Mycological Progress (2020) 19:1459-1473
https://doi.org/10.1007/s11557-020-01639-8

il

ORIGINAL ARTICLE @

Check for
updates

Studies in Gyromitra |: the Gyromitra gigas species complex

Andrew N. Miller’
Andrew S. Methven®

- Angela Yoon? - Gro Gulden? - @yvind Stensholt> - Nicolas Van Vooren*@ - Esteri Ohenoja® -

Received: 18 August 2020 /Revised: 8 October 2020 / Accepted: 12 October 2020
© German Mycological Society and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

The Gyromitra gigas species complex includes six morphologically similar taxa, several of which have a long history of
segregation, synonymization, and rearrangement among different genera. These taxa occur throughout Asia, Europe, and
North America and include G. gigas, G. khanspurensis, G. korfii, G. montana, G. pseudogigas, and G. ticiniana. ITS and
LSU sequences from 66 specimens, including type specimens for all six taxa, were included in phylogenetic analyses to establish
species boundaries and resolve species relationships. Sequence similarity comparisons were also conducted between the two
molecular markers and between the ITS1 and ITS2 regions. Although ITS exhibited sufficient variability to discriminate among
species in the G. gigas species complex, LSU displayed very low variability rendering it completely useless as a molecular
marker for separating taxa in this group. The ITS1 region was twice as informative as the ITS2 region and can be used as a
barcode marker to identify these species. Gyromitra gigas and G. montana occur as a well-supported clade of sister species and
can be distinguished based on ascospore morphology. Gyromitra korfii and G. ticiniana also form a highly supported clade and
are considered distinct species based on geography. Gyromitra littiniana is confirmed to be synonymous with G. ticiniana based
on molecular data. Gyromitra khanspurensis and G. pseudogigas, which also form a highly supported clade, are considered
separate species early in the process of speciation that differ significantly in ascomata and ascospore morphology. A key to
species based on morphology and geography is provided.

Keywords Ascomycota - Fungi - Holotype barcoding - ITS sequences - Systematics

Introduction Hemisphere and form stipitate to sessile ascomata with discoid to

cerebriform or saddle-shaped apothecia mostly during the spring.

The genus Gyromitra Fr. contains over 70 taxa commonly re-
ferred to as false morels. Members are distributed primarily
throughout north temperate and boreal regions of the Northern
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Gyromitra taxa have a long, complex taxonomic history of trans-
fers among various genera (e.g., Discina, Helvella,
Maublancomyces, Neogyromitra, and Pseudorhizina among
others), resegregation into multiple subgenera, and repeated split-
ting and recombining of taxa at the species level and below. The
history and taxonomy of Gyromitra and its segregates have been
summarized by numerous authors (Donadini 1984, 1986;
Harmaja 1969, 1973; McKnight 1969, 1971, 1973; Van
Vooren and Moreau 2009a, 2009b, 2009c¢).

Based on previous phylogenetic studies (Methven et al.
2013; Miller et al. 2015; Krisai-Greilhuber et al. 2017;
Carbone et al. 2018; Wang and Zhuang 2019), six taxa can
be included in the G. gigas species complex: G. gigas
(Krombh.) Quél., G. khanspurensis Jabeen and Khalid,
G. korfii (Raitv.) Harmaja, G. montana Harmaja,
G. pseudogigas X.C. Wang and W.Y. Zhuang, and
G. ticiniana Littini. Although other taxa, such as G. grandis
(Cumino) Van Vooren and M. Carbone (syn. G. fastigiata
(Krombh.) Rehm), G. leucoxantha (Bres.) Harmaja,
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G. perlata (Fr.) Harmaja, and G. slonevskii Heluta, appear as
closely related sister taxa in some of the previous stud-
ies, their ITS sequences are far too divergent and do not
occur within a well-supported clade with members of
the G. gigas species complex.

Gyromitra gigas is a common, widespread European tax-
on, first described by Krombholtz (1834) as Helvella gigas
based on a specimen collected in the Czech Republic.
Although the color illustration that accompanies the descrip-
tion serves as the lectotype (MBT 383599), this species was
recently epitypified (MBT 383600) with a specimen from the
Czech Republic that was sequenced for the ITS and LSU
(Carbone et al. 2018). The European name, G. gigas, has been
frequently used for North American material although two
other names have been proposed to accommodate specimens
from eastern (G. korfii) and western/northern (G. montana)
areas of North America.

Gyromitra korfii was originally described by Raitviir
(1970) as Discina korfii based on the considerably more slen-
der ascospores than those of G. gigas. Raitviir (1970) noted
“No true N./eogyromitra] gigas from North America could be
found” among the specimens he examined from CUP. This
taxon was later transferred to Gyromitra by Harmaja (1973),
who further distinguished it from G. gigas based on its shorter
ascospores, more delicate ascospore ornamentation, and
broader apices of the paraphyses.

Harmaja (1973) subsequently described a new species,
G. montana, based on a specimen identified as G. gigas by
McKnight (1971) from WY, USA. Harmaja distinguished
G. montana from G. gigas and G. korfii based on subtle dif-
ferences in ascospore shape, size, ornamentation, presence,
and length of apiculi and broader tips of the paraphyses. In
their review of the Helvellaceae, Abbott and Currah (1997)
considered G. korfii and G. montana as synonyms under
G. gigas. Although Methven et al. (2013) did not include G.
gigas in their phylogenetic analysis, they treated G. montana
as a synonym of G. korfii. Miller et al. (2015) later raised the
possibility that all three taxa could be distinct species.

Gyromitra ticiniana was described by Littini (1988) from
Italy without discussing how it differed from G. gigas. Riva
(1998, 2010) in a later examination of this species (as
G. littiniana Riva) concluded that it could be distinguished
from G. gigas by its growth in deciduous forests (vs. conifer-
ous forests in G. gigas) and narrower ascospores with finer
ornamentation. Carbone et al. (2018) explained why
G. littiniana was a superfluous name and, thus, a later syno-
nym of G. ticiniana. Since attempts to sequence the holotype
of G. ticiniana were unsuccessful, Carbone et al. (2018) des-
ignated an epitype (MBT 383602) from which they ob-
tained ITS and LSU sequences based on an Italian col-
lection matching the ecological and morphological con-
cept of G. ticiniana.

@ Springer

Gyromitra khanspurensis was recently described from
Pakistan by Jabeen and Khalid (Krisai-Greilhuber et al.
2017) who distinguished it from G. gigas and G. korfii by
its smaller ascospores with a short apiculus and from
G. korfii by its more convoluted hymenium and smooth stalk.
The ITS was sequenced for G. khanspurensis and it differed
compared to the single included ITS sequence (JF908781) of
G. gigas from Italy.

Lastly, G. pseudogigas was described from China by
Wang and Zhuang (2019) based on a 3-gene phylogeny
(TS, LSU, and TEF-I) which included three representatives
of G. gigas from China, France, and Italy and a single repre-
sentative of G. ticiniana from Turkey. They distin-
guished G. pseudogigas from G. gigas based on its
saddle-shaped apothecia and finely roughened rather
than reticulate ascospores.

Although previous studies included one or more of these
taxa in molecular phylogenetic analyses (Methven et al. 2013;
Miller et al. 2015; Krisai-Greilhuber et al. 2017; Carbone et al.
2018; Wang and Zhuang 2019), no study to date has compre-
hensively analyzed all of the taxa in the G. gigas species
complex or assessed the ITS and LSU as barcode markers
for identifying these taxa. The goals of this study were to
sample and sequence multiple representatives, including type
specimens, for all six taxa in the G. gigas species complex to
establish species boundaries, resolve species relationships,
and assess the potential of ITS and LSU as barcode markers.

Materials and methods
Specimens examined

Entire dried ascomata or small portions of the fertile layer of
ascomata were sent to the first author either as loans or gifts.
Sequences generated during this study were obtained from
DNA extracted directly from these dried ascomata, which
were deposited at ILLS or available at their home institution
(BPI, CUP, DAOM, ILLS, LUG, O, OSC, OULU, NY,
TAAM, WTU, and YSU). Fungarium acronyms follow
Index Herbariorum (Thiers 2013). Efforts were made to gen-
erate sequences from the type specimens for G. korfii,
G. littiniana, and G. montana even though they date from
1953, 2010, and 1967, respectively. Although the holotype
specimen of G. korfii (CUP-K-4801) was previously “lost,”
it was recently discovered in an old box of Korf specimens at
CUP (Teresa Iturriaga pers. comm.). However, the entire col-
lection consists of mostly soil debris with a few scattered
remains of what was assumed to be an ascoma of G. korfii
(see record at MyCoPortal 2020). One of these small frag-
ments was used for DNA extraction and the ITS1 region
was successfully sequenced. The isotype of G. montana,
which consists of several ascomata in good condition, was
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obtained from BPI and successfully sequenced for the
ITS and LSU. Finally, a small fragment of the holotype
of G. littiniana was obtained from LUG and successful-
ly sequenced for ITS and LSU.

Micromorphological features were studied and measure-
ments made of material revived in 95% ethanol and distilled
water, sectioned, and then mounted in distilled water
(McKnight 1968) or lactophenol cotton blue. Sections were
examined with a light microscope at X 400 and % 1000. A
minimum of 25 ascospores and paraphyses were measured
for each collection. In addition to assembling a range of asco-
spore lengths and widths for each specimen, the mean length
(L), mean width (W,,), length-width ratio (Q), and mean
length-width ratio (Q,,) were calculated for each specimen.
The following specimens were examined and annotated:
G. gigas (ILLS00121401, ILLS00121405 (immature),
ILLS00121415, 0174609 (immature)), G. korfii (CUP
58839, ILLS00114754), G. montana (ILLS00114753,
ILLS00121414, ILLS00121419 (immature), ILLS00165101,
ILLS00165152), and G. ticiniana (ILLS00121412,
ILLS00121413 (isoepitype)). Voucher specimen number, lo-
cality, GenBank accession numbers, and source for all taxa
included in the ITS and LSU analyses are shown in Table 1.

Since the ascomata develop and mature over an extended
period of time, the apothecia often produce ascospores that
vary widely in length and width as well as the development
of surface ornamentation and the apiculi. For the purposes of
this study, the apiculi are included in the measurements of
ascospore length. However, it is unclear in the literature
whether or not the apiculi have been consistently included in
the measurements of ascospore lengths. Ascospore maturity
and inclusion/exclusion of the apiculi in the ascospore length
may account for the diverse ranges of surface ornamentation
and ascospore lengths and widths reported in the literature.

Molecular data

DNA was extracted directly from dried ascomata using either
a modified NaOH extraction method (Osmundson et al. 2013)
or an E.Z.N.A.® Microelute Genomic DNA kit (Omega Bio-
tek, Norcross, GA, USA) following the manufacturer’s in-
structions. For NaOH extraction, 200 uL 0.5 M NaOH was
added to ~75 mg of dried tissue, ground with a micropestle,
centrifuged at 14000 RPM for 2 min, and 5 pL of the resulting
supernatant added to 495 L 100 mM Tris-HCI buffered with
NaOH to pH 8.5-8.9 (Tris-HCI-DNA extraction solution).
The complete internal transcribed spacer (ITS) region and
the first 1100 bp of the 5’ end of 28S nuclear ribosomal large
subunit (LSU) were amplified separately. PCR amplification
using a GoTaq® Green Master mix (Promega, Madison, WI,
USA) consisted of the following: 12.5 uL. GoTaq® Green
Master mix, 2.5 uLL BSA, 2.5 uL. 50% DMSO, 2 uL of each
10 uM primer ITS1F/ITS4 or LROR/LR6, and 3—7 uLL DNA.

PCR amplification was completed on a Bio-Rad PTC 200
thermal cycler under the following parameters: initial denatur-
ation at 94 °C for 2 min, followed by 40 cycles of 94 °C for
30s,47°C for45 s, 72 °C for 1 min with a final extension step
of 72 °C for 10 min. If PCRs failed to amplify, then
puReTaq™ Ready-To-Go PCR Beads (GE Healthcare,
Chicago, IL, USA) were used in place of the GoTaq® Green
Master mix as above according to the manufacturer’s instruc-
tions. Gel electrophoresis (1% TBE agarose gel stained with
ethidium bromide) was used to verify the presence of a PCR
product. PCR products were purified using a Wizard® SV Gel
and PCR Clean-Up System (Promega, Madison, WI, USA),
and template DNA was used in 10 uL sequencing reactions
with BigDye® Terminator v3.1 (Applied Biosystems, Foster
City, CA, USA) using a combination of the following primers:
ITS1F, ITS2, ITS3, ITS4, LROR, LR3, LR3R, and LR6
(Gardes and Bruns 1993; Rehner and Samuels 1995;
Vilgalys and Hester 1990; White et al. 1990). Sequences were
generated on an Applied Biosystems 3730XL high-
throughput capillary sequencer at the W.M. Keck Center at
the University of Illinois Urbana-Champaign. Consensus ITS
and LSU sequences were assembled with Sequencher 5.4
(Gene Codes Corp., Ann Arbor, MI, USA).

Phylogenetic analyses

The ITS and LSU datasets were individually aligned using the
MUSCLE® multiple alignment program as implemented in
Sequencher 5.4 and the ITS alignment was manually
corrected by eye. Final ITS and LSU alignments are deposited
in TreeBase (26774). The LSU alignment was rooted with G.
leucoxantha based on previous analyses (Methven et al.
2013). The ITS alignment was rooted with G. khanspurensis
and G. pseudogigas based on the LSU tree since rooting with
G. leucoxantha considerably increased the amount of ambi-
guity in the highly variable ITS alignment. Portions of the 5’
and 3’ ends of the ITS dataset were excluded from all analyses
due to missing data in most taxa. Ambiguously aligned re-
gions were removed from the final alignments using
Gblocks (Castresana 2000; Talavera and Castresana 2007),
employing the less stringent parameters. The best-fit model
of evolution for both datasets was determined to be the general
time reversible (GTR) model (Rodriguez et al. 1990) by
jModeltest (Darriba et al. 2012; Guindon and Gascuel 2003)
based on the Akaike information criterion (AIC) (Posada and
Buckley 2004). A maximum likelihood (ML) analysis with
1000 bootstrap replicates was performed using PhyML as
implemented in Seaview 4.7 (Gouy et al. 2010), with all pa-
rameters optimized and the GTR model. A ML analysis with
1000 bootstrap replicates was also performed using RAXML-
HPC2 v.8.2.12 (Stamatakis 2014) with a GTRCAT approxi-
mation using the CIPRES Science Gateway v.3.3 portal
(Miller et al. 2010). Bootstrap replicates were performed
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Source

LSU GenBank no.

ITS GenBank no.

Locality

Voucher specimen no.

Table 1 (continued)

Species

@ Springer

This study
This study
This study
This study
This study

MWO077446

MWO077460

and

MWO077447

MW077461

and

MW077448

MWO077462

and

MW077449
MWO077450

MWO077463

and

MWO077464

and

—_ = = = =

Canada: Newfound!

DAOM 706057; ILLS00121420

Canada: Newfound!

DAOM 706058; ILLS00121421

Canada: Newfound!

DAOM 706059; ILLS00121422

Canada: Newfound

DAOM 706060; ILLS00121423

Canada: Newfound

DAOM 706061; ILLS00121419

Gyromitra pseudogigas

Wang and Zhuang 2019

MG847023

MG846994

China: Sichuan

HMAS46539

Holotype

Gyromitra ticiniana

Carbone et al. 2018

MH938317

MH938672
MH938673
MH938674
MH938671

Italy

TUR-A 208095

Epitype

Carbone et al. 2018

MH938318

Italy

TUR-A 208096

Carbone et al. 2018

MH938319

Italy

TUR-A 208097
TUR-A 208094

H.373

Carbone et al. 2018

MH938316

Italy

Gungor et al. unpublished

Carbone et al. 2018

KX420699

Turkey

MH938315

MH938670

France

ILLS00121412

1000 times under the GTR model employing GAMMA model
of rate heterogeneity and the rapid bootstrapping option
(Stamatakis et al. 2008). Clades with bootstrap values (BV)
>70% were considered significant and strongly supported
(Hillis and Bull 1993). Bayesian analyses were performed
using MrBayes v 3.2.7 (Huelsenbeck and Ronquist 2001,
2005) under the above model on the CIPRES 3.3 portal.
Constant characters were included and 10 million generations
with trees sampled every 1000th generation were run,
resulting in 10,000 total trees. The first 2500 trees were
discarded as burn-in, and Bayesian posterior probabili-
ties (BPP) were determined from a consensus tree gen-
erated from the remaining 7500 trees using PAUP* v.4.
O0a (build 166) (Swofford 2002). Clades with BPP >
95% were considered significant and strongly supported
(Alfaro et al. 2003; Larget and Simon 1999).

Sequence similarity comparisons

The ITS alignment was subjected to further analysis to assess
the utility of the official fungal barcode in this group (Schoch
etal. 2012). Distance analysis set to uncorrected “p”” was used
in PAUP* v.4.0a (build 166) (Swofford 2002) to calculate the
mean and range for infraspecific and interspecific variation.
Infraspecific variation could not be calculated for
G. khanspurensis and G. pseudogigas since each was repre-
sented by a single sequence. Similar analyses were performed
with the LSU alignment and comparisons were made between
the ITS1 and ITS2 regions, which were delimited using the
ITSx program in PlutoF (Abarenkov et al. 2010).

Results
Phylogenetic analyses

PCR amplification and Sanger sequencing of ITS and LSU
were largely successful for most specimens, even those 30—
70 years old (Table 1). PCR amplification of TEF-1 failed for
several recent specimens so no further attempts were made to
include this gene in our analyses. The final ITS alignment of
66 sequences consisted of 710 nucleotides after the removal of
42 nucleotides representing ambiguous regions. The ITS
contained 140 parsimony-informative characters, 95 in the
ITS1 region and 45 in the ITS2 region.

The final LSU alignment of 51 sequences consisted of
1127 nucleotides. No ambiguous regions were present in the
LSU dataset. The LSU contained only 17 parsimony-
informative characters and lacked sufficient phylogenetic sig-
nal to differentiate among G. gigas, G. korfii, G. montana, and
G. ticiniana (data not shown) so phylogenetic relationships
are based only on the ITS dataset.
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Analyses of the ITS dataset generated identical most-likely
trees in both the PhyML and RAXML analyses. The RAXML
tree is shown in Fig. 1. Gyromitra gigas, G. korfii,
G. montana, and G. ticiniana occur as well-resolved mono-
phyletic clades. Gyromitra littiniana is confirmed to be syn-
onymous with G. ficiniana since the ITS sequence of its ho-
lotype had zero nucleotide differences with the epitype se-
quence of G. ticiniana. Three highly supported clades of sister
taxa occur in this group: G. gigas-G. montana, G. korfii-
G. ticiniana, and G. khanspurensis-G. pseudogigas.

Each species inhabits a specific geography with some over-
lap among taxa (Fig. 2). Gyromitra gigas occupies a large
range extending from western Europe to eastern China and
overlaps with G. ticiniana in France, Italy, and Turkey.

Fig. 1 RAXML phylogram
inferred from ML and Bayesian
analyses of 66 ITS sequences
from type and voucher specimens
in the Gyromitra gigas species
complex. Gyromitra pseudogigas
and G. khanspurensis are used as
outgroups. Specimen numbers are
given followed by country and
state/province. Type specimens
for each species are given in
parentheses. RAXML bootstrap
support values above 70% are
shown at the nodes and Bayesian
posterior probability scores above
0.95 are shown as thickened
branches

Gyromitra korfii occurs mostly in eastern USA, whereas
G. montana occurs throughout western USA and Canada.
Their species ranges overlap in Michigan. Gyromitra
khanspurensis is known only from Pakistan, whereas
G. pseudogigas has only been collected in Sichuan
Province of China.

Sequence similarity comparisons

The ITS region was compared to LSU to investigate the infra-
specific and interspecific variability of these two common
molecular markers. Infraspecific ITS sequence variation on
average was zero in G. ticiniana, 0.2% in G. gigas, and
0.4% in G. korfii and G. montana (Table 2). Infraspecific

TUR-A 208088 — Czechia (EPITYPE)
TUR-A 208089

TUR-A 208091

TUR-A 208092 | Italy

TUR-A 208093
14754
TAAMI190163
TU117077
G4178

G4382

G4390

G4510

G4626

G4627

G4768

G4813
0174609

0174628 | Norway
0174629

H.559 | Turkey
H.815

S
OULU-F 25301 I Finland
LY NV 2007.04.20
HMAS254604
ILLS00121401
ILLS00121407
ILLS00121408
ILLS00121409
ILLS00121410
ILLS00121411
HMAS89008 — China: Jilan

Estonia

G. gigas

France

0.1

86| CUP 28997 — USA: North Carolina (PARATYPE)
NY 01797010 — USA: Illinois
CUP-K-4801 — USA: New York (HOL

H.373 — Turke
89 ILL800121412y— Fr:

HMAS46539 — China: Sichuan (HOLOTYPE)G. pseudogigas
[ AH35074 - Pakistan <HOLH
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Fig. 2 Distribution map for all specimens in the G. gigas species complex sequenced in this study. Type specimens for each species are shown as stars
and voucher specimens are shown as circles. Colors for each species correspond to those used in Fig. 1

LSU sequence variation on average was zero in G. ticiniana,
0.05% in G. gigas, 0.1% in G. montana, and 0.4% in G. korfii.
Interspecific ITS sequence variation on average ranged from
0.6% between G. khanspurensis and G. pseudogigas to 17.4%
between G. gigas and G. korfii. Interspecific LSU sequence
variation on average ranged from 0.3% between G. korfii and
G. ticiniana to 1.6% between G. montana and
G. pseudogigas. Infraspecific variation averaged less than
0.4% for all species comparisons for both ITS and LSU,
whereas ITS interspecific variation averaged more than
5.9% for all species comparisons except for
G. khanspurensis/G. pseudogigas and G. korfii/G. ticiniana.

Table 2

Interspecific variation in LSU averaged below 1.6% for all
species comparisons.

The two regions of ITS were compared to investigate
whether only one region (i.e., either ITS1 or ITS2) could be
used for molecular identification of these taxa (Table 3). The
ITS1 region contained more than twice the number of
parsimony-informative characters compared to the ITS2 re-
gion (95 vs. 45) so it was expected that, in general, the ITS1
would vary twice as much as the ITS2. Infraspecific ITS1
sequence variation on average was zero in G. ticiniana,
0.2% in G. gigas, 0.3% in G. korfii, and 0.6% G. montana.
Infraspecific ITS2 sequence variation on average was zero in

Infraspecific and interspecific sequence variation of the ITS and LSU for specimens in the G. gigas species complex. Mean and range (in

parentheses) of percent differences based on uncorrected “p” sequence differences are shown for ITS along the upper diagonal and for LSU along the
lower diagonal. Infraspecific variation could not be calculated for G. khanspurensis and G. pseudogigas since each species was represented by a single

sequence. No LSU sequence exists for G. khanspurensis

G. gigas G. khanspurensis G. korfii G. montana G. pseudogigas G. ticiniana
G. gigas ITS=0.2 15.7 5.9 15.1 15.5
O-1.1) (15.4-22.3) (15.6 —25.3) (3.8-8.3) (14.8 -21.4) (15.0-21.7)
LSU =0.05
(0-0.3)
G. khanspurensis N/A N/A 15.3 0.6 6.4
(6.4-11.0) (10.9-15.8) (N/A) (6.2-6.5)
G. korfii 0.6 N/A ITS=0.4 15.8 7.4 1.7
0-14) (0-1.0) (10.7-22.3) (6.5-11.2) (1.2-2.9)
LSU=0.4
0-14)
G. montana 0.4 N/A ITS =0.4 14.4 14.8
(0.2-0.8) 0-1.4) 0-1.2) (10.3 - 14.9) (10.7 - 15.6)
LSU=0.1
0-0.3)
G. pseudogigas 1.1 N/A . 1.6 N/A 6.4
(1.0-1.5) 1.1-1.7) (1.5-1.9) (6.2-6.5)
G. ticiniana 0.7 N/A . 0.9 1.1 ITS =0
0.5-1.1) O-1.1) (0.8-1.2) 1.0-12) LSU=0
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Table 3

791}

Infraspecific and interspecific sequence variation of the ITS1
and ITS2 regions for specimens in the G. gigas species complex. Mean
and range (in parentheses) of percent differences based on uncorrected

p” sequence differences are shown for ITS1 along the upper diagonal

and for ITS2 along the lower diagonal. Infraspecific variation could not
be calculated for G. khanspurensis and G. pseudogigas since each species
was represented by a single sequence

G. gigas G. khanspurensis G. korfii G. montana G. pseudogigas G. ticiniana
G. gigas ITS1=0.2 26.2 25.9 8.8 25.2 25.4
0-1.5) (26.1 - 26.5) (25.8-26.4) (5.3-10.1) (25.1-25.5) (25.2-25.5)
ITS2=0.3
0-1.9)
G. khanspurensis 12.3 N/A 10.7 23.9 1.1 10.1
(11.8-12.7) (10.3-11.3) (15.6 —25.5) (N/A) (9.8 -10.5)
G. korfii 13.9 6.8 ITS1=0.3 21.5 11.1 3.1
(12.7-15.2) (6.2-17.5) (0-1.0) (13.9-23.1) (10.8-11.7) (2.8-3.1)
ITS2=0.7
(0-1.8)
G. montana 4.0 13.2 15.2 ITS1=0.6 22.3 21.8
(3.2-5.1) (12.7-13.6) (13.3-16.8) 0-2.2) (14.1-23.6) (13.9-22.8)
ITS2=0.4
0-14)
G. pseudogigas 11.8 0.5 6.3 12.7 N/A 10.6
(11.3-12.2) N/A (6.1-7.0) (12.1-13.2) (10.2-10.9)
G. ticiniana 12.9 6.4 0.5 14.3 59 ITS1 =0
(12.0-13.7) (6.1 —6.6) 0-1.8) (13.3-15.8) (5.7-6.1) ITS2=0

G. ticiniana, 0.3% in G. gigas, 0.4% in G. montana, and 0.7%
in G. korfii. Interspecific ITS1 sequence variation on average
ranged from 1.1% between G. khanspurensis and
G. pseudogigas to 26.2% between G. gigas and
G. khanspurensis. Interspecific ITS2 sequence variation on
average ranged from 0.5% between G. korfii and
G. ticiniana and between G. khanspurensis and
G. pseudogigas to 15.2% between G. korfii and G. montana.
Infraspecific variation averaged less than 0.7% for all species
comparisons, whereas interspecific variation averaged more
than 3% for all species comparisons except for
G. khanspurensis/G. pseudogigas in ITS1 and ITS2 and
G. korfii/G. ticiniana in ITS2.

Species concepts

Species within the G. gigas species complex are characterized
by stipitate ascomata, apothecia that are saddle-shaped to ir-
regularly lobed or cerebriform and wrinkled, and yellow-
brown to brown to reddish brown, ribbed to sulcate, white to
yellow-brown stipe, ellipsoid to fusiform ascospores that are
roughened to finely reticulate and uniguttulate or triguttulate
with an inconspicuous to distinctive apiculus that is up to
4 pum long. While the majority of the taxa in this species
complex have convoluted to cerebriform apothecia,
G. pseudogigas, known only from China, is distinguished
from the other taxa by its saddle-shaped apothecia.
Gyromitra khanspurensis, reported only from Pakistan, has
distinctly smaller ascospores (14—17 x 7-8.5 um) than the re-
mainder of the taxa in this species complex, which feature
ascospores more than 25 pm long and 10 pm broad. It is
possible that only immature specimens with smaller asco-
spores were examined in G. khanspurensis. Gyromitra korfii
and G. ticiniana are segregated from G. gigas and G. montana

by narrower ascospores (10-11 um broad in G. korfii and
G. ticiniana; more than 12 pm broad in G. gigas and
G. montana). Although we found no stable morphological
characters to segregate G. korfii and G. ticiniana, they are
geographically isolated in the eastern USA (G. korfii) and
southern Europe/Turkey (G. ticiniana), respectively.
Gyromitra gigas has longer ascospores (L, =30.5—
31.5 um), a higher Q,, value (2.6-2.7), and a more prominent
apiculus (up to 2.5 wm long) than G. montana (L,,=27.5—
29 pum; O, =2.3; inconspicuous apiculus or up to 1.0 pm
long). In addition, G. gigas is known only from Europe and
Asia whereas G. montana is reported only from western USA
and across Canada. These differences are summarized in
Table 4 and the following key to species in the Gyromitra
gigas species complex:

Key to species in the Gyromitra gigas species complex

* 1. Apothecia convoluted to cerebriform..........c.cocevvuenenee 2

* 1. Apothecia saddle-shaped; ascospores 22—-31.5 x 10—
14 um; O, =2.3; China.....cccoceeeevveeeennns G. pseudogigas

* 2. Ascospores more than 20 pm long and 10 um broad; O,,
greater than 2.5.......c.cveecnincneneneseseeseseeeeee e 3

e 2. Ascospores 14-17x7-8.5 um; O, =1.8;
Pakistan.........ccceeveveveieinnencnnecccee G. khanspurensis

o 3. Ascospores 10—11 pm broad.........ccceeeeveurenerreernceencnnes
* 3. Ascospores more than 12 um broad

o 4. Fastern USA ..o G. korfii

e 4. France, Italy, Turkey.......ccoooveireninriiniennns G. ticiniana

e 5. Apiculus up to 2.5 um long; ascospores L, =30.5—
31.5 um, Q,,, =2.6-2.7; Europe and Asia.............. G. gigas

* 5. Apiculus inconspicuous or up to 1 pm long; ascospores
L,=27.5-29 um; Q,=2.3; western USA and
Canada........cooeeveeieeieieee e G. montana
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Discussion

Three highly supported clades of sister taxa occur in the
Gyromitra gigas species complex: G. gigas-G. montana,
G. korfii-G. ticiniana, and G. khanspurensis-
G. pseudogigas. For several decades, mycologists have
questioned which taxonomic names to apply to North
American specimens that resemble G. gigas (Smith 1949;
Groves and Hoare 1953; McKnight 1971; Ginns 1975;
Weber 1988; Abbott and Currah 1997; Kuo 2005; Methven
et al. 2013; Miller et al. 2015). A search in the Mycology
Collections Portal (MyCoPortal 2020) reveals that the name
Gyromitra gigas has been applied to 281 specimens occurring
in Canada and USA, whereas 197 specimens are labeled as
G. korfii and 239 specimens as G. montana. Our study
definitively shows that G. gigas, a species described from
Europe, does not occur in North America and that either
G. korfii or G. montana is the appropriate name to apply
depending on whether material is collected in the eastern
USA or western USA/Canada, respectively. Although the
ascospore length and width for G. gigas and G. montana
described by Carbone et al. (2018) and Harmaja (1973), re-
spectively, overlap, the ascospores of specimens examined in
this study (G. gigas: ILLS00121401, ILLS00121415;
G. montana: 1LLS00114753, ILLS00121414,
ILLS00165101, ILLS00165152) differed in mean length
(Ln=30.5-31.5 um in G. gigas and 27.5-29 pum in
G. montana) and Q,, (2.6-2.7 in G. gigas and 2.3 in
G. montana) as well as the length of the apiculus (up to
2.5 um in G. gigas and inconspicuous or up to 1 um in
G. montana). These two taxa are also geographically isolated
with G. gigas occurring throughout Europe and Asia, whereas
G. montana is limited to the western USA and Canada in
North America. Gyromitra korfii and G. ticiniana are distin-
guished from G. gigas and G. montana by narrower asco-
spores (10—11 wm broad in G. korfii and G. ticiniana versus
greater than 12 um broad in G. gigas and G. montana).

The G. korfii-G. ticiniana sister taxa relationship is in-
triguing since the phylogeny suggests G. korfii and
G. ticiniana recently speciated (Fig. 1). This species pair
displayed a small ITS barcode gap averaging 1.7% sug-
gesting the following: (1) populations in Europe and east-
ern USA separated recently and interspecific variation has
not yet become fixed, and/or (2) introgression is still oc-
curring via rare dispersal events across the Atlantic not
allowing the populations to completely diverge. Although
the ascospores of G. korfii (31.5-37 x10.4-10.9 um) de-
scribed by Raitviir (1970) are longer and wider than those
described by Littini (1988) for G. ticiniana (24-28 x 8—
10 pum), the ascospores of specimens examined in this
study (G. korfii: CUP 58839, ILLS00114754;
G. ticiniana: 1LLS00121412, ILLS00121413) for these
two taxa overlapped in length, width, O and Q,, and could

not be used to distinguish these two taxa. Based on the
non-molecular data we have assembled at this time, the
only way to distinguish these two taxa (other than by
DNA sequences) is geographically with G. korfii restricted
to eastern North America and G. ticiniana limited to south-
ern Europe and Turkey. Specimens of G. ticiniana
displayed zero sequence variation in their ITS and LSU
sequences even though they were sampled from three dif-
ferent countries (France, Italy, and Turkey). The geograph-
ical range of G. ticiniana overlaps with G. gigas so spec-
imens collected in southern Europe and Turkey should be
separated by ascospore width or sequenced for the ITSI
region to determine their identity.

Gyromitra korfii was originally described from New
York, but occurs throughout the eastern USA with a range
as far west as Missouri (Fig. 2). This is in contrast to
G. montana which, except for a population in Michigan,
occurs mostly in the western part of the USA and most
likely throughout much of Canada. It is possible that
G. montana prefers colder climates associated with higher
elevations and higher latitudes. The Great Plains states
(i.e., North Dakota, South Dakota, Nebraska, Kansas, and
Oklahoma) may serve as a dividing line between G. korfii
and G. montana. Only three voucher specimens (labeled as
Helvella gigas) at NY were found to occur in Kansas
(MyCoPortal 2020) and their ascospore widths should be
measured or these collections should be molecularly anno-
tated to determine their identity. Material collected in
Michigan needs to be carefully examined for differences
in mature ascospore widths or molecularly annotated by
sequencing the ITS1 region to determine the correct name.

The third clade of sister taxa contains G. khanspurensis-
G. pseudogigas. Gyromitra khanspurensis is distinguished
from G. pseudogigas by the convoluted, wrinkled apothecia
and smaller ascospores (14—17 x 7-8.5 um; O =1.5-2; O, =
1.8) that were described as smooth with a short apiculus.
Gyromitra pseudogigas features a saddle-shaped apothecium
with larger ascospores (22-31.5 x 10-14 um; Q=1.9-2.7,
Omn=2.7) that are finely roughened and an apiculus that is
1—4 pm long. The small ascospores of G. khanspurensis and
saddle-shaped apothecia of G. pseudogigas are unique in the
G. gigas species complex. This species pair displayed the
smallest ITS barcode gap of 0.6% (Table 2). Gyromitra gigas
has a wide geographic distribution ranging from western
Europe to eastern China where it overlaps with G. ticiniana
and potentially overlaps with G. khanspurensis and
G. pseudogigas. Additional specimens of both species need
to be collected and sequenced for the ITS to better understand
their geographical range and infraspecific and interspecific
variation.
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