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Abstract
The taxonomic and genetic diversity of Cortinarius section Calochroi in one of the most biodiversity-rich regions in Europe, the
Iberian Peninsula, was investigated through morphological and phylogenetic methods. This combined methodological approach
allowed the identification of 15 known species and one new species, Cortinarius ortegae, which is described here. A dichoto-
mous key is provided for field recognition of Calochroi species inhabiting different Iberian and Balearic Island woodlands.
Polymorphism analyses within some studied species showed that the distribution of intraspecific lineages is dependent on
geography and, in some cases, tree host. Furthermore, the dating analysis suggested that diversification within Calochroi started
in the Pliocene and most of the current genetic diversity originated in the Pleistocene. This temporal scenario supports hypotheses
in which climatic oscillations in the Quaternary may have been driving the evolution of this group of ectomycorrhizal fungi.
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Introduction

Cortinarius is one of the most species-rich, abundant and
widespread genera of ectomycorrhizal (ECM) fungi, as dem-
onstrated by a number of taxonomic, phylogenetic and envi-
ronmental DNA (meta)barcoding studies (Garnica et al. 2016;
Horton et al. 2017; Liimatainen et al. 2014; Teasdale et al.

2013). In general, species in this genus associate with many
woody plants in temperate to arctic-alpine ecosystems of both
hemispheres (Geml et al. 2011; Nouhra et al. 2013; Pérez-
Izquierdo et al. 2017), where they play important roles in
nutrient mobilisation from organic pools (Bödeker et al.
2014). Within Cortinarius, section Calochroi comprises ca.
100 species distributed mainly in the Northern Hemisphere
and that associate primarily with broad-leaved tree species of
Fagaceae (Quercus, Fagus and Castanea) and Betulaceae
(Carpinus and Corylus) and more rarely with coniferous trees
(Picea, Pinus, Abies and Pseudotsuga) (Frøslev et al. 2007;
Garnica et al. 2009; Ortega et al. 2008). Calochroid species
produce conspicuous basidiomes with a generally well-
developed gelatinous layer, stipe with a rounded or marginate
bulb, and non-anthraquinonoid pigments which often change
colour with the application of KOH (e.g. Bellanger 2015;
Bidaud et al. 2001; Garnica et al. 2009). During the last de-
cade, a number of works have aimed at exploring the taxo-
nomic diversity of Calochroi in central and northern Europe,
as well as in North America (e.g. Frøslev et al. 2006, 2007,
2017; Garnica et al. 2009, 2011; Harrower et al. 2011). In the
Mediterranean region, however, a reliable assessment of the
species diversity of this group of ECM fungi is still lacking,
despite a few studies suggesting that the area may constitute a
hot spot of diversity for this lineage (Clericuzio et al. 2017;
Garrido-Benavent et al. 2015; Ortega et al. 2008).
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Species concepts in Calochroi are still hotly debated
(Bellanger 2015; Frøslev et al. 2007). The morphological,
chemical and ecological characters historically used to de-
scribe these taxa have often proven to be misleading, making
the taxonomy of the section extremely difficult. Fortunately,
recent phylogenetic studies have built a more consistent
framework for species circumscription (Frøslev et al. 2007;
Garnica et al. 2009; Garrido-Benavent et al. 2015; Ortega
et al. 2008). By combining traditional examinations of sporo-
carps with DNA barcoding methods, these studies have also
contributed to increase the amount of molecular data stored in
public databases and, more importantly, they improved their
taxonomic reliability. In this context, for example, ECM fun-
gal lineages detected in environmental DNA (meta)barcoding
studies can be ascribed to known species with confidence
(Truong et al. 2017). As climate change is predicted to modify
temperature and precipitation regimes in the Mediterranean
(Pachauri et al. 2014), it is expected that the diversity of the
soil biota in forests, including ECM fungi, such as the
Calochroi, changes as well (Flores-Rentería et al. 2015;
Rodríguez et al. 2016). Documenting the current fungal diver-
sity before these changes occur is therefore imperative.

Here, we study several collections made in the Iberian
Peninsula and Balearic Islands using both DNA barcoding
(Hebert et al. 2003) and traditional taxonomy techniques.
Our primary goal is to shed light into the genetic diversity of
this group of ECM fungi in this region based on nrITS data
and to describe new taxa. Particular emphasis is given to a
single collection made in a calcareous, Quercus ilex subsp.
rotundifolia forest, which shows no morphological affinity
with any known species in this section. We also present data
on intraspecific variability and estimates of divergence times
for discussing the evolution in space and time of the species
considered here. Finally, a dichotomous key is provided to
help recognise selected species in field inventories.

Material and methods

Sample collection and studies of morphology
and microscopy

A total of 33 collections were included in this study (Table 1).
Macroscopic descriptions were produced from fresh
basidiomata andmicroscopic observations from dried material
previously rehydrated with 1% NH4OH for at least 15 min.
Handmade sections of pilei and cross-sections of lamellae
were mounted in H2O, and 3% KOH or Congo red mixed
with 1% NH4OH, and were observed under a Zeiss
Axioplan 2 microscope fitted with BNomarski^ differential
interference contrast (DIC). Photographs were acquired with
a Zeiss AxioCam digital camera. Microscopic measurements
were made on material mounted in water under the Zeiss

Axiovision 4.8 imaging system. At least 20 spore measure-
ments were made per sample. Values representing the average
(in italics) and 10th and 90th percentiles are given, as well as
the minimum and maximum measurements (in parentheses).
The same calculations were done for the length/width ratio
(Q = L/w). Macrochemical reactions were performed follow-
ing standard protocols and using 20% KOH, phenolaniline
(Ph.A) and guaiac tincture. Cailleux (Cx, 1981) has been
followed for the colour names. A preliminary, morphology-
based taxonomic hypothesis for our collections was construct-
ed with data from the following works: Bidaud et al. (2001),
Frøslev et al. (2006, 2007), Ortega et al. (2008), Oertel et al.
(2009), Bellanger (2015) and Clericuzio et al. (2017). The
studied material is deposited in the Royal Botanical Garden
of Madrid (MA) (Table 1).

DNA extraction and PCR amplification

Genomic DNA was isolated from dried tissue using a
modified protocol based on cetyltrimethylammonium
bromide (CTAB): CTAB 2%, NaCl 1.4 M, EDTA pH 8.0
20 mM, Tris–HCl pH 8.0 100 mM (Doyle and Doyle 1987).
The entire Internal Transcribed Spacer (ITS1 and ITS2, in-
cluding 5.8S) region of the nuclear rDNAwas amplified using
the universal fungal primer pair ITS1F–ITS4 (Gardes and
Bruns 1993; White et al. 1990). PCR reactions were
performed in a total volume of 25 μl, containing 2.5 μl of
reaction buffer (Biotools®), 5 μl of dNTPs (1 mM), 1.25 μl
of each primer (10 μM), 1 μl of MgCl2 (50 mM), 0.5 U of
DNA polymerase (Biotools®) and 1.5 μl of genomic DNA;
final volume was reached by adding distilled water. The
following reaction conditions were used: 95 °C hot start for
5 min, followed by 35 cycles for 45, 30 and 45 s at 94, 54 and
72 °C, respectively, with a final extension step at 72 °C for
10 min. PCR products were checked in a 1% agarose gel
stained with GelRed™ (Biotium) for visualisation of the
bands. Positive reactions were purified and sequenced at
Macrogen Europe (The Netherlands) using the same
primers. Chromatograms were checked and assembled
using SeqmanII v.5.07© (Dnastar Inc.). Accession num-
bers corresponding to the new sequences produced in
this study are in Table 1.

Sequence alignment and phylogenetic analysis

The 33 newly produced sequences were checked for possible
PCR-product contamination against the GenBank nucleotide
database (http://www.ncbi.nlm.nih.gov/) with the BLAST
online tool (Altschul et al. 1990). This strategy also allowed
for selecting and retrieving available, highly similar
Cortinarius nrITS sequences to our queries to be used in sub-
sequent phylogenetic analyses (Online Resource 1).
Moreover, most sequences of calochroid-type specimens were
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Table 1 List of studied collections. Personal collection numbers of R. Mahiques (MES), J. Ballarà (JB) and J.C. Salom (JCS) are provided together
with data on the locality, likely associated plant host and nrITS GenBank accession number

Taxa Collector no. Locality, collector, herbarium no. Associated plant species nrITS

Cortinarius albertii MES-3650-00 Spain, Valencian Country, Castelló province,
Castell de Cabres, R. Mahiques, MA-91173

Quercus ilex MG696260

C. barbaricus JB-6900-09 Spain, Catalonia, Lleida province, Cerdanya,
Pi, J. Ballarà, MA-91260

Abies alba MG973065

C. cisticola JB-9037-16 Spain, Catalonia, Barcelona province,
Montmajor, J. Ballarà, MA-91174

Quercus ilex and Pinus nigra m.f. MG696261

C. cisticola JB-9114-16 Spain, Catalonia, Barcelona province,
Montmajor, J. Ballarà & R. Mahiques,
MA-91175

Quercus ilex MG696262

C. corrosus clade I JB-6765-09 Spain, Catalonia, Lleida province, Gòsol,
J. Ballarà, MA-91176

Abies alba MG696263

C. corrosus clade I MES-3612-00 Italy, Trentino-Alto Adige region, Caldaro,
R. Mahiques, MA-91177

Abies alba andFagus sylvaticam.f. MG696264

C. corrosus clade II MES-4688 Spain, Valencian Country, R. Mahiques,
MA-91178

Pinus sylvestris MG696265

C. fulvocitrinus JB-8465-14 Spain, Catalonia, Barcelona province, Castellar
de N’Hug, J. Ballarà, MA-91179

Fagus sylvatica MG696266

C. haasii JB-8420-14 Spain, Catalonia, Lleida province, Riu,
J. Ballarà, MA-91180

Abies alba MG696268

C. haasii JB-8675-15 Spain, Catalonia, Barcelona province, Fígols,
J. Ballarà, MA-91181

Abies alba MG696267

C. insignibulbus JB-8966-16 Spain, Catalonia, Barcelona province, Fígols,
J. Ballarà, MA-91182

Fagus sylvatica MG696269

C. molochinus MES-3482-99 Spain, Valencian Country, Castelló province,
Caudiel, F. Tejedor & R. Mahiques,
MA-91183

Quercus ilex subsp. rotundifolia
and Q. faginea

MG696270

C. molochinus MES-3968-03 Spain, Valencian Country, Castelló province,
Tinença de Benifassà, J. Ballarà & R.
Mahiques, MA-91184

Quercus ilex subsp. rotundifolia
and Pinus halepensis m.f.

MG696271

C. ortegae MES-4620 Spain, Valencian Country, Valencia province,
Llutxent, R. Mahiques, MA-91185

Quercus ilex subsp. rotundifolia MG696273

C. ortegae JCS-770-B Spain, Balearic Islands, Mallorca Island,
Monument Natural de ses Fonts Ufanes,
Campanet, S. Pinya, F. Dubon & J.C.
Salom, MA-91186

Quercus ilex subsp. ilex MG696272

C. piceae JB-8676-15 Spain, Catalonia, Barcelona province, Fígols,
J. Ballarà, MA-91187

Abies alba andFagus sylvaticam.f. MG696274

C. platypus JB-8243-13 Spain, Catalonia, Barcelona province,
Canyamàs, J. Ballarà, MA-91188

Quercus suber MG696275

C. platypus JB-8244-13 Spain, Catalonia, Barcelona province,
Canyamàs, J. Ballarà, MA-91189

Quercus suber MG696276

C. platypus JB-8511-14 Spain, Catalonia, Barcelona province,
Montmajor, J. Ballarà, MA-91190

Quercus ilex MG696277

C. platypus JB-9040-16 Spain, Catalonia, Barcelona province,
Montmajor, J. Ballarà, MA-91191

Quercus ilex MG696278

C. sancti-felicis MES-4401 Spain, Valencian Country, Alacant province,
Alcoi, T. Conca, MA-91192

Quercus ilex subsp. rotundifolia MG696279

C. sancti-felicis MES-4490-14 Spain, Valencian Country, Castelló province,
Vistabella del Maestrat, R. Mahiques,
MA-91193

Quercus ilex subsp. rotundifolia
and Pinus sylvestris m.f.

MG696280

C. cf. spectabilis JB-5939-07 Spain, Catalonia, Lleida province, Bellver de
Cerdanya, Pi, J. Ballarà, MA-91194

Abies alba MG696281

C. cf. spectabilis MES-4313-05 Italy, Trentino-Alto Adige region, Dobbiaco,
C. Rossi, MA-91195

Picea abies MG696282

C. splendidior MES-4590-14 Spain, Valencian Country, Valencia province,
Pinet, M.J. Mahiques, MA-91196

Quercus ilex subsp. rotundifolia MG696283

C. splendidior MES-3854-02 Spain, Valencian Country, Valencia province,
Bocairent, T. Conca, MA-91197

Quercus ilex subsp. rotundifolia MG696284
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selected and downloaded following results of recent phyloge-
netic studies (Garnica et al. 2009; Clericuzio et al. 2017).
Cortinarius rapaceoides Bidaud, G. Riousset & Riousset
andC. evosmus Joachim ex Bidaud &Reumaux were selected
as outgroup taxa.

We used MAFFT v. 7.308 (Katoh et al. 2002; Katoh and
Standley 2013) as implemented in Geneious v. 9.0.2 to gen-
erate a multiple sequence alignment (MSA). The following
parameters were selected to minimise homoplasy in an align-
ment containing very divergent nrITS sequences: the FFT-NS-
I ×1000 algorithm, the 200PAM/k = 2 scoring matrix, a gap
open penalty of 1.5 and an offset value of 0.123. Manual
optimization of the resulting alignment was carried out in
Geneious v. 9.0.2, and it consisted in either trimming align-
ment ends of longer sequences that included part of the 18S–
28S ribosomal subunits, or replacing gaps at the ends of
shorter sequences with an IUPAC base representing any base
(N). Ambiguously aligned regions were dealt with automati-
cally by using the software GBlocks v. 0.91b (Castresana
2000), implementing the least stringent parameters but
allowing gaps in 50% of the sequences. The alignments are
deposited in TreeBase under S21800 (http://purl.org/phylo/
treebase/phylows/study/TB2:S21800). Subsequently, a
phylogeny was estimated in a Maximum Likelihood (ML)
framework with the online version of RAxML-HPC2 hosted
at the CIPRES Science Gateway (Miller et al. 2010;
Stamatakis 2006; Stamatakis et al. 2008). The analysis used
the GTRGAMMA substitution model for two delimited par-
titions within the nrITS (ITS1 + ITS2 and 5.8S), and 1000
bootstrap pseudoreplicates were conducted to evaluate nodal
support. Additionally, a Bayesian phylogenetic MCMC anal-
ysis was implemented using MrBayes v. 3.2.6 (Ronquist et al.

2012). Optimal substitution models for the above two nrITS
partitions were inferred with PartitionFinder v. 1.1.1 (Lanfear
et al. 2012) considering a model with linked branch lengths
and the Bayesian Information Criterion (BIC). This analysis
favoured the HKY + I + Γ model for the ITS1 + ITS2 parti-
tion, and the K80 for the 5.8S. Then, the MrBayes analysis
was conducted with two parallel, simultaneous four-chain
runs executed over 2.5 × 107 generations starting with a ran-
dom tree, and sampling after every 250th step. The first 25%
of data was discarded as burn-in. The 50% majority-rule con-
sensus tree and corresponding posterior probabilities were
calculated from the remaining trees. Chain convergence was
assessed by ensuring that average standard deviation of split
frequencies (ASDSF) values were below 0.01 and potential
scale reduction factor (PSRF) values approached 1.00.

We further inferred evolutionary relationships among our
selected taxa with an alternative method that allows for itera-
tively estimating multiple sequence alignments and phylogenet-
ic trees. It was implemented in the program SATé v. 2.2.7 (Liu
et al. 2009, 2011) and used the original MAFFT MSA. This
approach can boost alignment accuracy substantially and is es-
pecially desirable when using difficult-to-align regions, as the
nrITS (Leavitt et al. 2012a). SATé v. 2.2.7 uses Maximum
Likelihood methods in a divide-and-conquer technique
consisting in three steps: (1) to divide the set of sequences into
subsets, (2) to re-align each subset and (3) tomerge the resulting
alignments into an alignment of the full set of sequences. The
following options were selected when running the analysis:
BAligner^ = MAFFT, BMerger^ = MUSCLE, BTree
Estimator^ = FASTTREE, and BModel^ =GTR +CAT, a 20%
value for Max. Subproblem, and 500 iterations following the
final improvement under the remaining default SATé settings.

Table 1 (continued)

Taxa Collector no. Locality, collector, herbarium no. Associated plant species nrITS

C. subgracilis JB-9122-16 Spain, Catalonia, Barcelona province,
Montmajor, J. Ballarà & R. Mahiques,
MA-91198

Quercus ilex MG696285

C. subgracilis JB-9144-16 Spain, Catalonia, Barcelona province,
Montmajor, J. Ballarà, MA-91199

Quercus ilex and Pinus nigra m.f. MG696287

C. subgracilis MES-3445-99 Spain, Valencian Country, Castelló province,
Vistabella del Maestrat, A. Burguete,
MA-91200

Quercus ilex and Pinus sylvestris
m.f.

MG696286

C. sublilacinopes JB-6844-09 Spain, Catalonia, Barcelona province, Saldes,
J. Ballarà, MA-91201

Dryas octopetala MG696289

C. sublilacinopes MES-4489 Spain, Valencian Country, Castelló province,
Vistabella del Maestrat, R. Mahiques,
MA-91202

Quercus ilex and Q. faginea m.f. MG696288

C. violaceipes JB-8476-14 Spain, Catalonia, Barcelona province,
Montmajor, J. Ballarà, MA-91203

Quercus ilex MG696290

C. violaceipes JB-8514-14 Spain, Catalonia, Barcelona province, Castellar
de n’Hug, J. Ballarà, MA-91204

Quercus humilis MG696291

mf mixed forest
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Species delimitation

The topology-independent, Automatic Barcode Gap Discovery
(ABGD, Puillandre et al. 2012) approach was used to identify
species boundaries in the nrITS data set. This method automat-
ically detects a Bbarcode gap^ that delimits candidate species
based on non-overlapping values of intra- and interspecific ge-
netic distances, and it has been shown to be accurate in inferring
species limits across several fungal groups (Garrido-Benavent
et al. 2016; Leavitt et al. 2015). Analyses used two versions of
the nrITS alignment: the GBlocks-trimmed alignment and the
initial, full alignment generated inMAFFT. Runs were remotely
carried out at http://wwwabi.snv.jussieu.fr/public/abgd/
abgdweb.html, setting the Pmax value to 0.01 (Puillandre
et al. 2012), the relative gap width (X) to 1 and the remaining
model parameters to default. The Kimura two parameters (K2P)
model was used to calculate genetic distances between individ-
uals. Transition/transversion ratio (TS/TV) values obtained in
MEGA 5.2 (Tamura et al. 2011) for the above-mentioned align-
ments were 1.99 and 1.87, respectively.

Intraspecific genetic diversity

Fourteen species with collections in the Iberian Peninsula were
selected for analysing intraspecific genetic diversity:
Cortinarius albertii, C. cisticola, C. corrosus clade I,
C. fulvocitrinus, C. haasii, C. insignibulbus, C. molochinus,
C. piceae, C. platypus, C. sancti-felicis, C. splendidior,
C. subgracilis, C. sublilacinopes and C. violaceipes. First, new-
ly produced sequences (Table 1) were used as queries in blastn
(Altschul et al. 1990) searches and the retrieved sequences (in-
cluding uncultured/environmental sample sequences; Online
Resource 1) that displayed a query coverage between 90 and
100% and a similarity threshold ≥ 99% (Garnica et al. 2016)
were downloaded and aligned with MAFFT v. 7.308 in
Geneious v. 9.0.2. Ends of sequences that showed unreliable
nucleotide substitutions as well as columns with ambiguous
positions were removed, and final alignments were trimmed to
the shortest sequence. The UNITE database (http://unite.ut.ee/)
was also surveyed to look for absent sequences in GenBank and
also for retrieving information about geographical locations and
associated plants for each Cortinarius collection (Online
Resource 2). Second, DNA polymorphism levels were evaluat-
ed after excluding gaps by calculating segregating sites (s), nu-
cleotide diversity (π), average number of nucleotide differences
(k) and number of haplotypes (h) with DnaSP v.5.10 (Librado
and Rozas 2009). Results are displayed in Table 2.

Dating analysis

Divergence age estimates for the calochroid taxa considered in
the present study were inferred to set a time frame for the
diversification of this species-rich group of Cortinarius.

Because this genus lacks a suitable fossil record, a secondary
calibration was imposed on the nrITS substitution rate using
the software BEAST v. 1.8.1 (Drummond et al. 2012). In
particular, the analysis was run using an average nrITS rate
of 5.84 × 10−3 substitutions per site per million years as in-
ferred for Cortinarius s.l. in Ryberg and Matheny (2011)
along with an uncorrelated lognormal relaxed molecular clock
and a birth–death process tree prior. Before running the anal-
ysis, the GBlocks-trimmed nrITS alignment was further edited
to avoid sequence redundancies, and therefore, only 63 se-
quences were finally included. Moreover, to assess the effect
of keeping ambiguously aligned regions on the inference of
divergence ages, the same analysis was re-run with the origi-
nal GBlocks-unprocessed nrITS alignment and the same
BEAST parameter settings.

Overall, running instructions included chain lengths of
2.5 × 107 steps, saving always 10,000 trees and removing
the first 25% of them as burn-in. The programs Tracer v.
1.5, TreeAnnotator v. 1.8.1 and FigTree v. 1.4 (all available
at: http://tree.bio.ed.ac.uk/) were employed to check for
convergence, annotate the median heights of the post-burn-
in tree samples, and construct 50% majority rule consensus
trees, respectively.

Results

Alignments, phylogenies and species delimitation

The ingroup data set considered in the present study com-
prised 82 sequences of which 43 were obtained from type
material. The MAFFT algorithm produced an alignment of
632 nucleotides in length. After the automatic removal of
ambiguously aligned positions in GBlocks v. 0.91b, 91%
(580 nucleotides) of the original length was kept in 27 selected
blocks. The final alignment included 185 variable positions,
of which 136 were parsimony informative and 49
corresponded to singleton sites. The ML analysis resulted in
a single best tree of Ln = − 3366.8483. The MrBayes analysis
reached an average standard deviation of split frequencies of
0.01 after 3.517 × 106 generations. No statistically supported
conflict was observed among the topologies obtained with
these two methods, and the RAxML-resulting topology is
presented in Fig. 1. The analysis run with SATé v. 2.2.7, which
iteratively estimates the MSA and a phylogenetic tree in a ML
framework, produced a tree with a score of Ln = − 3529.5043
(Online Resource 3).

In general, the phylogenetic relationships inferred with
RAxML and MrBayes are in agreement with results of previ-
ous works using a similar taxon sampling (Bellanger 2015;
Clericuzio et al. 2017). A high clade support (BP > 70%, PP >
0.95; Fig. 1) was mainly inferred for sister taxa relationships,
such as C. violaceipes and C. insignibulbus, C. largentii and
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Fig. 1 Phylogram depicting phylogenetic relationships among members
of Cortinarius section Calochroi obtained with RAxML and based on
nrITS data. For each terminal, the nrITS accession number, species name,
collection number and origin of sample (type material, T) are given.
Support values are given for each node (ML and BI analyses, on the
left and right, respectively). Branches showing strong support (BP ≥
70% and/or PP ≥ 0.95) are in bold. Columns on the right represent the
proposed phylogenetic species inferred from ML and BI analyses (first

column) and results of ABGD species delimitation using the original
(second column) and the GBlocks-trimmed (third column) nrITS
alignments. The two shades of grey in each column represent the
assignment to a different species. The asterisk symbol in the second and
third columns is meant to highlight a likely erroneous inclusion of
C. insignibulbus, C. parasuaveolens-pseudogracilior, C. spectabilis
(DQ663426) and JB-5939-07 within the same ABGD partition due to
the existence of abundant missing data in some of the original sequences
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C. corrosus clade I-calojanthinus, C. haasii, C. haasii var.
quercus-ilicicola (hereafter C. haasii s.l.) and C. splendidior,
C. molochinus and C. Bnymphicolor^, and C. cobaltinus and
C. caesiocinctus. A supported relationship between C. sancti-
felicis and a clade containing C. violaceipes and
C. insignibulbuswas also recovered. In contrast, the tree back-
bone (inner relationships) showed no support in either the ML
or BI inference methods. The phylogenetic tree obtained with
SATé v. 2.2.7 showed moderate to high values of bootstrap
support (BP > 70%) for inner evolutionary relationships, thus
improving the resolution of the tree backbone (Online
Resource 3). Relationships between sister taxa and outer
clades also received increased support when implementing
this alternative method of phylogenetic inference. No support-
ed topological conflict was observed between this phylogeny
and those inferred with RAxML and MrBayes.

The new species Cortinarius ortegae (see the BTaxonomy^
section) was found to be close to a clade comprising
C. splendidior, C. haasii s . l . , C. subli lacinopes ,
C. subgracilis and C. chailluzii (Fig. 1), but this relationship
was not statistically supported (BP < 70%, PP < 0.95).
However, the phylogenetic tree obtained with SATé gave sup-
port to a clade including C. ortegae, C. subgracilis,
C. chailluzii, C. haasii s.l. and C. splendidior (BP = 84%,
Online Resource 3). Both studied samples of C. ortegae, one
from the eastern Iberian Peninsula and the other from
Mallorca (Balearic Islands), showed no differences at the mo-
lecular level. Furthermore, phylogenetic analyses together
with evidences from the morphological study of sporocarps
allowed the ascription of most of the studied collections to
known calochroid taxa, e.g. C. violaceipes, C. insignibulbus,
C. sancti-felicis, C. albertii, C. platypus, C. haasii s.l.,
C. sp lend id ior, C. subgrac i l i s , C. molochinus ,
C. fulvocitrinus, C. cisticola, C. barbaricus, C. piceae and
C. sublilacinopes (Fig. 2). Three collections morphologically
resembling C. corrosus were nested in two distinct clades.
Thus, MES-3612-00 and JB-6765-09 were included within a
C. corrosus clade I, together with C. calojanthinus type and a
further C. corrosus accession from GenBank (EU057057),
whereas MES-4688 defined, together with an Iberian
Peninsula col lect ion morphological ly s imilar to
C. spectabilis sensu Bidaud et al. 2001 (MES-4313-05), the
C. corrosus clade II. Despite the type of C. corrosus has not
been sequenced yet, the working hypothesis here is that
C. corrosus clade I represents C. corrosus. A second Iberian
Peninsula collection morphologically akin to C. spectabilis,
JB-5939-07, clustered into an evolutionarily unrelated clade,
together with a sequence from GenBank annotated as
C. spectabilis (DQ663426). The SATé results gave low sup-
port (BP = 69%) to a clade containing samples MES-4315-05
and MES-4688, C. largentii and C. corrosus clade I-
calojanthinus (Online Resource 3). Support (BP = 90%) was
given to another clade containing the sample JB-5939-07

together with C. spectabilis (DQ663426), C. magnivelatus
and the type sequence of C. bigelowii. Finally, the close phy-
logenetic relationships between the sequences of the types of
C. parasuaveolens and C. pseudogracilior, C. platypus and
C. frondosophilus, C. haasii and C. aurantiorufus, and
C. albovestitus and C. ochraceopallescens point to the synon-
ymy of these pairs of taxa as far as the nrITS locus alone is
concerned (Bellanger 2015; Liimatainen et al. 2014).

ABGD analyses of the GBlocks-trimmed and full nrITS-
rooted datasets yielded similar results (Fig. 1). In the former
analysis, initial and recursive partitions converged on 41 par-
titions (P = 0.0022–0.0077), while in the second analysis, they
converged on 42 partitions (P = 0.0022–0.0060). In both
cases, the new species C. ortegaewas allocated to an indepen-
dent partition or putative species. A separate partition was also
given to the sample pair MES-4313-05 and MES-4688, as
well as JB-5939-07 and C. spectabilis (DQ663426).
Moreover, the ABGD species delimitation algorithm support-
ed the ascription of the remaining sequences produced in the
present study to known calochroid taxa, and results were
mostly in agreement with those based on the phylogenetic
results (Fig. 1). However, the allocation of the three sequences
of C. parasuaveolens–pseudogracilior and two sequences of
C. insignibulbus (initial, full nrITS alignment) together with
JB-5939-07 and C. spectabilis (DQ663426) (GBlocks-
trimmed nrITS alignment) within the same partition or puta-
tive species was unexpectedly found. This could be an artefact
due to the large amount of missing data included in some of
these sequences (e.g. C. insignibulbus).

DNA polymorphism at the species level

Intraspecific genetic diversity was found to be low or absent
for most species, and it was greatly influenced by the number
of sequences (n) used for each species and by the presence of
numerous ambiguous base calls in most alignments (Table 2).
Cortinarius corrosus clade I-calojanthinus, C. haasii s.l.,
C. piceae, C. subgracilis and C. violaceipes showed the
highest values for the number of polymorphic sites (s) and
haplotypes (h) and nucleotide diversity (π). Sequences of
C. corrosus clade I-calojanthinus, which associates with co-
niferous trees (Picea, Abies and Pinus, Table 2, Online
Resource 2), segregated in two distinct groups overlapping
with geography (North America and Europe). Data of
C. haasii s.l. also split in two groups, one of them including
collections mostly found in southern Europe associated with
several species of Quercus (C. haasii var. quercus-ilicicola
sensu Ortega et al. 2008), and the other containing collections
from the Iberian Peninsula to Sweden, all associated with
conifers, except for one French sample collected under
Q. ilex (KY290683). A subset of sequences of C. subgracilis
was apparently restricted to the Mediterranean Basin, particu-
larly the Iberian Peninsula, and associated withQ. ilex, while a
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second formed a widespread group in Europe associated to
either Quercus or Picea. Other taxa also presented significant
levels of polymorphism, but these occurred in positions with
ambiguous base calls which were removed prior to the analy-
ses. For example, six out of the ten columns with ambiguous

base calls in the C. platypus alignment showed nucleotide
substitutions. These would have rendered at least five different
haplotypes, thus increasing genetic diversity indices in this
widespread European species (data not shown). In this hypothet-
ical scenario, C. platypus would include two groups of

Fig. 2 a Cortinarius cisticola (JB-9114-16, in a Quercus ilex forest,
Spain). b Cortinarius corrosus (JB-6765-09, in an Abies alba forest,
Spain). c Cortinarius fulvocitrinus (JB-8465-14, in a Fagus sylvatica
forest, Spain). d Cortinarius haasii (JB-8420-14, in an Abies alba
forest, Spain). e Cortinarius insignibulbus (JB-8966-16, in a Fagus
sylvatica forest, Spain). f Cortinarius molochinus (MES-3968-03, in a
Quercus ilex subsp. rotundifolia and Pinus halepensis mixed forest,
Spain). g Cortinarius piceae (JB-8676-15, in an Abies alba and Fagus

sylvatica mixed forest, Spain). h Cortinarius platypus (JB-9040-16, in a
Quercus ilex forest, Spain). i Cortinarius sancti-felicis (MES-4490-14, in
a Quercus ilex subsp. rotundifolia and Pinus sylvestris mixed forest,
Spain). j Cortinarius subgracilis (JB-9144-16, in a Quercus ilex and
Pinus nigra mixed forest, Spain). k Cortinarius sublilacinopes (JB-
6844-09, in a Dryas octopetala-dominated heath community, Spain). l
Cortinarius violaceipes (JB-8476-14, in a Quercus ilex forest, Spain).
Photo credits: J. Ballarà (a–e, g–h, j–l), R. Mahiques (f, i)
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sequences; one restricted to southern Europe (France, Iberian
Peninsula) and associated mainly to Quercus, whereas the sec-
ond would correspond to samples widely distributed across
Europe, from the Iberian Peninsula to Denmark and associated
with Fagus,Quercus andCorylus (Table 2, Online Resource 2).

Dating analyses

The topologies inferred with BEAST using the two nrITS
datasets in the dating analyses were congruent with those

obtained in previous ML and BI analyses. Minor topolog-
ical differences between them were always unsupported
(PP < 0.95). Similarly, the use of the full-length, unpro-
cessed nrITS data set had no relevant effect on the esti-
mated ages. Therefore, for simplicity, only the chrono-
gram obtained with the GBlocks-trimmed data set is pre-
sented in Fig. 3. In general, diversification of the
calochroid taxa considered in the present study started
during the Pliocene, ca. 3.91 million years ago (Ma)
(4.92–3.04 Ma, 95% highest posterior density, HPD).

Fig. 3 BEAST time-calibrated MCC tree of calochroid taxa estimated
from a nrITS data set using a secondary calibration on the average
nrITS substitution rate of Cortinarius inferred in Ryberg and Matheny
(2011). Median age estimates are provided for selected nodes
representing the diversification of calochroid taxa, the divergence of the

new species C. ortegae, and the intraspecific diversification of selected
species. Grey bars show the 95% highest posterior density intervals
(HPD) of divergence age estimates for each node. Black dots on nodes
represent significant statistical nodal support (PP ≥ 0.95)
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Most splits between sister species occurred from the Early
to Middle Pleistocene, whereas splits at inner clades were
dated back to the Late Pliocene to Early Pleistocene. The
new species C. ortegae diverged from a supported clade
containing C. splendidior and C. haasii s.l. ca. 2 Ma
(2.74–1.26 Ma, 95% HPD). However, this evolutionary
r e l a t i o n s h i p w a s n o t s u p p o r t e d ( PP < 0 . 9 5 ) .
Diversification within C. haasii s.l. started between 0.61
and 0.05 Ma (95% HPD). Similar age estimates were in-
ferred for diversification in other taxa for which intraspe-
cific data was included in the analysis, e.g. C. subgracilis,
C. ochraceopallescens-albovestitus, C. corrosus clade I-
calojanthinus and C. platypus-frondosophilus.

Taxonomy

Cortinarius ortegae Mahiques, Ballarà, Salom, Bellanger &
Garrido-Benavent, sp. nov.

Mycobank No.: MB 823766 (Fig. 4).
Diagnosis: Pileus 30–55 mm diam., brunneo-ochraceo-

aurantiacus; lamellae griseo-roseae versus lilacinas; stipes
30–50 × 6–12 (22–26) mm, albescens vel pallide ochraceus,
longitudo stipitis brevior quam diameter pilei, bulbo lato,
planatus, circumciso margine praeditus; ope KOH supra pilei
superficiem, partim spadiceo (CxP39) partim brunneo-
ochraceo vel brunneo-aurantiaco; in pilei caro grisescente,
in bulbi caro et eo margine grisescente vel brunneo-
aurantiaco. Sporae amygdaliformes vel ovatae, rare
subpapillatae, 8–8.8–10.1 (11) × 5–5.5–5.6 (6) μm.
Q = (1.4) 1.5–1.6–1.7 (2). Habitatione in mediterraneensibus
sclerophyllis Quercubus ilicibus silvis, in calcareo solo.

Holotype: SPAIN, Valencian Country, Vall d’Albaida re-
gion, Llutxent, Els Surars, el Racó de les Pereres, 38° 59′
00.48″ N, 0° 18′ 00.24″ W, 613 m a.s.l., in a dense, small
forest of Q. ilex subsp. rotundifolia with an understorey com-
posed of young Q. coccifera, Pteridium aquilinum, Ulex
parviflorus, Rubus ulmifolius and Cistus spp., on calcareous
soil, 26.10.2015, leg. R. Mahiques. Holotype MA-91185
(MA). GenBank: MG696273.

Etymology: named after our friend and mycologist Antonio
Ortega Díaz (1954–2014).

Subgenus Phlegmacium (Fr.) Trog, section Calochroi
M.M. Moser & E. Horak.

Pileus 30–55 mm diam., at first hemispheric, later plano-
convex, homogenously ochraceous-brown with some faint
orange hues (Cx K80), and later mottled; margin undulate,
sometimes incurved; surface glutinous, not innately fibrillose,
slightly velvety to the pileus centre, later becoming somewhat
scaly with minute scales first whitish and then brownish.

Lamellae adnate to sinuate, moderately crowded (7–8 gills
per cm), ca. 5 mm broad, greyish pink to pinkish (Cx L51),
later with a lilac hue; lamellar edges slightly serrate and of the
same colour of the pleura.

Stipe 30–50 × 6–12 (22–26) mm, shorter than pileus diam-
eter, stout, cylindrical, ending with a marginate bulb; surface
whitish, later pale ochraceous, longitudinally fibrillose, with
scarce whitish universal veil remnants; bulb broad with a
sharp edge that originates a flattened upper side, which is
covered with veil remnants; bulb surface whitish with
ochraceous spots; bulb base rounded showing a whitish
mycelium.

Context of pileus and stipe firm, whitish with ochraceous
and orange hues as well as some rusty-coloured spots; smell
and taste indistinct or ± earthy.

Macrochemical reactions: KOH moderately reddish
brown (Cx P39), ochraceous brown to orange brown on
pileus cuticle; greyish on pileus context; greyish or or-
ange brown on bulb context and bulb edge surface. Ph.A
and Guaiac Tincture negative even after 30 min after
exposure.

Spores amygdaliform to subovoid, rarely subpapillate, with
warts of a moderate size that sometimes appear connected,
generating a granular spore outline; MA-91185 (Holotype):
8–8.8–10.1 (11) × 5–5.5–5.6 (6) μm, and Q = (1.4) 1.5–1.6–
1.7 (2); MA-91186 (JCS-770B): (8) 8.5–9.9–12 (13) × (5)
5.3–5.7–6 (7) μm, and Q = (1.4) 1.5–1.7–2 (2.2).

Basidia 19–30 × 8–10 μm, 4-spored, slightly congophilic
and containing granules; lamellar edgewith basidia and chains
of catenulate cells ending with a congophilic, subglobose to
sphaero-pedunculate cell, 14–23 × 7–10 μm in size.

Pileipellis an ixocutis, composed of a thick layer of inter-
woven and gelatinized, 1–5 μm wide hyphae with attenuated
ends and with a dense granular wall pigmentation; subcutis
indistinct, with 3–10 μm wide hyphae showing granular wall
pigments.

Ecology and distribution: In a dense, small forest ofQ. ilex
subsp. rotundifolia, on calcareous soil.

Additional material examined: SPAIN, Balearic
Islands, Mallorca Island, Campanet, Monument Natural
de ses Fonts Ufanes (Gabellí Petit), 39° 48′ 14.35″ N,
2° 57′ 51.68″ E, 75 m. a.s.l., under Q. ilex subsp. ilex,
on calcareous soil, 28.11.2008, leg. S. Pinya, F. Dubon
& J.C. Salom, JCS-770-B, MA-91186.

Comments: The overall habitus of C. ortegae resembles
that of C. platypus (Fig. 2h), but the latter usually shows a
pileus with pale yellowish to ochraceous colours, sometimes
with mauve or pinkish hues, and without orange tinges, a
slightly more flattened stipe bulb, a reddish KOH reaction
on pileus cuticle, and positive reactions to Ph.A and Guaiac
Tincture (Bidaud et al. 2001: f. 526, Pl. 336). Cortinarius
haasii s.l. and C. splendidior, which often fruit in
MediterraneanQ. ilex forests on calcareous soil, show slightly
larger spores and yellowish mycelia (Bidaud et al. 2001;
Bellanger 2015; Ortega et al. 2008). Cortinarius subgracilis
(Fig. 2j), which seems to associate with either Q. ilex or sev-
eral coniferous trees, is a polymorphic species that can display
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Fig. 4 Cortinarius ortegae. a–b Habitat and habitus (holotype, MA-
91185 collected in a Quercus ilex subsp. rotundifolia in the Valencian
Country, eastern Iberian Peninsula). c–d Habitat and habitus (MA-
91186 collected in a Q. ilex subsp. ilex forest in the Balearic Islands).
e–g Spores, basidium and cellular elements in lamella edge respectively

(holotype). h–i Spores and cellular elements in lamellae edge in Congo
Red (MA-91186). Scale bars 10 μm. Photographs a–b by R. Mahiques;
c–d, h–i by J.C. Salom; e–g by I. Garrido-Benavent. f–g BNomarsky^
differential contrast
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lilac hues in pileus cuticle, lamellae and stipe, turns red when
exposed to KOH, and has larger spores than C. ortegae
(Ortega et al. 2008). Cortinarius chailluzii differs from the
new species in showing a heterogeneously-tinged pileus (yel-
lowish brown in the centre and pale yellowish towards the
margin), lamellae and upper stipe purplish grey, and has small-
er spores (Frøslev et al. 2006). Cortinarius sublilacinopes
(Fig. 2k) produces slender basidiomata and pilei are pale
ochraceous to yellowish, the stipe and lamellae have lilac
hues, and reacts deep red to KOH on pileus cuticle (Bidaud
et al. 2001). Cortinarius ochraceopallescens produces stout
and larger sporocarps, usually exceeding 80 mm in width,
pilei are brownish to yellowish brown, and it shows different
reactions to KOH compared with C. ortegae (Bidaud et al.
2001; Frøslev et al. 2006). The dichotomous key provided
below shows further differences of the new species when
compared with other calochroid taxa. Finally, C. ortegae
could be confused with C. rapaceotomentosus, which falls
outside section Calochroi, but the latter has a more whitish
pileus at first, later with bluish spots, and a pinkish brown
reaction to KOH on pileus cuticle (Delaporte et al. 2002).

Key to the Cortinarius sect. Calochroi taxa present in the
Iberian Peninsula supported by phylogenetic inference

1 Stipe base showing a yellowish mycelium ..........................2
1* Stipe base showing a whitish mycelium ............................4
2 Pileus yellowish orange, without olivaceous tinges; appar-
ently associated with Mediterranean sclerophyllous trees
.................................................C. haasii var. quercus-ilicicola
2* Pileus often with olivaceous tinges ....................................3
3 Pileus from yellowish brown to olivaceous yellow; in conif-
erous forests .............................................C. haasii var. haasii
3* Pileus ochraceous, somewhat lilaceous to bluish, with or
without apparent olivaceous tinges, and reacting weakly to
KOH; in coniferous forests ...............................C. splendidior
4 Growing mainly in calcareous, coniferous forests ..............5
4* Growing mainly in calcareous, broad-leaved forests .............9
5 Sporocarps without bluish tinges; pileus pale ochraceous,
with a more or less deep red reaction to KOH C. corrosus
clade I (= C. calojanthinus M.M. Moser & Ammirati)
5* Bluish tinges present in some sporocarp regions ..............6
6 Overall stipe cuticle with a very weak to null reaction to
KOH. Pileus yellowish gold, innately fibrillose, with darker
scales in the centre; pinkish brown reaction to KOH on pileus
cuticle, null on pileus and stipe context and on the basal felt of
the C. piceae (= C. calochrous var. coniferarum (M.M.
Moser) Nezdojm. ss. CFP)
6* Bulb surface with a reddish pink reaction to KOH ..........7
7 Sporocarps slender, relatively small (diameter of pileus
approx. 50 mm or smaller). Pileus with clashing colours, usu-
ally ochraceous brown with yellowish and with or without
lilaceous tinges; red reaction to KOH on cuticle of pileus

and stipe bulb, more pinkish on the basal felt of the stipe
............................................................................C. subgracilis
7* Sporocarps stout, relatively big (diameter of pileus approx.
80 mm or greater) ...................................................................8
8 Pileus pale ochraceous with slight mauve tinges; KOH re-
action red in pileus cuticle, pinkish on pileus context, stipe
bulb surface andmycelium, and negative on lamellae and bulb
context ...........................................................C. cf. spectabilis
8* Pileus yellowish; stipe with lilaceous tinges; vivid reddish
pink reaction to KOH on pileus cuticle and stipe base
............................................................................C. barbaricus
9 Growing in Mediterranean sclerophyllous forests, mainly
composed of broad-leaved tree species ...............................10
9* Growing in areas with a different type of vegetation .........14
10 Pileus first homogenously ochraceous-brown with some
faint orange hues, then with some darker mottles; KOH mod-
erately reddish brown, ochraceous brown to orange brown on
pileus cuticle; greyish on pileus context; greyish or orange
b rown on bu lb con tex t and bu lb edge su r f ace
..................................................................................C. ortegae
10* Pileus mostly without orange tinges ..............................11
11 KOH reaction pale pink to vivid red on pileus and bulb
cuticle; pileus, lamellae an upper part of stipe pale viola-
ceous, with whitish veil remnants in the pileus surface
....................................................................C. molochinus
11* Less vivid KOH reaction on pileus cuticle ...................12
12 Pinkish KOH reaction only on areas of pileus cuticle
with lilaceous tinges; pileus first mauve to lilaceous,
then ochraceous with whitish, ochraceous to yellowish
veil remnants; lamellae and stipe with mauve tinges
.....................................................................C. violaceipes
12* Reacting differently to KOH ..........................................13
13 Maroon red reaction to KOH on pileus and bulb cuticle;
pileus, lamellae and upper stipe with persistent mauve tinges
.........................................................................C. sancti-felicis
13* Deep red reaction toKOHon bulb cuticle, andweak in other
parts of the sporocarp; pileus homogenously yellowish, with
whitish veil remnants ....................................................C. cisticola
14 Associated with diverse broad-leaved trees. Deep red reac-
tion to KOH on pileus cuticle; pileus pale ochraceous to yel-
lowish; lamellae and stipe with mauve-lilac tinges
.......................................................................C. sublilacinopes
14* Preferentially associated with Fagus sylvatica in central
and northern Europe, but also with Quercus spp. in the
Mediterranean area; different reaction to KOH on pileus cuti-
cle .........................................................................................15
15 Pinkish to vinaceous reaction to KOH on pileus cuticle,
and weakly pinkish or null on pileus context; habitus squat
................................................................................C. platypus
15* Null or weak reaction to KOH; habitus different .............16
16 Absence of bluish tinges in sporocarps; greenish yellow
colours on pileus and bulb context, and fulvous brown colours
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on lamellae; null reaction to KOH everywhere but for the veil,
which shows a red reaction .............................C. fulvocitrinus
16* Presence of bluish tinges in sporocarps .........................17
17 Sporocarps with disproportionate large stipe bulb, and me-
dium sized pilei; null KOH reaction on pileus cuticle and con-
text, and pale pink on bulb cuticle ....................C. insignibulbus
17* Sporocarps with smaller stipe bulb; positive KOH reac-
tion on pileus cuticle and/or stipe .........................................18
18 Sporocarps with pileus on average 50–80 mm wide; pileus
ochraceous to beige with olivaceous or pinkish tinges, some-
times with abundant pale beige, violaceous to brownish veil
remnants in the centre; null or weakly pinkish reaction to
KOH on pileus cuticle, and eosin red on the basal felt of the
stipe ....................................................................C. selandicus
18* Sporocarps stout, larger, usually exceeding 80 mm in
width. Pileus whitish in young sporocarps, with saffron yel-
low spots; KOH reaction first pinkish and then reddish on
pileus and bulb cuticle, greyish brown with orange tinges on
pileus and bulb context, and null on stipe context
...................................................................................C. albertii

Discussion

By using DNA barcoding and morphological data, 33
Cortinarius collections from the Iberian Peninsula could be
assigned to 15 known species and one, C. ortegae, is de-
scribed as new. In general, this study provides additional sup-
port for using this combined approach for species discovery
and delimitation in this genus of ECM fungi (Bellanger 2015;
Frøslev et al. 2007; Liimatainen et al. 2014, 2017). This is
particularly relevant in the context of the Iberian Peninsula
where many studies during the last decade have documented
a high taxonomic and genetic diversity inCortinarius (Ballarà
et al. 2016; Garrido-Benavent et al. 2015, 2016; Niskanen
et al. 2011; Ortega et al. 2008) and confirmed the occurrence
of taxa known only from high-latitude European regions in the
Iberian woodlands (Ballarà et al. 2016, 2017; Ortega et al.
2008). So far, the number of Calochroi species reported in
the peninsula as well as the Balearic Islands in morphology-
based studies was 29 (Ballarà et al. 2014; Cadiñanos Aguirre
2004; Mahiques 2011; Salom et al. 2015). The present study
adds four species to the checklist: C. fulvocitrinus,
C. insignibulbus, C. ortegae and C. violaceipes. Moreover,
molecular data is provided for the first time to Iberian collec-
tions of the following species: C. albertii, C. barbaricus,
C. cisticola, C. corrosus, C. molochinus, C. piceae and
C. sublilacinopes. Cortinarius corrosus clade II and C. cf.
spectabilis collections (MES-4313-05, MES-4688, JB-5939-
07) could not be assigned a name with confidence due to the
absence of publically available sequences of type specimens.
More collections and genetic data are needed to investigate

whether these constitute new species. Similarly, a phylogenet-
ic assessment of collections corresponding to the 29 initially
reported calochroid species may be useful for providing a
more exact figure of species diversity in this group of
Cortinarius in the Iberian Peninsula as well as the Balearic
Islands.

While care must be taken when interpreting date estimates
of analyses based on secondary calibrations (Schenk 2016),
the estimated Pliocene diversification of calochroid taxa found
in the present study agrees to some extent with results of
Ryberg and Matheny (2011). These authors found that most
taxa inCalochroi originated between the MiddleMiocene and
Pliocene. Species diversification during this time interval has
been also inferred for members of Cortinarius sect.
Cortinarius (Harrower et al. 2015), as well as for other
ECM fungi, such as members of Amanita sect. Caesareae
(Sánchez-Ramírez et al. 2015), and even some lichen-
forming fungi (Leavitt et al. 2012b). In Europe, and especially
in the Mediterranean area, it is likely that climatic oscillations
during that period (Zachos et al. 2001) forced calochroid taxa
to co-migrate with their host plants (Rodríguez-Sánchez et al.
2010). Subsequent fragmentation of populations by either bi-
otic or abiotic factors could have ultimately led to speciation
(Garnica et al. 2011). Allopatry or parapatry has been sug-
gested as responsible for diversification in several groups
of ECM fungi belonging to the Agaricales (Ryberg and
Matheny 2011).

Polymorphism statistics revealed the influence of geography
in the distribution of genetic diversity within calochroid species.
The Iberian Peninsula is shown to host all intraspecific lineages
in most of the studied species (e.g. C. corrosus clade I-
calojanthinus, C. haasii s.l., C. platypus and C. subgracilis). In
fact, the Iberian Peninsula is part of the Mediterranean biodiver-
sity hotspot (Fig. 1 in Myers et al. 2000), and it has been shown
to act as a refuge in the last glaciations for many organisms
(Hewitt 2011), including woody plant species to which
calochroid taxa associate (e.g. Quercus spp., Rodríguez-
Sánchez et al. 2010). It is therefore possible that these ECM fungi
also used this region as a refuge during the last glaciations, main-
taining a higher genetic diversity, and subsequently, some line-
ages followed their plant hosts in the colonisation of more north-
erly latitudes. The age estimates for intraspecific diversification
in the studied taxa agree with this scenario. Moreover, the avail-
able data also indicates that many species associate with different
host species in the Mediterranean area as compared with other
northern European regions. Thus, C. albertii, C. cisticola,
C. haasii s.l. and C. platypus form ectomycorrhizae mainly with
Quercus spp. in the Iberian Peninsula, southern France and Italy,
whereas in Germany, Sweden and Denmark, they associate
mainly with several deciduous trees, such as F. sylvatica,
Carpinus betulus and Corylus avellana (Frøslev et al. 2006,
2007; Garnica et al. 2009), or even with coniferous trees, as is
the case of C. haasii s.l. and C. subgracilis (Ortega et al. 2008).
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Cortinarius sublilacinopes associates with Fagus and Carpinus
in central Europe while it associates with Quercus and, most
interestingly, Dryas octopetala in high-altitude habitats of the
Iberian Peninsula (Ballarà and Mahiques 2010). The latter con-
stitutes a widespread dwarf shrub in alpine and arctic regions that
has been shown to associate with many ECM fungi, including
Cortinarius (Bjorbækmo et al. 2010; Ryberg et al. 2009). Host
switching and expansion have been postulated to boost diversi-
fication rates in several groups of ECM fungi (Han et al. 2017;
Looney et al. 2016). On the other hand, C. fulvocitrinus and
C. violaceipes are very selective to their plant host even in cli-
matically different regions in Europe. An increased sampling at
the spatial and molecular levels is needed before proposing fur-
ther explanations on the mechanisms controlling intraspecific
diversification and host-association patterns in this group of
ECM fungi.

In conclusion, the present work highlights the high inter- and
intraspecific genetic variability ofCortinarius sect.Calochroi in
the Iberian Peninsula woodlands and establishes a methodolog-
ical framework for future studies documenting its taxonomic
and genetic diversity in this region. Furthermore, the provided
molecular data may assist environmental DNA (meta)barcoding
studies in identifying particular lineages inhabiting
Mediterranean forests. This basic information is pivotal for
assessing, for example, species-specific responses to changes
in climate (Fernández et al. 2017), and forest management
(Kyaschenko et al. 2017) in a scenario of global change.
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