporus
1C27051212 E. anthracinus
0-F245524 E. anthracinus f. talos
0O-F245336 E. anthracinus f. talos
sa.78 [ 1C10041103 E. aculeatus
1IC27111115 E. aculeatus
MCVE-16952 E. aculeatus
1C26031101 E. virgatosporus
1C06031103 E. virgatosporus
1C26051213 E. virgatosporus
0-F21180 E. virgatosporus

94/0.77

720781 780.72

830.75

56/0.67

0.08

Elaphomyces moretii

Elaphomyces leveillei

Elaphomyces leucosporus

Elaphomyces maculatus

Elaphomyces spirosporus

Elaphomyces septatus

Elaphomyces leonis

Elaphomyces anthracinus

Elaphomyces aculeatus

Elaphomyces virgatosporus
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DNA extraction and sequencing

Eighty-one specimens of Elaphomyces from a broad geographic
distribution in Europe were targeted for sequencing in this study.
Sequences from the complete ITS region and about 1200 base
pairs of the 5’end of the 28S nuclear ribosomal DNA were
generated. DNA extraction and PCR were performed using
REDEXxtract-N-Amp'™ Plant PCR Kit (Sigma-Aldrich, St. Louis,
MO, USA) and as previously described in Larsson & Orstadius
(2008) and Richard et al. (2015). Primers used to amplify the ITS
were ITS1F-ITS4 (Gardes & Bruns 1993) or ITS1F-LR21, the
28S with LROR-LR7 (Hopple & Vilgalys 1999). Primers used for
sequencing were ITS1, ITS4 (White etal. 1990), LROR, LR7 or
LR5 (Hopple & Vilgalys 1999) and Ctb6 https://nature.berkeley.
edu/brunslab). Sequencing of both strands was done at Eurofins
Genomics (Ebersberg, Germany) or Macrogen (Korea).

Sequenced were edited and assembled using Codon Code
Aligner v. 4.1.1 (CodonCode Corp., Centerville, MA, USA) or
Sequencherv. 5.1 (Gene Codes, Ann Arbor, Michigan). Gener-
ated sequences have been deposited in GenBank. Sequenced
specimens are indicated by * in the list of material studied, and
with the accession numbers in bold in Table 1.

Datasets and phylogenetic analyses

Four sequence datasets were assembled and separately
analysed. Dataset 1 (analysed in Fig. 1) includes ITS + 28S
concatenated sequences of 22 European collections of Ela-
phomyces, seven published sequences of Elaphomyces or
Pseudotulostoma, and 20 sequences of Eurotiales as outgroup.
Datasets 2—4 (analysed in Fig. 2) include ITS sequences of
mostly European collections that belong in, respectively, sect.
Elaphomyces, sect. Ceratogaster and sect. [Malacodermei +
Ascoscleroderma], including 44 sequences published and ac-
cessed from GenBank (www.ncbi.nlm.nih.gov/genbank) and
UNITE (Kdljalg et al. 2013) databases, and 73 sequences gen-

erated for this study, deposited in GenBank and (for collections
from Norway and Sweden) in the BOLD (www.boldsystems.
org) database. Phylogenetic analyses were all performed
online at http://phylogeny.lirmm.fr/ (