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a b s t r a c t

Morchella species are edible fungi in high demand and therefore command high prices in

world markets. Phenotypic-based identification at the species-level remains inadequate

because of their complex life cycles, minor differences and plasticity of morphological

characteristics between species, and the lack of agreement between scientific and common

names. In PatagoniaeArgentina, morels are associated with native forests of Austrocedrus

chilensis (Cordilleran or Chilean cypress) and Nothofagus antarctica (~nire) and several exotic

conifers that were introduced fromwestern North America. Little is known about their tax-

onomy and phylogenetic relationships with other species in the genus. This work focused

on the identification of collections of Morchella from Patagonia and their phylogenetic rela-

tionships with other species from the Northern Hemisphere. The comparison was made by

analysis of DNA sequences obtained from four loci: the nuclear ribosomal internal tran-

scribed spacer region (ITS) and the partial RNA polymerase I gene (RPB1) for the complete

collection; and ITS, RPB1, RNA polymerase II gene (RPB2), and translation elongation factor

(EF1-a) for the species-rich Elata Subclade. Analyses of individual and combined data sets

revealed that Patagonian morels belong to the Elata Clade and comprised three strongly

supported species-level lineages from both Patagonian native forest, and exotic trees intro-

duced from western North America. One lineage was identified as Morchella frustrata phy-

logenetic species Mel-2, which is known from the USA and Canada. The second lineage,

which appeared to be ‘fire-adapted’, was identified as Morchella septimelata phylogenetic

species (Mel-7), which is also known from the USA. This species was collected from burned

native forests mainly composed of A. chilensis and N. antarctica but also Pseudotsuga menzie-

sii (Mirb.) Blanco, which is native to western North America. The phylogenetic analyses

suggested that the third species from Patagonia was nested within the species-rich Elata

Subclade and represents a new species-level lineage (informally designated Mel-37) within

Elata Clade. The present collections from Patagonia constitute the southernmost latitude

from which Morchella has been reported to date. The identification of two Argentine morels

as North American taxa is therefore a remarkable biogeographic pattern. In view of the hy-

pothesis that the Elata Clade originated in western North America, we speculate that at
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least two of the lineages colonized South America from North America via long distance

dispersal, migration or, more likely, they were introduced with the exotic tree species

that they were collected near.

ª 2014 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

Little is known about wild edible mushrooms from native

Patagonian forests. However, their novelty in the market of-

fers great potential as a profitable non-timber forest product

(De Michelis & Rajchenberg 2002). True morels (Morchella

spp., Morchellaceae, Ascomycota) are recognized as one of

the most economically important wild edible mushroom

worldwide, given their demand as a gourmet product (Boa

2004).

Fructification of morels in Patagonia occurs during a few

weeks every spring (late Septemberelate November) mainly

inAustrocedrus chilensis (Don) Flor. et Boutl. andNothofagus ant-

arctica (Forts f.) Oersted mixed native forests (de Michellis &

Rajchenberg 2002). As in the Northern Hemisphere, prolific

fructification after wildfires has been reported (Pilz et al.

2007; Greene et al. 2010; Keefer et al. 2010).

Morchella is a monophyletic and well defined genus within

the Morchellaceae. It possesses a complex life cycle and is

characterized by minor phenotypic differences and morpho-

logical plasticity between species, including variation in stalk

and head colour, shape and texture, along with differences in

ecological conditions for fructification (Pilz et al. 2007). Be-

cause of this complexity, combined with a lack of agreement

on scientific and common names, morphological differentia-

tion of species is problematic (Pilz et al. 2007; Kuo et al. 2012).

DNA-based molecular techniques have been extensively

used to infer relationships within Morchella. The techniques

have included restriction fragment length polymorphisms

(RFLPs) (Bunyard et al. 1994), amplified fragment length poly-

morphisms (AFLPs) (Pagliaccia et al. 2011), and multilocus se-

quence typing from the combined use of sequences from the

internal transcribed spacer regions (ITS), RNA polymerase I

(RPB1), RNA polymerase II (RPB2), translation elongation factor

(EF1-a), and partial LSU rDNA gene sequences (Taşkin et al.

2010; Du et al. 2012). Even though the ITS rDNA region has

been used in several studies for assessingMorchella genetic di-

versity (Wipf et al. 1996; Stefani et al. 2010; Pagliaccia et al.

2011), its value for identifying phylogenetic species previously

inferred from multilocus DNA sequence data was only re-

cently confirmed (Du et al. 2012).

Molecular systematic studies of Morchella identified the

Esculenta clade (yellowmorels) and Elata Clade (black morels)

as monophyletic sister groups, with Morchella rufobrunnea as

a basalmonotypic sister clade. Among the Esculenta and Elata

Clades, species reconstruction has been recently based on the

phylogenetic species concept based on multilocus molecular

analyses (Taşkin et al. 2010; O’Donnell et al. 2011; Du et al.

2012). At least 34 phylogenetic species have been recognized

in the Northern Hemisphere, characterized by a high degree

of continental endemism within the genus (O’Donnell et al.

2011; Du et al. 2012). Recently, Kuo et al. (2012) performed

a taxonomic revision ofMorchella from Canada and the United

States and described 14 of the 19 phylogenetic species from

that region, based on morphology, ecology and distribution.

Unfortunately, in their phylogenetic analyses, only a few col-

lections from South America were analysed. In Patagonia,

southern South America, the taxonomy of Morchella is limited

to the recognition of five morphological species, and virtually

nothing is known about their geographical distribution or

phylogenetic relationships with other species in the genus.

Species described from southern South America include

Morchella patagonica Speg., restricted to that region, and the

European taxa Morchella elata Fr., Morchella conica Pers., Morch-

ella intermedia Boud., and Morchella esculenta (L.) Pers.

(Spegazzini 1909; Dominguez et al. 1987; Gamundi 1975,

2010). Given recent advances in understanding phylogenetic

and biogeographic relationships within Morchella (O’Donnell

et al. 2011; Du et al. 2012), the inclusion of molecular informa-

tion about the unexplored Southern Hemisphere such as the

Patagonian forest biome offers the opportunity to increase

the knowledge of genetic diversity, evolution and global biodi-

versity patterns of this group of fungi.

Thus, the aim of the present study was to infer phyloge-

netic relationships of morels from the continental region of

PatagoniaeArgentina with species from other regions of the

world, using DNA sequences from the nuclear ribosomal

ITS and a portion of the RPB1 gene, as well as RPB2 gene and

EF-1a.

Material and methods

Fungal material

A total of 65 ascocarps of Morchella spp. collected and GPS ref-

erenced during the spring of 2010 and 2011 in the Patagonian

provinces of Chubut, R�ıo Negro andNeuqu�en (Argentina) were

included in a preliminary species diversity analysis (Pildain

et al. 2013). Based on this screening, 34 Morchella collections

were chosen for the phylogenetic study. Details of the Morch-

ella collections used in this study are listed in Supplementary

Table S1. Each collection site was characterized by the sur-

rounding dominating tree species and any signs of recent

fire. Ascocarps were air-dried for subsequent analysis, and

all collections were deposited in the Centro de Investigaci�on

y Extensi�on Forestal Andino Patag�onico (CIEFAP, Esquel,

Argentina) herbarium.

Morphological studies

Morphology, colour, size, shape, and any significant features

of the head and stalk were recorded. Pit and rib alignment

and shape were also described and photographed, and shape
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and size of ascospores, asci, and sterile elements were

recorded.

DNA extraction and PCR protocol

Herbarium specimens were cleaned with a toothbrush and ex-

amined under a dissecting microscope before extraction of

DNA. Approximately 10 mg of dried pileus tissue was ground

using a micropestle in a 1.5-ml microcentrifuge tube, re-

suspended in 300 mL bead solution (UltraClean� Microbial

DNA Isolation Kit, MO BIO laboratories, Solana Beach, Califor-

nia) and incubated at 70 �C for 10min, then following theman-

ufacturer’s instructions. When culture isolates were available

(SupplementaryTable S1),myceliaweregrownin2mLmedium

consisting ofmalt peptone brothwith 10 % (v/v) ofmalt extract

(Merck) and 0.1 % (w/v) Bacto peptone (Difco), in 15 mL glass

tubes. The cultureswere incubatedat 25 �C for 10 d indarkness.

Total DNA was extracted as above and stored at �20 �C.
PCR amplification and sequencing of the isolates from

Patagonia were performed for the two loci most often used

in Morchella phylogenetics, the nuclear ribosomal ITS, and

the partial RPB1 gene; while for nine isolates within the

species-rich Elata Subclade, RPB2 and EF1-a gene sequences

were generated to ascertain their identity. The ITS rDNA re-

gion was amplified using primers ITS1 and ITS4 (White et al.

1990), the RPB1 fragment was amplified by the primers RPB-

1A and RPB-1C (Stiller & Hall 1997), the RPB2 fragment with

the primers RPB2-7cf and RPB2-3053r (Liu and Hall, 1999;

Reeb et al. 2004), and EF1-a was amplified using the primers

EF-526F, EF-1567R, EF-2F, and EF-2218R (Rehner & Buckley

2005). The PCR reaction mix for all PCR reactions contained

dNTPs (0.25 mM of each); 2.5 mM MgCl2; 1� PCR buffer sup-

pliedwith the Taq-polymerase enzyme; 0.1 mMof each primer;

3 ml of 50e100 ng ml�1 DNA was used as a template; and 1.25 U

of GoTaq-polymerase (Promega, Madison, WI, USA). The final

reaction volume was 50 mL. PCR reactions were performed in

a thermal cycler (My Cycler�, BioRad) and the amplification

program was according to Taşkin et al. (2010), with an initial

denaturation step at 94 �C for 90 s, followed by 40 cycles of

a denaturation step at 94 �C for 30 s, a primer annealing step

at 55 �C for 30 s and an elongation step at 68 �C for 3 min,

and a final elongation step at 68 �C for 5 min. PCR products

were separated on a 1 % (w/v) agarose gel stained with

GelRed� Nucleic Acid Stain (Biotium Inc., Hayward, USA)

and the bands were visualized under UV illumination. The

amplified fragments were purified and sequenced on an ABI

3700 automated sequencer (PerkineElmer, Foster City, CA) at

Macrogen Inc. (Seoul, South Korea). The resulting DNA se-

quences were trimmed to remove primer binding sites using

Geneious� 6.1.5 software (Biomatters Ltd) and homology

searches of NCBI (National Centre for Biotechnology Informa-

tion e Bethesda, MD) were conducted using BLASTN (Altschul

et al. 1997). Sequences generated in this study were submitted

to GenBank and their accession numbers are presented in

Supplementary Table S1.

Sequence alignment and phylogenetic analyses

Sequences generated in this studyweremanually edited using

BioEdit 7.0.9.0 (Hall 1999). Sequences that were retrieved from

the GenBank nucleotide database are presented in

Supplementary Table S2. Sequence alignments were per-

formed automatically using MAFFT (Katoh & Standley 2013)

and are available from TreeBASE (http://purl.org/phylo/tree-

base/phylows/study/TB2:S14401). Phylogenetic analyses

were based on the terminal region of ITS1 section (154 bp),

the complete 5.8S (155 bp), and the start and terminal regions

of the ITS2 section (256 bp). Regions of sequence ambiguity

within the alignment were identified by GBLOCK version

0.91b (Castresana 2000), and removed from subsequent phylo-

genetic analyses. The two concatenated data sets (ITS e RPB1

and ITS e RPB1eRPB2eEF1-a) were assessed for congruence

using the Partition homogeneity test in PAUP* 4.0b10

(Swofford 2002). Analyses were conducted via maximum par-

simony (MP) in PAUP* 4.0b10 and Bayesian inference (BI) in

MrBayes v.3.0B4 (Ronquist & Huelsenbeck 2003). Maximum

Parsimony analysis of the combined data set was performed,

gaps were alternately classified as a fifth state or as missing

data, therewas equalweighting of characters and transforma-

tions, with heuristic searches using random addition of se-

quences (1000 replicates), TBR (tree bisection reconnection)

branch swapping, and MAXTREES was set to auto-increase.

A bootstrap analysis was performed with 1000 pseudorepli-

cates with random addition of sequences. For Bayesian analy-

ses, the nucleotide substitution models were selected

statisticallywith the help of jModelTest (Posada 2008; program

available at http://darwin.uvigo.es). Models were selected via

the AIC criterion (AIC; Akaike 1974). The following models

were used: (1) for ITS e RPB1, GTR þ I þ G, and TrN þ I þ G, re-

spectively; (2) for ITSe RPB1eRPB2eEF1-a, themodels selected

were TrNeF þ G, TrN þ I, TrNEF þ G, and TrN þ I þ G, respec-

tively. The B/MCMC analyses were conducted with 10000000

generations starting with a random tree and employing four

simultaneous chains. The first 100 000 generations (i.e., the

first 1000 trees) were discarded as burn-in for the chain.

TRACER1 (http://evolve.zoo.ox.ac.uk/software.html/tracer/)

was used to ensure that stationarity was achieved after the

first 100 000 generations. Trees inferred from the ITSeRPB1

data set were rooted with sequences of M. rufobrunnea

Guzm�an & F. Tapia (ITS: DQ355922; RPB1: GU551666) and M.

esculenta (ITS: AJ543737; RPB1: DQ471117), and the tree inferred

from the concatenated data set for the species-rich Elata Sub-

clade were rooted with a sequence of Morchella sp. Mel-11 col-

lection M288 (Supplementary Table S2).

Results

The phylogenetic analysis of Morchella that included collec-

tions from three different provinces of PatagoniaeArgentina

is presented in Fig 1. This analysis has provided the first esti-

mation of phylogenetic relationship of morels from southern

South America. Amplification of the ITS rRNA region with

ITS1 and ITS4 primers resulted in amplicons of different size

ranging from 700 bp to 950 bp corresponding to black morels

(Elata Clade) according to Du et al. (2012). This was also con-

firmed using BLASTN, which revealed that the sequences of

Argentinean morels belonged to the Elata Clade. MP analyses

of the full data set from Patagonia were done for the ITS gene

region in order to ascertain the affiliation of the specimens

Phylogenetic diversity of Morchella species 757
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Fig 1 e Phylogenetic relationships of Morchella inferred from ITS and RPB1 sequences via parsimony (MP) and Bayesian (BI)

analysis. Bootstrap values ‡50 % and Bayesian posterior probabilities (‡0.9) for internal nodes are given on the branches (MP/

BI). Phylogenetically distinct species within this clade are identified according to Taşkin et al. (2010) and Du et al. (2012). Latin

binomials are applied to Mel-1 (M. tomentosa),Mel-3 (M. semilibera),Mel-4 (M. punctipes) and the species described by Kuo et al.

(2012). GenBank numbers in boldface indicate specimens for which sequence data were generated in the present study.
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collected (Supplementary Fig S1). The combined ITS and RPB1

data set contained 72 sequences and included 1399 characters

of which 833 were constant and 425 were parsimony-

informative. The parsimony analysis found 60 most parsimo-

nious trees (tree length 1095, consistency index 0.72 and re-

tention index 0.91). The Bayesian analysis found two trees.

The topologies inferred from the tree searches of the concate-

nated data sets did not differ when gaps were coded as miss-

ing data or as a fifth state (topologies not shown); the

combined analysis is presented in Fig 1. Analyses of the indi-

vidual and combined data sets revealed that the Patagonian

morels belonged to the Elata Clade and that they were re-

solved as three strongly supported species-level lineages.

The first lineage commonly known as the ‘mountain blond

morel’ (Pilz et al. 2004 2007; Kuo et al. 2012) clustered with

Morchella frustrata M. Kuo, corresponding to phylogenetic spe-

cies Mel-2 (O’Donnell et al. 2011) from the USA and Canada

(Fig 1A), with strong monophyly bootstrap support; the ITS

amplicon was 950 bp in length. Specimens of M. frustrata

were collected from stands dominated by Aristotelia chilensis

(D.Don.) Pic. Serm. & Bizarri, Nothofagus antarctica (Forst.)

Oerst, Nothofagus dombeyi (Mirb.) Blume, Lomatia hirsuta

(Lam.) Diels and from amixed stand ofA. chilensiseN. dombeyi

e introduced Pinus ponderosa Dougl. Ex Laws., which had been

affected by fire. However, within these areas, some isolates

were collected from spots with abundant herbs and trees

only marginally affected by fire. In general, they possessed

conical pilei (a few were sub-globose) that were ochre-yellow

to tan, becoming brown with maturity, (8) 6e3.5 (2.5) cm

high and (5) 4e3 (1.5) cm wide at the widest point. Another

characteristic of this species was the glabrous ribs, which

were mainly longitudinal and straight, and concolor with

pits that were elongated or irregular. Stalks were white,

smooth or slightly grainy, sometimes furrowed and widening

to the base, 2e3 (4) cmhigh and 1e2 cmwide. Ascosporeswere

elliptical, smooth, (14) 20e24 (26)� (9) 14e19 (17) mm; asci were

(115) 150e170 (230) � 17e19 mm. Elements on sterile ridges

were septate, clavate or subclavate, 85e110 � 27e34 mm.

The second species, informally called ‘fire-adapted’ (Fig 1B)

was identified as Morchella septimelata M. Kuo (Kuo et al. 2012),

phylogenetic species Mel-7 (O’Donnell et al. 2011). Morchella

species in the fire-adapted clade also included Morchella capi-

tataM. Kuo &M.C. Carter (Mel-9),M* importunaM. Kuo, O’Don-

nell & T.J. Volk (Mel-10), and Morchella sextelata M. Kuo (Mel-6)

(Fig 1B). Patagonian collections were collected from burned

native forest composed mainly of A. chilensis and Nothofagus

antarctica, and burned plantations of introduced Pinus ponder-

osa and Pinus radiata D. Don. mixed with native A. chilensis,

N. antarctica, Aristotelia maqui (Mol.) Stunt, Schinus patagonicus

(Phil.) I.M. Johnst. ex Cabrera and L. hirsuta. This species

formed a strongly supported post-fire adapted lineage, with

conical or sub-conical brown pilei and smaller spores

(18e25 � 10e15 mm). Patagonian collections of Morchella septi-

melata yielded ITS amplicons of 626e628 bp. They were char-

acterized by conical pilei, with an acute or flat apex that

were brown or greyish brown, 6.5e3.5 cm high and 2e3 cm

wide at the widest point, glabrous or finely tomentose ribs,

mainly longitudinal and straight, with occasional secondary

ribs, and concolor with pits and darkening with age, pits elon-

gated, white stalks, finely verrucose, cylindrical or widening to

the base, sometimes with a subterranean portion, 3e4 (5) cm

high and (0.5) 1e1.5 cm wide. Ascospores were elliptical,

smooth, 17e22 � (9) 10e15 mm; asci were 160e210 � 15e16

(20) mm, elements on sterile ridges capitate, 85e110 mm

high � 17e19 mm at apex and 13e4 mm at base, septate, with

no colour change or slightly yellowishwhen treatedwith KOH.

Phylogenetic analyses of the ITS e RPB1 data set also iden-

tified a species-level lineage from Patagonia within the

species-rich Elata Subclade, with ITS amplicons of 652 bp

(Fig 1D). The concatenated four-gene analysis performed for

the species-rich Elata Subclade revealed a novel phylogenetic

species that was designated Mel-37, which appears to be en-

demic to Patagonia (Fig 2). The four-gene data set for 44 taxa

included 3224 characters, of which 297 were parsimony-infor-

mative. A heuristic search using unweighted characters

yielded 50 most parsimonious trees 451 steps in length

(CI ¼ 0.830 and RI ¼ 0.922).

Patagonian collections of the phylogenetic species Mel-37

were associated with a mixed stand of N. dombeyi, introduced

Pseudotsuga menziesii (Mirb.) Blanco, Lomatia hirsuta orA. chilen-

siswith L. hirsuta andAristoteliamaqui, with no evidence of fire.

Morphologically they were characterized by conical pilei, with

an acute or flat apex that was light ochre turning to dark

brown with maturity, (5.5) 5e3.5 cm high and 2e3 (3.5) cm

wide at the widest point. Ribs were glabrous, straight or sinu-

ous, with occasional secondary ribs that were concolor with

pits and darkening with age, pits were irregular in shape.

Stalks were white, turning yellowish at maturity, finely verru-

cose, cylindrical or widening to the base; 3e3.5 (8) cm high and

1e1.5 (3.2) cm wide. Ascospores were elliptical, smooth,

17e20 � (9) 12e13 (14.5) mm; asci 115e190 � 15e17 (20) mm. El-

ements on sterile ridges were septate and capitate, 90e150

(200) mm high � 15e20 mm at the base and 27e30 mm at the

apex, with no colour change when treated with KOH.

Discussion

The three Elata Clade species ofMorchella fromArgentinawere

identified as Morchella frustrata (Mel-2), Morchella septimelata

(Mel-7) and a putatively Patagonian novel phylogenetic species

Mel-37 within the species-rich Elata Subclade (O’Donnell et al.

2011). These results were supported using MP and BI analyses

(Fig 1). The Elata Clade is typically found in temperate decidu-

ous and coniferous forest biomes,mountain habitats and high

elevations, and include several species that are fire-adapted.

These niche characteristics are present in the southern Pata-

gonian Andes, which possess a temperate forest biome that

extends from around 33�S to 55�S latitude overmuch of south-

ern Chile and the eastern slopes of the Patagonian Andes in

Argentina. Morels in Patagonia are present in mixed Nothofa-

gus spp. and Austrocedrus chilensis forests. SinceMorchella escu-

lenta has been reported in Cordoba province in Argentina

(Dominguez de Toledo 1987), but specimens were unavailable

for this study, we cannot conclude that only the Elata Clade is

represented in southern South America. Thus, there is a need

for more exhaustive sampling in that region.

Morchella conica, Morchella elata, Morchella esculenta, and

Morchella intermedia were reported in Argentina in the early

1920s, but it remains to be determined whether these

Phylogenetic diversity of Morchella species 759
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Fig 2 e One of sixty nine most parsimonious phylograms generated from the ITS e RPB1eRPB2eEF1-a concatenated data set

for the species-rich Elata Subclade via parsimony (MP) and Bayesian (BI) analysis. Bootstrap values ‡50 % and Bayesian
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European species are present in South America (Spegazini

1909; Dominguez de Toledo 1987; Gamundi 2010). O’Donnell

et al. (2011) concluded that those names could not be applied

to North American morels. Morchella patagonica which has

only been reported from Patagonia, is a light brown species

with ovoid, small pilei (2.5e4 cm tall � 1e1.5 cm wide) and as-

cospores that are 15e17 � 10e11 mm (Spegazzini 1909). The

three species we collected do not match the description of

M. patagonica. Therefore, further sampling of the region will

be necessary in order to recollect species or obtain DNA data

from the type specimen. This could be challenging, because

the type is over 100 years old. The type was collected in Blest

Harbour inside the Nahuel Huapi National Park (Spegazzini

1909), an area that was not accessible at the time of our

survey.

The Patagonian collections ofM. frustrata (Mel-2)were from

mixed forests dominated by A. chilensis, N. antarctica, N. dom-

beyi, and Lomatia hirsuta and possessed pale pilei, similar to

samples in collections of M. frustrata from the USA (Pilz et al.

2004, 2007; Kuo et al. 2012); however, the Patagonian collec-

tions possessed smaller asci and ascospores. As previously re-

ported by Taşkin et al. (2012) for Turkey, M. frustrata

represented the most widely collected morel in Patagonia in

this study (Supplementary Table S1; Fig 1A). The Patagonian

morel within the fire-adapted lineage (Mel-6, Mel-7, Mel- 8,

Mel-9, and Mel-10) represents M. septimelata ¼ Mel-7 (Fig 1B).

This fungus was described from the USA (Kuo et al. 2012)

and is commonly referred to by commercial collectors as the

‘pickle’, ‘pink’ or ‘green morel’ (Pilz et al. 2007). Morchella spp.

from post-fire sites in Patagonia were previously reported by

Gamundi (1975), Gamundi & Horak (1993), and La Manna &

Barroetave~na (2011). In the present study, specimens ofM. sep-

timelata were collected from native A. chilensis and Nothofagus

antarctica forests or in a mixed stand with exotic Pinus spp.

subjected to a recent fire (Supplementary Table S1). In con-

trast to Kuo et al. (2012)’s description, pilei of Patagonian spec-

imens were smaller, no olive nor pinkish colours were

detected, and ascospores and asci were slightly shorter. The

species-rich Elata Subcladewas also represented in Argentina,

and a new phylogenetic species (Mel-37), currently known

only from southern south America, is proposed (Fig 1C).

One remarkable biogeographical pattern from our study

concerns the presence of putatively North America taxa in

Argentina. Based on the low diversity of Morchella in Patago-

nia, and the fact that the Elata Clade putatively first evolved

in western North America (O’Donnell et al. 2011), we suggest

that M. frustrata and M. septimelata may have colonized South

America from North America, and that there are three possi-

ble hypotheses to account for such apparent disjunction.

The first, Long Distance Dispersal (LDD) and niche conserva-

tion, was proposed as a possible force to explain the disjunct

distribution of M. septimelata in western North America,

Europe and Asia (O’Donnell et al. 2011; Du et al. 2012). The sec-

ond is a migration at the end of the Tertiary period. The

amphi-boreal distribution from North America to Southern

SouthAmerica has been noted for a number of fungi and other

taxa, such as the plant genus Berberis and the biotrophic fungi

that cause powderymildew disease; it is explained by the con-

nection of South America to North America produced at the

end of the Tertiary period through the closure of the Isthmus

of Panama (Coates & Obando 1996; Burnham & Graham 1999;

Niinomi et al. 2008). This connection coincided with the for-

mation of the Andean corridor with cold, elevated areas that

allowed themigration of cold-adapted taxa from the Northern

Hemisphere into southern SouthAmerica (Simpson 1983). The

third hypothesis is a recent anthropogenic introduction of

Morchella, as was proposed forM. esculenta Mes-16 in New Zea-

land and Africa (Du et al. 2012a) and diverse other edible, path-

ogenic and ectomycorrhizal fungi (Coetzee et al. 2001; Dickie &

Johnston 2008; Bonito et al. 2010). The existence of M. frustrata

and M. septimelata collections from pure and mixed stands of

exotic pine species and native trees could be explained with

a co-introduction Pinus spp. and Pseudotsuga menziesii from

western North America (Supplementary Table S1). The facul-

tative mycorrhizal-like and/or endophytic nature demon-

strated for M. septimelata (Baynes et al. 2012) may have also

contributed to their current occurrence via human introduc-

tion and migration. However, this last hypothesis deals with

the first report of Morchella in Patagonia pre-dating the exotic

pine plantations in the region (Spegazzini 1909;

Andenmatten et al. 2002). Further support for any of these hy-

potheses about the origins and evolutionary relationships of

South American and North American morels need a more

comprehensive biogeographical context, including additional

sampling and DNA extraction of herbarium material.

In conclusion, we have established a comprehensive phy-

logeny that shows for the first time the relationships among

morels from the Andean Forests in Patagonia, Argentina

with other Morchella species found around the world. Future

research will focus on sampling from presently underrepre-

sented areas, e.g. Chile and the center of Argentina, to clarify

the biogeographical patterns of Morchella in South America

further, and to provide a more complete framework of Morch-

ella evolution.
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