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Abstract
The winter mushroom, or Enokitake, is economically important and commercially cultivated on a large scale in East Asia.
However, the phylogeny and species delimitation of the winter mushroom genus (Flammulina) have not been fully clarified.
In this study, 81 collections of Flammulina from East Asia, Europe, and North America were studied, and their phylogeny
and species delimitation were inferred from partial sequences of the ITS, tef1-α, rpb2, and homeodomain1 (HD1) of the
mating gene (labeled as HD1-A). Genetic structure analyses based on genomic SSRmarkers and haplotype network analysis
based on HD1-Awere also used to delimit several closely related taxa. Twelve phylogenetic species were recognized, which
was largely consistent with previous studies. However, our integrated studies indicated that Enokitake is not identical to the
European winter mushroom Flammulina velutipes, and thus should be treated as a separate species, namely Flammulina
filiformis. All cultivated strains of BF. velutipes^ in East Asia, including those from South Korea and Japan with genome
sequences labeled as such, are in fact F. filiformis. A new species, Flammulina finlandica, was also unexpectedly discovered
in Northern Europe. Morphological descriptions of these two species, color photos of their fresh basidiomata, and line
drawings of their microscopic features are presented.
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In memory of Prof. Dr. Franz Oberwinkler (5. 1939–3. 2018), for his
outstanding mycological studies and inspiring teaching.

Section Editor: Marc Stadler

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11557-018-1409-2) contains supplementary
material, which is available to authorized users.

* Zhu L. Yang
fungi@mail.kib.ac.cn

Pan Meng Wang
wangpanmeng@mail.kib.ac.cn

Xiao Bin Liu
liuxiaobin@mail.kib.ac.cn

Yu Cheng Dai
yuchengd@yahoo.com

1 Key Laboratory for Plant Diversity and Biogeography of East Asia,
Kunming Institute of Botany, Chinese Academy of Sciences,
Kunming 650201, Yunnan, China

2 University of Chinese Academy of Sciences, Beijing 100049, China
3 Institute of Microbiology, Beijing Forestry University,

Beijing 100083, China
4 Innsbruck, Austria
5 Nanoform Finland Ltd., Helsinki, Finland

Mycological Progress
https://doi.org/10.1007/s11557-018-1409-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s11557-018-1409-2&domain=pdf
https://doi.org/10.1007/s11557-018-1409-2
mailto:fungi@mail.kib.ac.cn


Introduction

Species of Flammulina P. Karst. (1891) are economically im-
portant. For centuries, the winter mushroom or Enokitake has
been cultivated for food (Jong and Edwards 1991), which is
one of the most popular edible mushrooms in East Asia, and is
renowned for its anti-cancer properties (Stamets 1993;
Yamanaka 1997; Hughes et al. 1999; Methven et al. 2000;
Psurtseva 2005). The genus Flammulina currently embraces
15 species worldwide, including F. callistosporioides (Singer)
Singer, F. cephalariae Pérez-Butrón & Fern.-Vic., F. elastica
(Sacc.) Redhead & R.H. Petersen, F. fennae Bas, F.
ferrugineolutea (Beeli) Singer, F. glutinosa G. Stev., F.
lupinicola (Redhead & R.H. Petersen) C. Hahn, F. mexicana
Redhead et al., F. ononidisArnolds, F. populicola Redhead &
R.H. Petersen, F. rossica Redhead & R.H. Petersen, F. similis
E. Horak, F. stratosa Redhead et al., F. velutipes (Curtis)
Singer, and F. yunnanensis Z.W. Ge & Zhu L. Yang, and is
reported from both in the Northern Hemisphere (Arnolds
1977; Bas 1983; Bas and Robich 1988; Redhead and
Petersen 1999; Redhead et al. 2000; Methven et al. 2000;
Hughes and Petersen 2001; Ge et al. 2008; Petersen et al.
2012; Vizzini et al. 2012; Hahn 2016) and Southern
Hemisphere (Singer 1964, 1969; Horak 1979; Redhead et al.
1998). Several species such as Flammulina velutipes and
Flammulina rossica are widely distributed, while others such
as Flammulina mexicana and Flammulina stratosa seem to be
severely restricted to specific geographic ranges (Redhead et
al. 1998, 2000; Ge et al. 2008; Petersen et al. 2012). Some
species have a close correlation with host plants, such as the
correlations of Flammulina ononidis and Flammulina
populicola with specific substrates of Ononis spinosa and
Populus spp., respectively (Arnolds 1977; Redhead et al.
2000; Petersen et al. 2012).

The systematics of Flammulina has been studied by my-
cologists worldwide, with a majority of studies focusing on
morphological characterization of species and, to some extent,
on mating tests (Ripková et al. 2010; Petersen et al. 1999;
Petersen et al. 2012). Due to phenotypic plasticity and mor-
phological stasis, the delimitation of taxa in the F. velutipes
complex has often triggered controversy based onmorpholog-
ical characteristics only (Ripková et al. 2010; Ge et al. 2015).
Although mating experiments indicated that F. velutipes, F.
mexicana, F. stratosa, F. populicola, and F. fennae appeared
to be genetically isolated, the isolates of closely related taxa
were often partially compatible with one another (Petersen et
al. 1999). Because of the geographical or ecological allopatry
of closely related taxa in nature, it is unknown whether they
truly have the possibility to mate. To delimitate species of
Flammulina, all available data should be taken into account
(Petersen and Hughes 1999).

Molecular techniques have in recent years revolutionized
our knowledge of fungal evolution (Yang 2011). Methven et

al. (2000) separated the species complex of F. velutipes in the
Northern Hemisphere into the three major geographical
groups of Asia, Europe, and North America utilizing its ITS-
RFLP patterns. Further phylogenetic analyses demonstrated
that the specimens of F. velutipes distributed in East Asia were
slightly different from those found in Europe (Hughes et al.
1999; Ge et al. 2008; Ripková et al. 2010). Ge et al. (2015)
subsequently regarded the populations of F. velutipes in East
Asia as two novel varieties: F. velutipes var. filiformis and F.
velutipes var. himalayana. However, clarifying the phyloge-
netic relationships among species by using only ITS has been
often problematic (Bruns 2001), and this should also be the
case for the F. velutipes species complex. Therefore, the actual
species diversity of the complex in East Asia, its phylogenetic
relationship within the genus Flammulina, and its taxonomic
status all require further investigation.

Proposed by Taylor et al. (2000) and involving comparing
multiple gene genealogies, the genealogical concordance phy-
logenetic species recognition (GCPSR) which performs well
in identifying fungal species as it avoids the subjectivity of
determining their taxonomic delimitation, along with phylo-
genetic species delimitations, including genealogical concor-
dance, genealogical non-discordance, as well as genetic diver-
gence, is an accepted tool for defining fungal species
(Dettman et al. 2003, 2006; Feng et al. 2012; Cai et al.
2014; Guo et al. 2016; Wu et al. 2014, 2016; Li et al. 2017).

In addition to GCPSR, molecular markers such as PCR-
RFLP, ISSR, AFLP, and SSR have been extensively used for
the delimitation of closely related species (Zhou et al. 2001;
Duminil and DiMichele 2009; Zhao andWu 2012; Gupta and
Mandi 2013; Rodrigues et al. 2014). SSR markers are prefer-
able as they are typically codominant, reproducible, easy to
score, and possess high polymorphism and high cross-species
transferability (Zane et al. 2002; Freeland 2005; Selkoe and
Toonen 2006).

Mating type genes are also essential in marking species
boundaries (Yun et al. 2000; O’Donnell et al. 2004; Du et al.
2017) with being employed in ascomycetes to help clarify the
phylogenetic relationships of several different groups
(Pöggeler 1999; O’Donnell et al. 2004; Geng et al. 2014).
However, they have rarely been used in phylogenetic analyses
of basidiomycetes. Fortunately, the mating type genes that
control sexual development in F. velutipes or its ally have
been studied extensively (Van Peer et al. 2011; Wang et al.
2016). The tetrapolar mating system is dominated by two
factors on different chromosomes: homeodomain (HD) loci
including HD-a and HD-b subloci, and pheromone (PR) loci
consisting of PR-a and PR-b subloci.

We gathered samples of Flammulina from different conti-
nents and analyzed them using phylogenetic analyses referred
from sequences of ITS, tef1-α, rpb2, HD1-A, genetic structure
analyses based on SSR markers, and the haplotype network
based on the sequences of HD1-A. We also made detailed
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morphological comparisons to elucidate the phylogeny and
species delimitation of several closely related species of
Flammulina. We aimed to (1) establish a phylogenetic recon-
struction for the delimitation of Flammulina species and elu-
cidate the phylogenetic relationships among the species; (2)
identify the taxonomic status of the F. velutipes complex in
East Asia; and (3) provide detailed morphological descrip-
tions and illustrations of recognized phylogenetic species.

Materials and methods

Morphological studies

Specimens of Flammulina collected in East Asia, Europe,
and North America were examined (Table S1). Voucher
specimens are deposited in the Herbaria of Cryptogams,
Kunming Institute of Botany of the Chinese Academy of
Sciences (HKAS), University of Vienna (WU), and
University of Tennessee (TENN). Macroscopic character-
istics were retrieved from detailed field observations on
fresh basidiomata and photographs. For color designations
(e.g., 3C8), refer to Kornerup and Wanscher (1981).
Micro-morphological data and line drawings were ob-
served from the dried specimens revived in 5% KOH so-
lution. All microscopic structures were examined with a
Nikon Eclipse 50i (Nikon, Japan). The pileipellis structure
refers to radial-vertical sections about halfway between the
center and the margin of the pileus. The size of the basid-
iospores is measured as (a) b–c (d), where b–c represents
10 to 90 percentiles, and a or d represents extreme values.
Q refers to the length/width ratio of basidiospores in side
view; X means a range of basidiospore length and width.
Qm refers to the average Q of all basidiospores measured
and represents ± sample standard deviation. In descriptions
of basidiospores, the abbreviation [n/m/p] indicates n ba-
sidiospores measured from m basidiomata of p collections.
The terms denoting the shape of basidiospores proposed by
Bas (1969) will be used.

DNA extraction, mating gene selecting, PCR
amplification, sequencing, and SSR detection

Genomic DNAwas extracted from silica-gel-dried or herbar-
ium materials and cultivars (Table S1) using a plant genomic
DNA extraction kit (Bioteke, Beijing, China) or modified
CTAB method (Doyle and Doyle 1987). The sequences of
the nrDNA region encompassing the internal transcribed
spacers 1 and 2 with the 5.8S rDNA (ITS), translation elon-
gation factor 1-α (tef1-α) gene, and the region between the
conserved domain 6 and 7 of the gene for the second largest
subunit of RNA polymerase II (rpb2) were amplified with
primer pairs ITS1F/ITS4, 983F/1567R, and brpb2-6F/brpb2-

7.1R (Gardes and Bruns 1993; White et al. 1990; Matheny
2005; Rehner and Buckley 2005), respectively. For rpb2, in
order to improve the success rate, a new primer pair (F-rpb2-
F: 5′-CCG GGA AGG GGA TGA TAC T-3′; F-rpb2-R: 5′-
TTG CGG CCT GGT GAA GA-3′) was designed online
based on our obtained sequences with primers brpb2-6F/
brpb2-7.1R.

To understand the relationships in the F. velutipes spe-
cies complex, we used mating type loci for additional phy-
logenetic analyses. The initial task in the phylogenetic
analyses of the mating gene was to find suitable regions
for Flammulina species with a tetrapolar mating-type sys-
tem, as Wang et al. (2016) clarified for F. velutipes. Having
tested the nucleotide variations in the different subregions
of the mating genes, HD1-A of the HD1 of the mating gene
in the sublocus HD-b was finally selected for both phylo-
genetic and haplotype network analyses. The HD-b subloci
contain a pair of reversed Homeodomain genes, HD1/HD2
gene pairs, with DNA sequence polymorphism restricted to
the N-terminal portions, while the remaining four-fifths of
the genes were strongly conserved (Wang et al. 2016).
Accordingly, our primer pairs were designed in the four-
fifths part, except for the beginning of the HD1 gene, using
the strain of KACC42780 (HQ630588) on the locations of
675/698 (FM-HD1-A-F: 5′-GCG GGC AAA GGG AGG
GAA GAC ACT-3′) and 1879/1856 (FM-HD1-A-R: 5′-
AAC CCA TTC CCG CCC AAG CAC ATC-3′), respec-
tively. For those samples that failed to be amplified with
the primer pair of FM-HD1-A-F and FM-HD1-A-R, two
new primers were designed on the locations of 1378/1355
(FM-HD1-A-2-R: 5′-AAG CGC CAG AGG GAG GAG
GAG CAG-3′) and 1114/1137 (FM-HD1-A-2-F: 5′-CGC
CGT AGT CTT GGA AGT CGT AGC-3′) to form new
combinations with FM-HD1-A-F and FM-HD1-A-R, re-
spectively. All of these primers were designed using the
Primer 3 program (Rozen and Skaletsky 2000).

Furthermore, in order to delimit the taxonomic status of F.
velutipes and F. filiformis, we selected 48 samples (Table S1,
with *) including F. velutipes (6 samples), F. filiformis (22
samples), F. velutipes var. himalayana (1 sample), F. rossica
(17 samples), and F. elastica (2 samples) for genetic structure
analyses. Among the 25 SSR markers developed by the pre-
vious study to detect the marker transferability between each
species (Liu et al. 2016), ten SSR markers (i.e., SSR15,
SSR24, SSR26, SSR65, SSR87, SSR95, SSR107, SSR124,
SSR128, and SSR132) were finally selected for genetic struc-
ture analyses.

PCRwas done in a total volume of 25μl containing 12.5μl
2× power Taq PCRMaster Mix (Bioteke, Beijing, China) or I-
5™ 2× High-Fidelity Master Mix (MCLAB, USA), 1 μl per
primer (10 μM), 9.5 μl sterile water, and 1 μl DNA template.
Amplification reactions were conducted in an ABI 2720 ther-
mal cycler (Applied Biosystems, Foster City, CA, USA) or an
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Eppendorf Master Cycler (Eppendorf, Netheler-Hinz,
Hamburg, Germany). Parameters for the PCR reaction pro-
gram were as follows: initial denaturation at 94 °C for
5 min, followed by 35 cycles of 30-s denaturation at 94 °C,
50-s annealing at 50–52 °C (ITS, tef1-α and HD1-A), 50–
54 °C (rpb2) and 55 °C (SSR markers), 90-s extension at
72 °C (30 s for SSR markers), and a final 8-min extension at
72 °C. PCR products were checked using electrophoresis on a
gel with 1% concentration, and then purified with the DNA
Gel Extraction Kit (Spin-column) (Tsingke, Beijing, China),
and finally sequenced on an ABI-3730-XL sequence analyzer
(Applied Biosystems, Foster City, CA, USA) using the same
primers as those used in amplifications including ITS4,
1567R, brpb2-7.1R (or F-rpb2-R). PCR products that failed
in direct sequencing were cloned into a PMD18-T vector
(Takara, Japan) and then sequenced with primers M13F (5′-
GTA AAA CGA CGG CCA GTG AA-3′) and M13R (5′-
CAG GAA ACA GCTATG ACC AT-3′). For the mating type
genes, 1–13 sequences were generated from each sample. For
the amplification of SSR markers, a second PCR on each
strain was performed in which the forward primer of each
SSR was labeled with fluorescent dyes (FAM) at the 5′ end
(Tsingke, Beijing, China). The PCR products were run in an
ABI 3730 Genetic Analyzer using GeneScan 500 Rox as a
size standard (Applied Biosystems). After a denaturation step
at 98 °C for 5 min and shock chilling on ice, alleles of each
locus were scored in base pairs with the GeneMapper v. 3.2
software package (Applied Biosystems). After manual correc-
tion of each migration, the size of the PCR products for each
SSR was recorded in an Excel spreadsheet.

Sequence alignments and phylogenetic analyses

We generated 421 new sequences in this study, of which 58
were for ITS, 77 for tef1-α, 73 for rpb2, and 213 for HD1-A
and obtained 14 relevant ITS and 6 relevant HD1-A sequences
from GenBank (Tables S1 and S2). We also included the se-
quences of ITS, tef1-α, and rpb2 from the genome sequencing
data of two F. velutipes cultivars of KACC42780 and TR19,
respectively (Park et al. 2014; Kurata et al. 2016). The se-
quences (Tables S1 and S2) for each gene marker were care-
fully checked to identify possible contaminations and four ma-
trixes were generated: ITS, tef1-α, rpb2, and HD1-A. Each
matrix was independently aligned with BioEdit v. 7.0.9 (Hall
1999). Subsequently, the sequences of the three datasets (ITS,
tef1-α, and rpb2) were concatenated using Phyutility v. 2.2
(Smith and Dunn 2008), to conduct a combined phylogenetic
analysis. Due to the significant heterozygous sites in tef1-α
sequence of F. velutipes var. himalayana (HKAS80829), both
of the two type sequences of var. himalayana obtained through
cloning (MH311554 and MH311555) were used in the phylo-
genetic analyses of tef1-α and concatenated three-locus dataset
(Figs. 1, S2, and S5). The concatenated three-locus dataset

consisted of 83 samples and 2076 nucleotide sites (including
gaps) for each taxon, of which 877 characters were from ITS,
568 were from tef1-α, and 631 from rpb2. HD1-A dataset
consisted of 213 sequences, each of 1250 nucleotide sites (in-
cluding gaps) and was analyzed separately as they only includ-
ed sequences of F. filiformis, F. velutipes var. himalayana, F.
velutipes, F. rossica, F. yunnanensis, and F. finlandica (a spe-
cies newly described below). Additionally, three-locus datasets
of ITS, tef1-α, and rpb2 were used for phylogenetic lineage
recognition (Table 1), and their concatenated dataset was used
for the combined phylogenetic analysis to elucidate the species
diversity and the relationships among the tested species.
Rhodotus palmatus (Bull.) Maire and Rhodotus asperior L.
P. Tang et al. were selected as outgroups (Hao et al. 2014;
Tang et al. 2014) for the ITS, tef1-α, and rpb2 and their
concatenated datasets. Flammulina yunnanensis, the basal spe-
cies in the genus (Ge et al. 2008, 2015), was selected as the
outgroup for the phylogenetic and haplotype analyses of HD1-
A. The ITS, tef1-α, rpb2, their concatenated, and HD1-A
datasets were deposited in TreeBASE (submission ID:
22636; http://purl.org/phylo/treebase).

All matrices were analyzed using RAxML v. 7.2.6
(Stamatakis 2006) and MrBayes v. 3.1.2 (Ronquist and
Huelsenbeck 2003) for maximum likelihood (ML) and
Bayesian inference (BI), respectively. The substitution
model suitable for each dataset was selected with the
Akaike information criterion (AIC) implemented in
MrModeltest v. 2.3 (Nylander 2004). Selected substitution
models were used in BI analyses, but the GTR + I + G mod-
el was utilized in ML analyses only. For BI analyses, the
GTR + I + G, SYM + G, K80 + I, and GTR + I + G models
were chosen as the best for ITS, tef1-α, rpb2, and HD1-A
matrices, respectively. Unavailable sequences of the loci of
a few species were treated as missing data in phylogenetic
analyses based on the ITS, tef1-α, and rpb2 datasets. While
conducting analyses on the three-locus datasets, ITS,
tef1-α, and rpb2 were regarded as separate partitions. All
parameters in the ML analyses were utilized as the default
settings, and statistical supports were obtained with rapid
nonparametric bootstrapping with 1000 replicates. The BI
analyses were performed by using the STOPRUL com-
mand by setting a convergence value < 0.01. Trees were
stored every 100 generations, and statistic supports were
obtained after discarding the first 25% trees as burn-in.
The ML tree (Fig. 1) was selected for the purposes of dis-
play, because ML and BI analyses generated almost identi-
cal tree topologies with minimal variation in statistical sup-
port values.

Phylogenetic species delimitation

Phylogenetic species ofFlammulinawere determined in our
study using two criteria. The first was the phylogenetic
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lineage recognition proposed by Dettman et al. (2003, 2006)
including genealogical concordance and genealogical non-
discordance. The second was based on the inter- and intra-
specific variations shown by ITS, tef1-α, and rpb2 se-
quences, which were calculated in MEGA v. 4.0 using the
maximum composite likelihoodmodel (Tamura et al. 2007).
The intra-specific variations of the well-known species (i.e.,
F. velutipes, F. populicola, F. mexicana, F. ononidis, F.
rossica, F. elastica, F. fennae, and F. yunnanensis) were
compared, and the highest variation was then defined as
the threshold for species within this group. The provisional
phylogenetic species were retrieved from molecular phylo-
genetic analysis based on our concatenated ITS-tef1-α-rpb2

dataset. The intra- and inter-specific ITS, tef1-α, and rpb2
variations of these species were then compared with the
reference thresholds to determine the reliability of the pro-
visional phylogenetic species.

Genetic structure analyses

The genetic structure was analyzed with STRUCTURE v.
2.3.4 based on an admixture model. Models were checked
for K values ranging from 1 to 10, with ten independent runs
per K value. For each run, the initial burn-in period was set to
100,000 with 100,000 MCMC iterations. To determine the
most probable value of K, the deltaK method was used and

Fig. 1 Phylogenetic tree inferred from maximum likelihood analysis based on the concatenated ITS-tef1-α-rpb2 alignment. Bootstrap values (BS >
75%), together with Bayesian posterior probabilities (PPs > 0.95) are indicated above the branch
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implemented in Structure Harvester (Evanno et al. 2005; Earl
and von Holdt 2012).

Haplotype network analysis

The total haplotype diversity of HD1-A matrix was calculated
and generated to different haplotypes by using DNASP v. 5.10
(Librado and Rozas 2009). The HD1-A haplotypes recon-
struction was conducted through the algorithms of PHASE
in DNASP v. 5.10 on account of the heterozygous sites
(Stephens et al. 2001; Stephens and Donnelly 2003).
NETWORK v. 4.6.0 was utilized to construct haplotype net-
work of HD1-A haplotypes through using a Median-Joining
method (Bandelt et al. 1999).

Results

Molecular phylogeny

In our phylogenetic analysis (Fig. 1) of Flammulina based on
the concatenated ITS-tef1-α-rpb2 dataset, 12 species-level lin-
eages were clustered into 5 clades and their phylogenetic re-
lationships were clearly demonstrated. The five clades were F.
filiformis–F. mexicana (clade 1); F. rossica–F. elastica (clade
2); F. finlandica (clade 3; a species newly described below); F.
fennae (clade 4); and F. yunnanensis (clade 5). The 12
species-level lineages correspond to those of F. filiformis, F.
velutipes, Flammulina sp. (HKAS51191), F. cephalariae, F.
ononidis, F. populicola, F.mexicana, F. rossica, F. elastica, F.
finlandica, F. fennae, and F. yunnanensis. With regard to the
phylogenetic relationships, the basal and sub-basal clades
were clades 4 and 5, respectively. The crown clade consisted

of clades 1 and 2 clustered with clade 3. At the species level,F.
filiformiswas clustered as the sister group of F. velutipes, with
the species F. cephalariae and Flammulina sp. (HKAS51191)
closely related. The group containing these species was sup-
ported by its neighbor lineages including F. ononidis, F.
populicola, and F. mexicana, with high support values. The
monophyly of the new species F. finlandica (BS = 100%,
PP = 1) and the species rank of F. filiformis (BS = 100%,
PP = 1) are strongly supported. The cultivated strains of F.
velutipes (winter mushroom or Enokitake) in East Asia were
exclusively clustered in the phylogenetic lineage of F.
filiformis and F. velutipes var. himalayana (HKAS80829)
was clustered at the basal position within the group of F.
filiformis (Fig. 1, clade 1, shown in bold face).

The 213 sequences inferred from the HD1-A matrix
resulting in 90 haplotypes were utilized to reconstruct the
follow-up phylogenetic relationships and haplotype network
(Fig. 4, Table S2). In our phylogenetic analysis of the HD1-A
(Fig. 4a), different species of F. filiformis, F. velutipes, F.
rossica, and F. finlandica were separated as monophyletic
lineages. For the complex of F. velutipes, F. velutipes and F.
filiformis were clustered into two different lineages and F.
velutipes var. himalayana (H26, H29, and H30) was clustered
within the group of F. filiformis.

Phylogenetic species delimitation

According to the first identification criterion of genealogical
concordance and genealogical non-discordance, 10 of 12 phy-
logenetic species were recognized. Flammulina filiformis, F.
velutipes, F. elastica, F. ononidis, F. populicola, F. mexicana,
F. finlandica (newly described below), F. fennae, and F.
yunnanensis were strongly supported by both genealogical

Table 1 Support values for
Flammulina lineages recognized
by genealogical concordance or
genealogical non-discordance in
analyses of individual gene
partitions and in the combined
three-locus dataset. Values are
shown as ML-BP/Bayesian-PP

Independent evolutionary lineage ITS tef1-α rpb2 Criteria
satisfied

Combined
three-locus data

F. filiformis 45/0.81a 67/0.9b or 99/1 84/1 XY 100/1

F. velutipes 92/0.9 95/1 89/1 X Y 100/1

F. elastica 100/1 100/1 99/1 X Y 100/1

F. ononidis 94/0.92 100/1 98/0.98 X Y 100/1

F. populicola 43/0.78a 79/0.95 92/1 X Y −/−
F. mexicana 99/1 100/1 100/1 X Y 100/1

F. finlandica 98/1 94/1 96/1 X Y 100/1

F. rossica 79/1 98/1 89/0.99b X 98/1

F. fennae 79/0.99 100/1 100/1 X Y 100/1

F. yunnanensis 100/1 99/0.97 98/0.98 X Y −/1

X genealogical concordance. Y genealogical non-discordance

There is only on sequence or one collection, thus the monophyly of Flammulina sp. and F. cephalariae could not
be tested
a Apply to monophyly but not well supported
bApply to paraphyly
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concordance and genealogical non-discordance (Table 1).
Flammulina filiformis (including var. himalayana) was sup-
ported to be monophyletic in the ITS and rpb2 trees (Figs. S1
and S3; Table 1), but probably not in the tef1-α tree with var.
himalayana (MH311555) clustered in the basal position of F.
velutipes, or strongly supported as a monophyletic group with
var. himalayana (MH311554) clustered in F. filiformis (Fig.
S2, Table 1). Flammulina rossica with only criterion genea-
logical concordance satisfied was strongly supported as a
monophyletic group in ITS and tef1-α trees; however, it was
strongly supported as a paraphyletic group in rpb2 trees (Figs.
S1, S2, and S3; Table 1). Themonophyly of the two remaining
taxa, F. cephalariae and Flammulina sp. (Fig. 1,
TENN061809 and HKAS51191), was not verified.
However, these two species showed relatively long branches,
indicating that they were genetically divergent from their sis-
ter species.

According to the second identification criterion, based on
the ITS, tef1-α, and rpb2 sequences, the highest intra-specific
variations of the reference species for each gene were 0.7, 1.3,
and 0.2%, respectively (Tables S3, S4, and S5). Taking these
as thresholds for the ITS sequence, many inter-specific varia-
tions of the mentioned species were overlapping with the
intra-specific variations. For example, the inter-specific varia-
tions of F. filiformis vs. F. velutipes, F. filiformis vs. F.
cephalariae, F. filiformis vs. F. ononidis, F. velutipes vs.
Flammulina sp. (HKAS51191), F. velutipes vs. F.
cephalariae, F. velutipes vs. F. ononidis, F. velutipes vs. F.
elastica, Flammulina sp. (HKAS51191) vs. F. ononidis, F.
cephalariae vs. F. ononidis, F. ononidis vs. F. elastica, and
F. rossica vs. F. yunnanensis were less than 0.7% (Table S3).
For tef1-α and rpb2 sequences, no overlap between intra- and
inter-specific variations was observed, and the thresholds of
intra-specific variations (1.3%, 0.2%) were less than the inter-
specific variation (2.5%, 1.1%) between F. filiformis and F.
velutipes (Tables S4 and S5). In conclusion, the ITS sequences
were not suitable for the species delimitation in Flammulina,
while the tef1-α and rpb2 sequences, with no overlaps be-
tween intra- and inter-specific variations, could be considered
as DNA barcodes of Flammulina (Fig. 2).

Genetic structure analyses

The admixture model-based clustering method was employed
in the STRUCTURE program to infer the genetic structure of
the 48 samples. The optimum number of K was analyzed
using delta K (ΔK). A strong peak of ΔK was two (Fig.
S4). Among them, strains belonging to F. filiformis, F.
velutipes var. himalayana, and F. velutipes were assigned in
group 1, and strains belonging to F. rossica and F. elastica
were assigned in group 2 (Fig. 3a). However, when K = 4,
strains belonging to F. filiformis and F. velutipes var.
himalayana were assigned in group 1, and strains belonging

to and F. velutipes, F. rossica, and F. elasticawere assigned in
group 2, group 3, and group 4, respectively (Fig. 3b).

Haplotype network analysis

The haplotype network analysis of HD1-A haplotypes (Fig.
4b) showed that the five species contained 90 distinct haplo-
types: F. filiformis 27, F. velutipes var. himalayana 3, F.
velutipes 18, F. rossica 25, F. finlandica 14, and the outgroup
F. yunnanensis contained 3 haplotypes. Among these, F.
filiformis was the most divergent group which F. velutipes
var. himalayana (H26, H29 and H30) clustered in, followed
by F. velutipes, F. rossica, and F. finlandica, labeled by dif-
ferent colors, which is identical to our phylogenetic analysis of
HD1-A (Fig. 4a).

Taxonomy

Flammulina finlandica P.M. Wang, Y.C. Dai, E. Horak &
Zhu L. Yang, sp. nov., Figs. 2h and 5.

MycoBank No.: MB 819134.
Etymology: The epithet, finlandica, refers to the locality

where the type specimen of this species was collected.
Type: Finland: Helsinki, West Pakila, Central Park, on

Salix sp., 27 Nov. 2016, Y. C. Dai 17,347 (HKAS99304!).
Basidiomata (Fig. 2h) in clusters on wood of Salix. Pileus

(5) 15–30 (50) mm in diam., convex to applanate; surface
smooth, greasy; center yellowish brown (3B8), elsewhere yel-
lowish (4A3), or paler yellow (4A2), subviscid to viscid when
wet; margin ochraceous yellow (4A5), transparently sulcate
when moist. Lamellae sinuate to adnate, moderately crowded
to very crowded, cream to yellowish white (2A2); edge even,
3–4 tiers. Stipe central, (15) 20–50 (85) × 2–5 mm,
subcylindrical to tapering upwards, near lamellae pale yellow
(4A2), basal part yellow-brown (4A5) to dull dark (red-)
brown (5E6); surface pruinose to pubescent, not viscid.
Context elastic, whitish, unchanging on exposure; taste mild.

Basidiospores (Fig. 5a) [132/4/4] (7) 8–12 (13) × (3) 3.5–
4.5 (5) μm (X = 9.88 ± 1.15 × 4.05 ± 0.38 μm), Q = (1.75)
2.0–3.06 (3.44), (Qm= 2.46 ± 0.31), cylindrical, sometimes
bacilliform or elongate, smooth, hyaline, thin-walled, non-am-
yloid. Basidia (Fig. 5b) 24–52 × 5.5–7 μm, narrowly clavate,
thin-walled, 4-spored, sterigmata up to 3.5 μm long.
Cheilocystidia (Fig. 5c) 30–50 × 9–14 μm, oblong to narrow-
ly utriform, sometimes narrowly ovoid, scattered, yellowish,
slightly thick-walled. Pleurocystidia (Fig. 5) 45–54 × 9–
15 μm, narrowly utriform, scattered, yellowish, slightly
thick-walled, similar to cheilocystidia both in shape and size.
Lamellar trama regular, composed of colorless filamentous
hyphae 4–14 μm wide. Pileipellis (Fig. 5e) a hymeniform
layer composed of coralloid terminal cells of branched
ixohyphidia inflated near the terminal part or near the middle,
and some unbranched inflated ixohyphidia, interspersed with
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typical narrowly lageniform, or sometimes narrowly conical,
elongate-fusiform to lanceolate, brownish, brown to yellow
tawny, slightly thick-walled pileocystidia 42–86 × 12–16
(24) μm. Stipitipellis (Fig. 5f) a trichoderm with caulocystidia
and hyphidia; caulocystidia abundant to scarce on stipe sur-
face, 85–130 × 5–15 μm, narrowly lageniform, narrowly fusi-
form or narrowly conical, fusoid-lanceolate, yellow-brown,
thick-walled; hyphidia abundant, thin-walled when young

and thick-walled when old, unbranched, 25–85 × 2–5 μm.
Stipe trama composed primarily of longitudinally arranged,
filamentous hyphae 3–8 μm wide, thick-walled or thin-
walled, colorless, hyaline (in interior) or with yellowish pig-
ments on stipe surface. Clamp connections present in all parts
of basidiomata.

Habitat: clustered on decaying wood covered by bark of
Salix sp.

Fig. 2 Basidiomata of
Flammulina species. a F.
filiformis (HKAS83888). b
Albino form of F. filiformis. c F.
filiformis (HKAS80829). d F.
velutipes (HKAS53490). e F.
rossica (HKAS57924). f F.
rossica, (HKAS93459). g F.
elastica (HKAS53503). h F.
finlandica (HKAS99304)
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Additional specimens examined: Finland: Helsinki, Vantaa,
Tamisto Nature Reserve, 27 Nov. 2011, Y. C. Dai 12,710,
12,711, 12,712 and 12,713 (HKAS93375, 93,376, 93,377 and
93,378, respectively); same location, 4 Nov. 2011, Y. C. Dai
16,085 (HKAS94415); Helsinki, West Pakila, Central Park, 19
Nov. 2016, Y. C. Dai 17,348 (HKAS99305).

Comments: Flammulina finlandica, currently only known
from Finland (Northern Europe) is morphologically distinct
from all other known species of the genus due to its cylindri-
cal, sometimes bacilliform or elongate basidiospores, its
pileipellis with a hymeniform layer composed of coralloid
terminal cells of branched ixohyphidia inflated near the termi-
nal part or near the middle, and some unbranched inflated
ixohyphidia. In the phylogenetic tree (Fig. 1, clade 3), this
species is closely related to F. fennae (Fig. 1, clade 4).
However, F. fennae is characterized by a hymenial pileipellis
composed of almost unbranched, erect hyphal tips, and small-
er basidiospores (Fig. 8e, f). The new species is also closely
related to F. rossica (Fig. 1, clade 2), and both species possess
large basidiospores (Figs. 5a and 8g). However, F. rossica has
a pileipellis composed of clavate to subclavate cells (Fig. 8h).
The basidiospores of F. finlandica are similar to those of F.
ononidis (Figs. 5a and 8a). However, the latter taxon is asso-
ciated with the roots of Ononis spinosa in calcareous soil and
has the unbranched or forked pileipellis cells with erect to
coralloid hyphal tips (Arnolds 1977; Fig. 8b). The pileipellis
of F. finlandica is similar to that of F. elastica (Figs. 5e and
8d); however, relatively larger basidiospores are different
from those of F. elastica (Pérez-Butrón and Fernández-
Vicente 2007; Petersen et al. 1999; Ripková et al. 2010;
Petersen et al. 2012; Figs. 5a and 8c), which was also support-
ed by our phylogenetic analysis (Figs. 1, S1, S2, and S3).
Additionally, the basidiospores of F. velutipes f. longispora

Bas or F. elastica f. longispora (Bas) Redhead & R.H.
Petersen, measured as (7.5) 8–11.5 (12) × (2.3) 3–4 (4.7) μm
(Q = 2.5–3), are slightly smaller than those of F. finlandica
(Bas 1983; Redhead and Petersen 1999).

Flammulina filiformis (Z.W. Ge et al.) P.M. Wang, Y.C.
Dai, E. Horak & Zhu L. Yang, comb. nov. & stat. nov. Figs.
2a–c, 6a–d, and 7a–d

MycoBank No.: MB 819132.
Basionym: Fammulina velutipes var. filiformis Z. W. Ge et

al., Mycosystema 34: 598 (2015).
Synonym: Flammulina velutipes var. himalayana Z.W. Ge

et al., Mycosystema 34: 600 (2015).
Type: YUNNANPROV., Kunming City, Kunming Botanic

Garden, on decaying corticated wood of broad-leaved trees,
28 Aug. 2014, Zhu L. Yang 5810 (HKAS83890!).

Basidiomata (Fig. 2a–c) in clusters on wood. Pileus (5) 15–
25 (45) mm in diam., convex to applanate; surface smooth,
greasy; center yellowish brown (3C8), elsewhere ochraceous
brown (4B8), golden yellow (2A6–2A8) or ochraceous yel-
low (3B8), yellowish (4A2), or even cream to nearly white
(4A1, 1A1), subviscid to viscid when wet; margin paler yel-
low (4A4), transparently sulcate when moist. Lamellae sinu-
ate to adnate, moderately crowded to very crowded, cream to
yellowish white (2A2); edge even, 2–3 tiers. Stipe central,
(1.5) 2–5 (8.5) × (2) 3–5 mm, subcylindrical to tapering up-
wards, near lamellae pale yellow (4A4), near base part yellow-
brown (4B6) to dull dark (red-) brown (5E8); surface pruinose
to pubescent, not viscid. Context elastic, white, unchanging on
exposure; taste mild.

Basidiospores (Figs. 6a and 7a) [118/8/6] (4.5) 5–7
(8) × (2.5) 3–3.5 (4) μm (X = 5.97 ± 0.68 × 3.07 ± 0.21 μm),
Q = (1.42) 1.59–2.41 (2.85) (Qm = 1.96 ± 0.27), elongate,

a

b

Fig. 3 Structure analyses of F.
filiformis, F. velutipes, F. rossica,
and F. elastica. a Estimated
genetic structure for K = 2. b
Estimated genetic structure for
K = 4
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sometimes ellipsoid to cylindrical, smooth, hyaline, thin-
walled, with a small apiculus, non-amyloid. Basidia 24–
28 × 4–5.5 μm, 4-spored, narrow clavate, sterigmata up to
3 μm long. Cheilocystidia (Figs. 6b and 7b) 33–52 × 11–
15 μm, oblong to narrowly utriform, or fusiform to broadly
fusiform, sometimes ovoid, thick-walled, colorless to

somewhat yellowish. Pleurocystidia (Figs. 6c and 7c) 42–
74 × 12–18 (28) μm, narrowly utriform to utriform, or ovoid,
scarce to abundant, projecting up to 20–30 μm beyond the
surface of the hymenium, hyaline to yellowish, thick-walled.
Lamellar trama regular, consisted of 4–12 μmwide, colorless,
thin-walled hyphae. Pileipellis (Figs. 6d and 7d) an

Fig. 4 Phylogenetic and haplotype network analyses of F. filiformis, F.
velutipes, F. rossica, F. finlandica, and F. yunnanensis. a Phylogenetic
tree inferred from maximum likelihood analysis based on the sequences
of 90 HD1-A haplotypes. Bootstrap values (BS > 75%), together with
Bayesian posterior probabilities (PPs > 0.95) are indicated above the
branch. Flammulina yunnanensis is selected as outgroup. b The HD1-A

haplotype network analysis. Sampled haplotypes are indicated by circles
and missing or unsampled haplotypes are indicated by white circles.
Haplotypes are colored according to different species. Flammulina
yunnanensis is selected as the outgroup. Branches with no markers
represent that there are only one mutated position among related
haplotypes or with numbers greater than or equal to 2 displayed
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ixotrichoderm with pileocystidia and ixohyphidia;
pileocystidia abundant to scarce, 40–55 × 12–19 μm, narrow-
ly lageniform, narrowly fusiform or narrowly conical, fusoid-
lanceolate, yellow-brown, thick-walled; ixohyphidia abun-
dant, 1–5 μm in width, thin-walled, unbranched, completely
embedded in a gelatinous substance. Clamp connections pres-
ent in all parts of basidioma.

Habitat: On decaying corticated wood of Betula
platyphylla, Broussonetia papyrifera, Dipentodon sinicus,
Neolitsea sp., Salix spp., and other broad-leaved trees.

Additional specimens examined: CHINA: INNER
MONGOLIA AUTONOMOUS REGION, Baotou, Aerding
Botanic Garden, 23 Apr. 2009, B.K.Cui 6167 (HKAS93361);
GANSU PROV. Qingyang City, Date/Collector unknown
(HKAS95059); SHAANXI PROV., Baoji City, Mei County,
Taibai Mountain, 5 Sep. 2010, X . H . Wang 2751
(HKAS61947); SICHUAN PROV., Yaan City, Shimian
County, 8 Jul. 2010, Y. J. Hao 5 (HKAS67977); HENAN
PROV., Xinyang City, Luoshan County, Laodian Cun, 28
Jan. 2009, B. K. Cui 6141 (HKAS93360); HUBEI PROV.,
Wuhan City, 29 Nov. 2006, H. Y. Zhang 1 (HKAS51962);
HUNAN PROV., Changsha City, cultivated, 24 Dec. 2004,
P. Zhang 273 (HKAS47767); HUNAN PROV., Changsha
City, Yuelu Mountain, 24 Dec. 2004, P. Zhang 274

(HKAS47768); CHONGQING MUNICIPALITY, Campus
of Chongqing Normal University, H. C. Wang 1979, 6 Dec.
2015 (HKAS95060); same location, H. C. Wang 2042, 28
Dec. 2015 (HKAS95061); GUIZHOU PROV., Guiyang
City, Guiyang Botanic Garden, 27 Jun. 2014, Y. C. Dai
15,078 (HKAS94420); YUNNAN PROV., Baoshan City,
Longling County, Luobo Puerto, 11 Aug. 2014, X. B. Liu
610 (HKAS85820); same location, 21 Aug. 2014, X. B. Liu
682 (HKAS85822); same location, 9 Sept. 2013, P. M. Wang
376 (HKAS93336); YUNNAN, Kunming City, cultivated, 9
Dec. 2004, Z. W. Ge 401 (HKAS49485); YUNNAN,
Kunming City, Yeya Lake, 18 Aug. 2012, Y. J. Hao 746
(HKAS76404); YUNNAN, Kunming City, Kunming
Botanic Garden, 23 Aug. 2014, Zhu L. Yang 5808
(HKAS83888); YUNNAN, Diqing Tibetan Autonomous
Prefecture, Shangri-la County, Luoji Xiang, 3 Sep. 2013, K.
Zhao 404 (HKAS80829!, type of F. velutipes var.
himalayana ) . Locat ion/Date /Col lec tor unknown
(TENN054743); China General Microbiological Culture
Collection Center: cultivar CGMCC 5.758; Zhejiang
Academy of Agricultural Sciences: cultivar F7; China
Center for Mushroom Spawn Standards and Control: culti-
vars, CCMSSC04550, CCMSSC04553, CCMSSC04554,
CCMSSC04555.

Fig. 5 Flammulina finlandica
(HKAS94415). a Basidiospores.
b Basidia. c Cheilocystidia. d
Pleurocystidia. e Elements of
pileipellis. f Elements of
stipitipellis. Bars = 10 μm
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Comments: The pileipellis of F. filiformis (Figs. 6d and 7d)
is composed of slender, unbranched ixohyphidia that differ
from those F. velutipes (Fig. 6f), which frequently branched.
The basidiospores of F. filiformis are slightly smaller than
those of F. velutipes (Bas 1983; Figs. 6a, e, and 7a), and Ge
et al. (2015) indicated that the ochraceous to yellowish color
of the pileal surface of F. filiformis differs from that of F.
velutipes (Fig. 2a–d). However, the pileal surface color change
was relatively distinctive in our study. The pileus range from 5
to 45mm inF. filiformis is also smaller than that of 8 to 95mm
for F. velutipes (Bas 1983; our result). In addition, our studies
revealed few significant morphological differences between F.
filiformis and F. velutipes var. himalayana (Figs. 6a–d and 7a–
d). Furthermore, the phylogenetic analysis of the concatenated
dataset, the phylogenetic and haplotype network analyses
based on the HD1-A, and the genetic structure analyses of

SSR markers all indicated that F. velutipes var. himalayana
should be regarded as F. filiformis.

Discussion

Species delimitation based on GCPSR, morphological
and ecological evidence

Molecular phylogenetic analyses based on GCPSR have pro-
vided a method to delimit species and infer relationships be-
tween them. This study is the first to utilize multi-locus DNA
sequences, including ITS, tef1-α, and rpb2 to infer the phy-
logeny within the genus Flammulina. Twelve phylogenetic
species of Flammulina from East Asia, Europe, and North
America were identified (Fig. 1). Molecular phylogenetic

Fig. 6 Flammulina filiformis
(HKAS83890) and F. velutipes
(HKAS56516). a Basidiospores
ofF. filiformis. bCheilocystidia. c
Pleurocystidia. d Pileipellis of F.
filiformis. e Basidiospores of F.
velutipes. f Pileipellis of F.
velutipes. Bars = 10 μm
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analyses, combined with our phylogenetic species delimita-
tion as well as analysis of morphological characteristics, eco-
logical features, and geographical distributions, supported the
designation of F. filiformis and F. finlandica as species, and
clarified the actual species diversity and relationships within
the genus Flammulina.

Flammulina finlandica, which is currently only known to
exist in Finland, is morphologically distinct from all other
known species of the genus (Fig. 5a–f). The identity of the
taxon was further confirmed by molecular phylogenetic evi-
dence and phylogenetic species delimitation (Figs. 1, S1, S2,
and S3; Tables 1, S4, and S5). The pileipellis of F. finlandica
is exceedingly similar to that of F. elastica (Figs. 5e and 8d),
and thus, samples of F. finlandica from Finland were probably
identified as F. elastica in previous studies (Pérez-Butrón and
Fernández-Vicente 2007; Ripková et al. 2010; Petersen et al.
2012). In these previous studies, the basidiospores of F.
elastica, with ITS sequences generated by Hughes et al.
(1999) and Ripková et al. (2010) measured (7.5) 8–11.5
(12) × (2.3) 3–4 (4.7) μm (Q = 2.5–3). However, in the present

study, the basidiospores of F. elastica, which were identified
based on ITS sequences (AF141134 and FJ889520) provided
by Hughes et al. (1999) and Ripková et al. (2010), respective-
ly, and morphological evidence (Figs. S1 and 8c–d), were
measured to be [126/5/3] (6.5) 7–9.5 (10) × 2.5–3.5 (4) μm
(X = 8.23 ± 0.71 × 3.03 ± 0.24 μm, Q = (2.14) 2.33–3.2 (3.4),
Qm= 2.73 ± 0.23) in size, which is slightly smaller than the
measurements in the references. The basidiospores of F.
finlandica are generally larger than those of F. elastica (see
above species description), and basidiospore width ((3) 3.5–
4.5 (5) μm) is a useful character to distinguish it from F.
elastica, which has narrower basidiospores (the ratio of length
and width is 2.5–3) (Ripková et al. 2010). In the protologue
for F. elastica, the color of the pileal surface was described as
Balba^ (Saccardo 1887). The pileal surface color of a collec-
tion identified as F. elastica is shown in Fig. 2g, and as ob-
served, it is not white. This is not unusual as the same species
from different habitats or at different stages of development
may have different pileal surface colors. For example, within
F. rossica, the pileal surface of HKAS93459 is nearly white

Fig. 7 Flammulina filiformis
(HKAS80829, type ofF. velutipes
var. himalayana) and Flammulina
sp. (WU12966). a Basidiospores
of F. filiformis. b Cheilocystidia
of F. filiformis. c Pleurocystidia of
F. filiformis. d Pileipellis of F.
filiformis. e Basidiospores of
WU12966. f Pileipellis of
WU12966. Bars = 10 μm
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(Fig. 2f), while that of HKAS57924 is brownish yellow (Fig.
2e). Furthermore, an albino form of a mushroommay occur in
nature or in cultivation. For example, the strain cultivated on a
large, commercial scale in East Asia (Fig. 2b) is a well-known
white form of F. filiformis (Fig. 2a, c). Xie et al. (2004)
showed that the color of the fruit body of F. filiformis is con-
trolled by one allele, with white being the recessive trait. If the
type material of F. elastica is a white or a pale-colored form,
which may also explain why such a form is not common in
nature, the importance of the color of the pileal surface should
therefore not be overemphasized in taxonomy and species
identification.

Flammulina filiformis is considered as an independent spe-
cies rather than a variety of F. velutipes, as suggested by Ge et
al. (2015), based on its morphological characteristics, molec-
ular phylogenetic analyses, phylogenetic species delimitation
(Figs. 1, 6a–d, 7a–d, and S2; Tables 1, S4, and S5). Two
Flammulina genomic data were measured by Park et al.

(2014) and Kurata et al. (2016), using cultivars of
KACC42780 (South Korea) and TR19 (Japan), respectively,
from which we selected the corresponding fragments of ITS,
tef1-α, and rpb2 for phylogenetic analyses. We found that the
two cultivars treated as BF. velutipes^ were clustered in the
clade of F. filiformis, and therefore should in fact be F.
filiformis. We also included a few representative cultivated
strains of BF. velutipes^ studied by Liu et al. (2016) from
Japan (white cultivar, CCMSSC04555) and China (yellow
c u l t i v a r s , CCMSSC 0 4 5 5 0 , CCMSSC 0 4 5 5 3 ,
CCMSSC04554, CGMCC5.758, and ZAAS-F7) in our phy-
logenetic studies and found that all tested commercial culti-
vars of BF. velutipes^ in East Asia in fact belonged to F.
filiformis (Fig. 1, clade 1, shown in bold face). Mating exper-
iments indicated that F. velutipes, F. mexicana, F. stratosa, F.
populicola, and F. fennae appeared to be genetically isolated.
However, isolates of closely related taxa were often complete-
ly or partially compatible with one another (Petersen et al.

Fig. 8 Basidiospores and
pileipellis of Flammulina species.
a–b F. ononidis (WU18720). c, d
F. elastica (HKAS53503). e, f F.
fennae (WU20951). g, h F.
rossica (HKAS69283). Bars =
10 μm
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1999; Redhead and Petersen 1999). It is interesting to note that
isolates of F. filiformis from East Asia (previously regarded as
BF. velutipes^ or BF. velutipes var. filiformis^) are compatible
with typical isolates of F. velutipes from Europe (Petersen et
al. 1999). Because closely related taxa are often geographical-
ly or ecologically allopatric in nature (Petersen and Hughes
1999), and allopatric species pairs often display a higher com-
patibility level (Giraud et al. 2008), a compatibility test alone
would not be a conclusive criterion in species delimitation,
especially for closely related species which have probably
not rich possibilities or may be unlikely to mate with each
other despite the absence of genetic or reproductive isolation
between them.

Morphologically distinguishing F. filiformis from all other
known species of the genus appears to be straightforward due
to its ochraceous to yellowish pileal surface (Fig. 2a) and the
appearance of its pileipellis, which is mainly composed of
vertically arranged unbranched slender hyphae (Figs. 6d and
7d). Ecologically, F. filiformis can be found in China, South
Korea, Japan, and Canada throughout the year, but is abundant
mainly from June to September, while F. velutipes is restricted
to Europe and North America and is found mainly from
September to March (Bas 1983; Petersen et al. 1999; Ge et
al. 2015; Table S1). The presence of F. velutipes in New
Zealand and Argentina is probably due to human activity-
mediated introductions (Hughes and Petersen 2001).

Flammulina velutipes var. himalayana (Fig. 1, clade 1,
HKAS80829, shown in bold face), which is known to exist
only in the Himalayan region at present, was identified based
on phylogenetic analysis of ITS sequences and morphological
data. It differs from other species in its ochraceous pileal sur-
face and moderately differentiated suprapellis having an
ixotrichodermium of irregular, filamentous hyphae derived
from fusoid or irregular thorny hyphidia (Ge et al. 2015).
Our phylogenetic analysis of the ITS-tef1-α-rpb2 sequences
showed that var. himalayana (HKAS80829) clustered within
the clade of F. filiformis. Similarly, morphological characters
(Figs. 6a–d and 7a–d) also suggest that var. himalayana and F.
filiformis are the same species. However, we detected signif-
icant heterozygous sites in the tef1-α sequence of var.
himalayana. Previous studies have indicated that hybrids be-
tween different species ofFlammulina probably exist (Hughes
and Petersen 2001; Ripková et al. 2010). Our analyses of
tef1-α and rpb2 sequences also indicated that hybridizations
between different species would have probably occurred
(Figs. S2 and S3; Table 1). For example, the tef1-α sequences
of Bvar. himalayana^ obtained from clones (MH311554 and
MH311555) clustered into different phylogenetic lineages:
MH311554 was grouped in the clade of F. filiformis with a
high support value, while MH311555 clustered with the sister
group of F. velutipes with a high statistic support (BS = 99%,
PP = 1). This indicates that the strain is very probably a hybrid
of F. filiformis and F. velutipes or its ally. This is also the case

for rpb2 sequences (Fig. S3) with F. elastica and F. rossica
clustered in the same clade with high support values.

Petersen et al. (2012) noted that it is difficult to distinguish
F. velutipes from F. elastica solely through their macro- and
micro-morphological characteristics. Although the fruiting
bodies of both are similar, with yellowish pileal surfaces
(Fig. 2d, g), we found that the two species have different spore
sizes (Figs. 6e and 8c), and that the pileipellis of F. elastica
(Fig. 8d) is made of inflated branched hyphae, unlike F.
velutipes (Fig. 6f). This finding was also supported by phylo-
genetic analysis (Figs. 1, S1, S2, and S3). Petersen et al.
(2012) also speculated that F. mexicana actually represents a
high-altitude population of the Mexican F. populicola that
eventually became locally isolated and subsequently diverged
morphologically. Previous studies have indicated that F.
mexicana belonged to the same species complex as F.
populicola (Hughes et al. 1999; Petersen et al. 2012; Ge et
al. 2008, 2015). In our phylogenetic tree, the two species F.
populicola and F. mexicana (Fig. 1, clade 1) were closely
related, but the F. populicola clade was not strongly supported
statistically. Additionally, our analysis showed that the mono-
phyletic F. rossica is closely related to F. elastica, which is
inconsistent with other studies (Hughes et al. 1999; Pérez-
Butrón and Fernández-Vicente 2007; Ripková et al. 2010;
Ge et al. 2008, 2015), but consistent with the results of the
mating tests performed by Petersen et al. (1999).

Southwest China is a biodiversity center for Flammulina.
In addition to F. filiformis, F. rossica, and F. yunnanensis,
there are two other sympatric yet undescribed species found
in this region. These include WU12966, which was collected
in Lijiang, Yunnan Province and whose basidiospores and
pileipellis have unique morphological characteristics
(Fig. 7e, f), and Flammulina sp. (Fig. 1, clade 1,
HKAS51191), which represents an individual clade with
strong bootstrap support. However, the last two taxa can only
be described when more material becomes available.

Genetic structure analyses

SSR markers have been successfully implemented for close
species delimitation in other fungal species (Boyogueno et al.
2012; Ma et al. 2015; Gilmore et al. 2016). Thus, these
markers may be powerful in the delimitation of closely related
species within the F. velutipes complex. Fortunately, Liu et al.
(2016) explored 25 polymorphic SSR markers uniformly dis-
tributed among 11 chromosomes of F. velutipes genome,
which may well represent the genetic variance of the genome.
The allele’s distribution pattern among the species could be
inferred through genetic structure analyses, thereby allowing
us to gain deep insights on the genetic background of these
species. To clarify the relationships among F. filiformis, F.
velutipes, and F. velutipes var. himalayana, another closely
related species pair, namely F. rossica and F. elastica, were
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selected for comparison. We screened a total of ten polymor-
phic SSR markers possessing high species transferability be-
tween the five taxa for genetic structure analyses. The opti-
mum number of K is 2 (Fig. S4), which indicated that the 48
analyzed samples could be assigned to 2 major groups. Group
1 contained F. filiformis, F. velutipes var. himalayana, and F.
velutipes and group 2 contained F. rossica and F. elastica (Fig.
3a). The results indicated that F. filiformis and F. velutipes
were closely related, as were F. rossica and F. elastica, which
was consistent with the multi-locus phylogenetic analysis
(Fig. 1). When K = 4, F. rossica and F. elastica could both
be assigned to two groups each, while F. filiformis and F.
velutipes separated themselves into two groups each (Fig.
3b). Thus, the four species could be easily identified based
on their specific genetic backgrounds, and we could gain deep
insight into the differences between the genetic backgrounds
of these four species. This result could also provide a better
understanding of the relationships among these four species.
However, whether K = 2 or 4, F. velutipes var. himalayana
always clustered within the F. filiformis group (Fig. 3), sug-
gesting that var. himalayana should be treated as synonym of
F. filiformis.

Phylogenetic and haplotype network analyses
of HD1-A

Although mating type genes are not widely used in the phy-
logenetic analyses of basidiomycetes and ascomycetes, they
are important in delimiting species (Pöggeler 1999; Yun et al.
2000; O’Donnell et al. 2004; Geng et al. 2014). Furthermore,
mating genes are more powerful in species identification and
could indicate whether two species are reproductively isolated
from each other. These factors control the affinity between
strains, which determines sexual development and the differ-
ent developmental pathways that maintain a fertile dikaryon
(Van Peer et al. 2011; Wang et al. 2016).

In our study, all of the 90 recognized haplotypes were used
in the phylogenetic analysis with these different species (i.e.,
F. filiformis, F. velutipes, F. rossica, and F. finlandica) being
separated as monophyletic lineages (Fig. 4a). Flammulina
velutipes var. himalayana (H26, H29 and H30) clustered with-
in the group of F. filiformis, suggesting that F. filiformis and F.
velutipes var. himalayana should be the same species, but
different from F. velutipes. In addition, we did not find any
haplotypes of the same strain that clustered into different phy-
logenetic lineages, which indicated that there is no evidence
for interspecies hybridization between F. filiformis and F.
velutipes or between F. rossica and F. finlandica. Although
the phylogenetic analysis of HD1-A could reveal the genetic
relationships among different haplotypes, it was limited in
terms of highlighting intuitive connections and differences
between haplotypes. The relationships among different haplo-
types were clarified, and the numbers of differences at mutated

positions are shown on the branches of the haplotype network
(Fig. 4b). The combination of phylogenetic and haplotype
network analyses can better elucidate the relationships be-
tween species or within a species.

In our study, we did not find two types of haplotypes in all
samples as expected. Additionally, in some samples (Table S2,
showed in bold face), we found more than three types distrib-
uted in two main ranges (Fig. 4b), with close connections in
their own range, and which were found to be closely related
through phylogenetic analysis (Fig. 4a). For samples with
more than two types of haplotypes, a base mismatch in am-
plification products due to errors during PCR may result in
mutations in the sequences.Moreover, in some samples (Table
S2, shown in italics), there was only one type of haplotype that
was genetically identical to the biparental genotypes (Wang et
al. 2016) or to the limited number of sequences.
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