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Abstract

Comparative simultaneous studies of environmental high-throughput sequencing (HTS) and cultiva-
tion of plant-associated fungi have rarely been conducted in the past years. For the present contribution,
HTS and extinction culturing were applied for the same leaf samples of European beech (Fagus sylvatica)
in order to trace both “real” environmental drivers as well as method-dependent signals of the observed
mycobiomes. Both approaches resulted in non-overlapping community composition and pronounced
differences in taxonomic classification and trophic stages. However, both methods revealed similar cor-
relations of the fungal communities with local environmental conditions. Our results indicate undeniable
advantages of HTS over cultivation in terms of revealing a good representation of the major functional
guilds, rare taxa and biodiversity signals of leaf-inhabiting fungi. On the other hand our results demon-
strate that the immense body of literature about cultivable endophytic fungi can and should be used for
the interpretation of community signals and environmental correlations obtained from HTS studies and
that cultivation studies should be continued at the highest standards, e.g. when sequencing facilities are
not available or if such surveys are expanded into functional aspects with experiments on living isolates.
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Introduction

Fungal endophytes reside in the living tissues of plants without causing visible disease
symptoms (e.g. Christian et al. 2015). Particular research interest is given to endophytes
of the phyllosphere and other photosynthetic organs due to the enormous availability
and environmental importance of leafy habitats (Lindow and Brandl 2003), the complex
biochemical processes in these plant tissues and the generally close interconnectivity of leaf
mycobiome with their hosts (reviewed in Rodriguez et al. 2009, Persoh 2015). Within the
last decade, significant progress has been made in unraveling plant-associated mycobiomes
by using both cultivation (Collado et al. 2007, Unterseher and Schnittler 2009, Gazis
and Chaverri 2015) and direct high-throughput sequencing (HTS) techniques (Bdlint
et al. 2016). To date, most knowledge about endophyte richness, composition or host
preferences is still based on traditional culturing approaches (Arnold 2007, Sieber 2007,
Albrectsen et al. 2010, Unterseher et al. 2013a). On the other hand, direct environmental
assessment of mycobiomes provides unprecedented details of community diversity, com-
position, taxonomy and interactions (e.g. PerSoh 2013, Jumpponen and Brown 2014,
Bdlint et al. 2015, Eusemann et al. 2016, Purahong et al. 2016). These improvements go
side by side with the ever increasing accuracy of reference sequence databases (Nilsson et
al. 2014, 2015, Abarenkov et al. 2016)

It is well recognized that interpretation of diversity of endophytes and other fungi
depends on the applied methods (Unterseher 2011). On the one hand, cultivation
data are often biased by under-sampling and the use of selective media. On the other
hand, amplicon library preparation can differ strongly among studies (Salter et al.
2014) and HTS data are generally squeezed through complex and highly customisable
bioinformatic pipelines, leading to variable data analysis (Meiser et al. 2014, Bdlint et
al. 2016), even if the same plant-fungus system is used in independent studies (Cordier
etal. 2012, Siddique and Unterseher 2016).

To date, published studies about the comparative assessment of fungal biodiversity
are rare. Allmér et al. (2006) demonstrated the advantages and limitations of fruit body
observation, mycelial cultivation and T-RFLP identification of wood-inhabiting fungi.
Zhang et al. (2014) assessed microbial communities from deep-sea sediments with
cultivation and environmental molecular cloning and identified two complementary
assemblages. Similar conclusions were made by Langarica-Fuentes et al. (2014) who
identified a biased composition of compost fungi by cultivation. Recently, HTS was
rated superior over cultivation, given its ability to detect more obligate, slow grow-
ing and rare fungi (Al-Sadi et al. 2015, Oono et al. 2015). Whereas the general lack
of congruence between mycobiomes generated by cultivation and HTS can be safely
postulated nowadays (Pitkaranta et al. 2008), much less is known about environmental
correlations of these differing data sets.

In this study, we investigated endophytic phyllosphere fungi with dilution-to-ex-
tinction cultivation (and ITS barcoding) and Illumina sequencing of the same DNA
region and from the same material. In accordance with existing knowledge, we ex-
pected lower OTU (operational taxonomic unit) richness in the cultivation data and a
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preferential isolation of ubiquitous, primary saprobic taxa. Consequently, we hypoth-
esized that the cultivable mycobiome exhibits different ecological signals compared
with the mycobiome obtained by HTS.

Materials and methods

Study sites and sampling

The samples were obtained from an experimental site established in 2013 (Unterseher
et al. 2016), consisting of two plots of 4 years-old Fagus sylvatica trees from a differ-
ent origin. The tree seeds originated from the Lustian lowland area (central eastern
Germany, HKG 81005) and were grown in a nursery in northern Germany (near
Hamburg) for two years. (Unterseher et al. 2016). The plots are located at the same
slope of the mountain massif “Untersberg” in Bavaria, Germany at 517 m asl. (above
sea level, respectively) (Valley site; Lat: 47.712946 Long: 13.040101) and at 975 m asl.
(Mountain site; Lat: 47.683158 Long: 13.002102) (Siddique and Unterseher 2016).
It is humus-rich with a well developed topsoil layer (A horizon) at the valley site,
while the A horizon is only weakly developed at the mountain site. The ground and
understory vegetation of the mountain site was mainly composed of Acer pseudoplata-
nus, Picea abies, Daphne mezereum, Cardamine (= Dentaria) enneaphyllos, Helleborus
niger and Hepatica nobilis (Siddique and Unterseher 2016). At the valley site, ground
vegetation was different with dominance of Acer pseudoplatanus, Mentha spp., Petasites
hybridus, Equisetum sylvaticum and Rubus sp (Unterseher et al. 2016). Five trees each
from each site were selected randomly in October 2014, exactly one year after plant-
ing. Ten symptomless green leaves per tree were removed and processed as described in
Unterseher et al. (2016).

Cultivation of endophytes using the dilution-to-extinction method

Isolation of endophytes followed the dilution-to-extinction cultivation (Solis et al.
2016). In brief, samples were blended into tiny particles and filtered. Smallest particles
(0 < 0.2 mm) were resuspended and strongly diluted before plating onto malt extract
agar (MEA, 1.5%) containing 48-well plates (Carl Roth, Karlsruhe, Germany). The
plates were inspected regularly for four weeks. Emerging colonies were transferred into
Petri dishes containing the same growth medium.

DNA extraction and ITS sequencing from axenic cultures

Instead of classifying the fungal cultures according to macroscopic and microscopic
characters (Khoyratty et al. 2015) and selecting only a few representative strains per
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morphotype for downstream processing, genomic DNA was extracted from all isolates
using a traditional, chloroform-based protocol (e.g. Solis et al. 2016). The ITS region
was amplified with the primer pair VIG - ITS4 (de Hoog and Gerrits van den Ende
1998) using approved amplification kits (MangoTag; Bioline, Germany) and cycling
conditions (Solis et al. 2016). Unpurified PCR products were shipped to Beckman
Coulter Genomics (Takeley, UK) for sequencing. Sequences were discarded if their cor-
responding chromatograms showed pronounced signs of ambiguous base calling after
end trimming.

Library preparation for high-throughput Illlumina sequencing

Total genomic DNA was extracted with the Charge Switch® gDNA Plant Kit (Invit-
rogen, Germany) from the same fresh leaf particle mass that was used for cultivation.
Library preparation consisted of two consecutive amplification steps in order to add
sample-specific tag combination for multiplexing. Please refer to Siddique and Un-
terseher (2016) and Unterseher et al. (2016) for the detailed description of this pro-
cedure. Amplicons were sequenced in pair-end mode on an Illumina MiSeq platform
(Illumina Inc.) at the Genetics Section, Biocentre of the LMU Munich, Germany.

Processing of lllumina reads and Sanger sequences

Demultiplexing and quality filtering of Illumina reads relied on QIIME (Navas-Mo-
lina et al. 2013; see Suppl. material 1) and is also detailed in Unterseher et al. (2016)
and Eusemann et al. (2016). Extraction of ITS1 (forward R1 Illumina reads) was
done with ITSx (Bengtsson-Palme et al. 2013) followed by reference-based chimera
checking (Nilsson et al. 2015), open-reference OTU picking (complete-linkage clus-
tering at 97% similarity; Rideout et al. 2014), selection of representative sequences and
taxon assignment (Koljalg et al. 2013). These last steps were also performed with all
high-quality Sanger sequences to guarantee best comparability. Final quality filtering
of HTS OTUs consisted of the removal of unique (occurring in only one sample) and
rare OTUs (having less than five reads, cf. Brown et al. 2015). In contrast, all OTUs
from cultivation data were retained, knowing that they belonged to true fungi. The
reasons for using only the ITS1 region for subsequent analyses is comprehensively
explained in recent papers (e.g. Unterseher et al. 2016, Eusemann et al. 2016).

Biodiversity analysis and assessment of functional guilds

The analysis of fungal biodiversity comprised the assessment of OT'U richness and further
indicators of diversity (Fisher’s Alpha, Shannon index and three numbers of Hill’s series
of diversity, the latter considering different levels of rarity) (Hill 1973). Given the strong
positive correlation of OTU richness and read numbers (data not shown, but compare
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Siddique and Unterseher (2016)) as well as the strongly different sequencing depth be-
tween the two approaches, read counts were standardised (divided) by sample totals.
Community composition was assessed with PCoA (principal coordinate analysis)
and NMDS (non-metric multidimensional scaling) and tested with PERMANOVA
(permutational multivariate analysis of variance). Functional guild analysis was per-
formed according to Nguyen et al. (2016). The entire biodiversity analysis was per-
formed with R (freely available at www.r-project.org, last accessed 11/2016). The cor-
responding command script and necessary input files are available as “Suppl. material
2”. Curated Sanger sequences were taxonomically annotated as far as possible and
made available in ENA/GenBank through accession numbers LT604837-LT604881.
High-throughput data are available under SRA accession number SRX1211311.

Results

Basic data exploration, diversity and community composition

Data volumes differed strongly between Illumina sequencing and cultivation. Illumina
sequencing resulted in 597 OTUs from 170480 curated ITS1 reads and cultivation
revealed 70 OTUs from 438 culture-based Sanger sequences with the same settings for
OTU clustering. The combined data set comprised 630 OTUs (+ 33 OTUs compared
with Illumina data). Thirty-seven OTUs were detected with both methods (see Table
S1 on Suppl. material 3 and Suppl. material 4).

An insignificant trend of lower fungal diversity at the mountain site across all
indexes was observed for HTS data (Fig. 1A). Richness analysis of cultivation data
was partly contradictory with significant differences of Fisher’s Alpha between valley
and mountain samples (p <0.01, see Table S2 and S3 “Suppl. material 3”) but nearly
identical accumulation curves (Fig. 1B). In addition and contrary to HTS data, Hill
numbers N2 and N3 were significantly different for cultivation data (Fig. 1B, for
statistical details see Table S2 and S3; “Suppl. material 3”). The accumulation curves
for HTS data (Fig. 1A) revealed a clearly lower fungal richness for mountain than for
valley samples, whereas the cultivation data failed to show such differences (Fig. 1B).

The analysis of community composition with non-metric multidimensional scal-
ing (NMDS), principal coordinate analysis (PCoA) and PERMANOVA discovered a
significant influence of the isolation method (df = 1, F = 7.58, R* = 0.30, p= 0.001) as
well as of locality (df = 1, F = 2.87, R? = 0.14, p= 0.014) (Fig. 2). The differences be-
tween valley and mountain site were more pronounced for HTS (F = 3.94, R* = 0.33,
p=0.007) than for cultivation data (F = 1.96, R* = 0.20, p= 0.027) (Fig. 2).

Taxonomic composition of HTS and cultivation data

Three of the five most abundant orders from Illumina data were also most abundant in
cultivation data (Capnodiales — both methods, Helotiales — both methods, Saccharomy-
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Figure 1. Diversity indexes and accumulation curves for a Illumina and b cultivation data of fungal
leaf-inhabiting endophytes of beech. Except of the accumulation curves of cultivation data, both methods
revealed a clear and partly significant trend of higher fungal diversity at the valley site.

cetales — [llumina only, Pleosporales — both methods; all Ascomycota) (Fig. 3). In addi-
tion, HTS revealed further and abundant orders from both Asco- and Basidiomycorta,
which were not recovered during cultivation (Fig. 3), such as the yeast fungi Saccharo-
mycetales (Ascomycota) and Malasseziales (Basidiomycota). The Xylariales (Ascomycota,
present with one isolate) was the only order from the cultivation data that was not de-
tected with HTS.

Composition of trophic guilds revealed by HTS and cultivation

The five main guilds (pathotrophs, patho-saprotrophs, patho-symbiotrophs, sapro-
trophs and symbiotrophs) were all detected by HTS. Cultivation largely failed to detect
pathotrophs (including patho-saprotrophs and -symbiotrophs). The relative abundance
of saprotrophs was clearly higher in cultivation than in HTS data (Fig. 4B, C).

When analysing the influence of locality for the occurrence of different ecologi-
cal guilds, it turned out that the abundance of pathotrophs was significantly higher
in leaves of mountain trees than of valley trees (Fig. 5A). Saprotrophs were also more
abundant in leaves of mountain trees, whereas symbiotrophs were more abundant in
valley than in mountain trees (Fig. 5A, B).

Results from HT'S and cultivation data were congruent in as much as saprotrophs
and symbiotrophs revealed similar abundance patterns for both methods.
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Figure 2. Principal coordinate analysis (PCoA) of fungal leaf-inhabiting endophytes of beech display strong-
ly differing assemblages obtained with Illumina sequencing and cultivation. Both methods revealed differing
mycobiomes from valley and from mountain leaves, although these differences were less pronounced for
cultivation data. Abbreviations: IM = Illumina data from mountain samples, IV = Illumina data from valley
samples, CM = cultivation data from mountain samples, CV = cultivation data from valley samples

Discussion

The methodology of biodiversity assessment influences the interpretation of com-
munity composition and community ecology

The most abundant orders were the same for both cultivation and HTS, namely Cap-
nodiales, Helotiales and Pleosporales (Fig. 3). Ascomycota clearly dominated the cul-
tivation data thus confirming results of many earlier cultivation studies (e.g. U’ Ren et
al. 2012, Scholtysik et al. 2013, Unterseher et al. 2013b). Many of own isolates, such
as those with highest sequence similarities to the genus Mycosphaerella and its anamo-
rphs, are often described in literature as frequent asymptomatic inhabitants of living
leaves. In this study, taxa generally known as saprotrophs were the dominant trophic
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Figure 3. Abundance distribution of the 20 most abundant orders of fungal leaf-inhabiting endophytes
of beech on a logarithmic scale. Three of the five most abundant orders from high-throughput sequencing
were also most abundant in cultivation data.

guild of the cultivable part (see below) and, in terms of relative abundance, surpassed
this guild as detected with HTS by far (Fig. 4B, C).

Thecompositional differencein the two mycobiomesalso corresponded to the presence
of parasitic taxa (Taphrinales, Erysiphales) and yeast-like fungi (Saccharomycetales and
Tremellales) in the HTS data, whereas the cultivation data were devoid of fungi with
obligate parasitic, biotrophic or pathogenic lifestyle. The latter guilds usually cannot be
cultivated, and yeasts are often detected only during cultivation studies when growth of
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Figure 4. Relative abundance of fungal leaf-inhabiting endophytes of beech among the five main trophic
guilds as revealed by analysis with FUNGuild (Nguyen et al. 2016). A compares the two methods for
each trophic guild and unassigned data. B displays the trophic guilds and unassigned taxa for Illumina
data, C for cultivation data. Abbreviations in [B and C]: U = Unassigned, P = Pathotrophs, PSa = Patho-
Saprotrophs, PSy = Patho-Symbiotrophs, Sa = Saprotrophs, Sy = Symbiotrophs
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Figure 5. Relative abundance distribution of fungal leaf-inhabiting endophytes of beech among the five
main trophic guilds as revealed by analysis with FUNGuild (Nguyen et al. 2016). A compares the two
localities for each trophic guild on the basis of Illumina data B compares the two localities for each trophic

guild on the basis of cultivation data.

filamentous fungi is slowed down with low-temperature incubation. In this study, HTS
retained a wide range of taxa (compare Al-Sadi et al. 2015) and all guilds available in the
FUNGuild reference data base (Nguyen et al. 2016) as expected (Figs 4, 5).

A poor comparability of cultivation and HT'S data, as it is presented here, was recently
reported for a microbiome study (Eevers et al. 2016). It was caused by the fundamentally
different sample coverage with the most abundant OTU counting 28621 reads for HTS
(Mycosphaerellaceae, Sphaerulina) and 102 isolates for cultivation (Hyaloscyphaceae,
Lachnum) (Suppl. material 4).
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The two methods revealed consistent signals of both community data to environ-
mental conditions

On the one hand side our results clearly demonstrate the limitations and biases of cul-
tivation approaches for comprehensive biodiversity assessments. On the other hand,
the results did not meet our expectations (see above), because significant correlations
to environmental parameters (here, it was the difference between valley and moun-
tain samples) were still recognized. The present cultivation data are in concordance
with similar studies (Unterseher et al. 2013b) and confirm general knowledge about
the community ecology of leaf endophytes (Cordier et al. 2012, Zimmermann and
Vitousek 2012, Meng et al. 2013, Glynou et al. 2015, Rojas-Jimenez et al. 2016).
Moreover, similar results were observed in the present comparative study on the basis
of HTS data (see also Siddique and Unterseher 2016, Unterscher et al. 2016).

Conclusions

Our results clearly justify the co-existence of cultivation and high-throughput ap-
proaches. Despite the fast improvement and diversification of HTS technologies with
many undeniable advantages in microbial biodiversity assessments (Bélint et al. 2016),
cultivation should be retained at highest standards (e.g. Gazis and Chaverri 2015),
given, among others, the availability of living cultures for genome, metabolome or
bioprospecting analyses (Gazis et al. 2016, Kolarik et al. 2016).

Our results suggest that the immense body of literature about cultivable endo-
phytic fungi can and should be consulted for the interpretation of community signals
obtained from HTS studies.
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Abstract

Identification of Podaxis species to species-level based on morphology alone is problematic. Thus, species of
the genus Podaxis are in dire need of taxonomic and phylogenetic evaluations using molecular data to de-
velop a consensus between morphological taxonomy and more robust molecular analyses. In Mexico, most
of the collected specimens of Podaxis have been morphologically identified as Podaxis pistillaris sensu lato and
are locally used for its culinary value. In this study, the internal transcribed spacer region of Podaxis specimens
from the MEXU fungarium collected between 1948 and 2014 from arid regions of Mexico were sequenced
and these collections placed into a molecular phylogenetic framework using Maximum Likelihood analysis.
In addition, the ethnomycological use of Podaxis in Mexico (utility, traditional handling, economic impor-
tance, etc.) is described by observations, interviews, and sampling of Podaxis species with local people from
three areas of the region of the Canada of Oaxaca, which belongs to the Tehuacdn-Cuicatlin Biosphere
Reserve. These results indicate that the Mexican Podaxis were divided into two clades. Specimens collected
in the northern region showed phylogenetic affinities to clade D, while specimens from the south of Mexico
clustered within clade E. Morphological data, such as spore length and width, showed significant differences
between the two phylogenetic clades, implying that these clades represent different species. None of the
Mexican specimens were found in association with termite mounds, which might indicate an adaptation to
desert-like regions. This study provides the first ethnomycological use of Podaxis from Mexico.
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Introduction

Podaxis has been collected from numerous arid regions around world; approximately
44 species have been described to date (Conlon et al. 2016). This genus encompasses
a wide range of morphological characters such as variation in color, size and shapes in
fruit body morphology, as well as a wide range of spore length, width and wall thickness,
and has often been confused with Coprinus comatus (Morse 1933; Morse 1941; Herrera
1950). Earlier classifications have placed Podaxis within the family Podaxaceae (Morse
1933); however, modern taxonomic classification places it within the family Agaricaceae
(Kirk et al. 2008). Recently, Conlon and collaborators (2016) studied 45 specimens
labeled as Podaxis pistillaris, mainly from South Africa, and based on combined internal
transcribed spacer (ITS) region and LSU rDNA phylogeny analyses demonstrated that
the genus contained at least six clades (A-F) representing different putative Podaxis spp.

In Mexico, Podaxis was reported for the first time in 1893 as P. mexicanus from
Agiabampo, Sonora (Ellis 1893). Then, in 1908, N. T. Patouillard identified P far-
lowii also from Sonora (Morse 1933), and in 1938, D. H. Linder identified P far-
lowii from Hipolito, Coahuila (http://mycoportal.org). Since then, all the specimens,
including the ones deposited at the fungarium of the Herbario Nacional de Mexico
(MEXU), have been described as P. pistillaris (Herrera 1950; Guzmdn and Herrera
1969; Guzmdn and Herrera 1973; Urista et al. 1985; Esqueda et al. 2010; Esqueda et
al. 2012). The reduction of names of all specimens in the MEXU fungarium to P. pis-
tillaris has not been previously investigated in light of molecular data.

Despite the occurrence of Podaxis in arid regions of Mexico, the ethnomycological use
of this mushroom in the country is undocumented. This is particularly important since
Podaxis spp. have been widely utilized for its culinary value by indigenous people, particu-
larly in the Tehuacdn-Cuicatlin Biosphere Reserve (RBTC) in the south of Mexico. In
this context, the goals of this study were: 1) to analyze via I'TS sequencing newly collected
and fungarium specimens of Podaxis from Mexico to better predict their molecular phy-
logenetic placement and thus establish if one or more phylogenetic species of Podaxis exist
in Mexico; and 2) to describe the traditional use, handling and economic importance of
Podaxis spp. in the RBTC by observations and interviews with the local people.

Methods

Fungal material

Eighteen fungarium and five fresh Podaxis specimens from different arid regions of
Mexico were used for the phylogenetic study. The fresh fruiting bodies were obtained
from four sites in three communities of the state of Oaxaca (Table 1); all collections
were made during rainy season. Sampling, description, digitalization, and drying of
mushrooms were performed as recommended by Cifuentes et al. (1986). We analyzed
the specimens in the laboratory, and measured macro and microscopic characteristics



19

preliminary I'TS phylogeny...

The genus Podaxis in arid regions of Mexico

B (€£61/6T/60) OueIpIN
L9VEOR Aepo Apueg YA S Liredorunu o3fepry g zodo  wpurunpy y | WO | q | €08
Anpedorunw seseorop]
8897C0A - - - op pngip utg enonbsag uowEIST (0661/80/€0) Owoy riouog 1 | 019z
069%€0A - ICERSTIN v Aedprunw ojoseqy (0£61/01/€0) ouLeN 'y | sedynewey, | 4t
- i (£961/£0/60) BulQPN
6897€0AM 1os £e[0) 4ayL LD sappzuon-anuey ' edwog-zowory y | OIMPWEL || €106
ng
€L9%E0A - - - zed ¥ ‘[Proyuody 861 /10/60 PAIIS-2219d H | ®ruioyed | | 8€€TI
elegq
B B ugaLIo], (9961/01/60)
8L97£0X sd -o3ueIn(J ‘OpIdT ‘91B[000YD) UQIBIST ZayouEg [ ofueingy a eLLs
MOESLSG96 NLLTL LYoL1 (#102/21/L0)
F sd . ; e DLaY
/89FCOAN | 29380 [tos Apueg [sewr (g9 “Lredprunw ugpesny) vIsNNEg | BZOPUSJA-BIOTED) Y BAJIS a 16S/T
PUCACHL | on( ueg ‘oped d § oI T TIIre ) eEXEQ)
S ‘ofede uodIOUO)-UE[IBIIMN) 2313 " “ZIQ-BUIPIJA Y
M99T Tol6 NLTOS LSoLT (€102/£0/01)
989FCOAS | 293821 Lep Apueg :mwo y ‘[sewr 979 “Knedorunw ugpesmy) ZIUNIBJA[-ZNI]) B[ 9P Mw%nmm a C18/T
pur QL easnneq uen( ueg ‘vadaromy) odenueg Y ‘ZBIQO-BUIPIN Y O
[10s uUOnEBAN[ND pue M.99T 1,46
D91XT ue
¥89Y€0A UB.MZN% s Aofep Luos ur | 4qiL, NLT0S'LSaLT “Isew 979 Kupedpounur amoﬁwwﬂ\ww\ %0) mwmm a | sssic
4l Kep Apues ros Lpueg EOBABWODI] BITEJA BIUEG ‘OfnIq [ HOPUPPN Y O
€895 COA - [1os Apueg - sadaruenyay jo ounsy (6£61/%0/80) BIIISE] °T, BOEXE() a €70/
- - ‘ ‘ > (8£61/02/20) °ong
T89¥€0AM QAL 5P 0T 70D PUIPS ERNYOL-EID FUIES |l o eexeQ) a | soscl
189%COAN - 108 dUOISIWI| - sadaruenyay -edexR() “ZoTRN[ 01U BSII] (9£61/L0) BOEXE() a G0801
¥ I : L ‘ : SOUB[[ESEIN-SI[0S 'Y
M60T LS96 N.TET YL
089%COAS | 29301 [1os Apueg A1, ‘sewr ¢¢g Leddrunw uppesmy) visnneg (8761/91/ M:V zouoio QLI a 1611
\NMSM ‘N BISIIOH T, NUNNNO
uen[ ueg ‘s010dezooryD) 0Ipa uEs
agenSue| uoneados (KALLjpp jurwy) a3ep (OXANW)
v—ﬁﬁmﬁumv SAIEN aﬂumn_ﬁm .«C U&H %JQNHMQQM hadiiad | Gcmauo——cu —Uﬂd HOaUU=OU %H:NUG\H Oﬁvﬁ—”v .-04050\/
"OOIXIA 2P

earouony/ [euoIdeN _U.Wﬁ&muo\&CD Awmwoﬁo_m Uﬁ 0ymnsuy oyl 1e ADvAmzv OJIXDIN 2P [BUOISEN] OLIBQIOH 92U JO UONI[[OD MWC‘DM o3 ur wﬁwﬁ\:uwaw uDJUSO\/ °| °19eL



Abraham ]. Medina-Ortiz et al. /| MycoKeys 20: 17-36 (2017)

20

.Tuﬂ_duﬁo Num_u 2ouanbas ON ‘V/N '15210§ mﬂOSﬁMUUﬁ —NU_QOH.H Ad1LL mumuuo,w wﬁOjﬁvmuu_u %Euoﬁp AdYl, MUHOdeUW S mﬁduUm 11989(J S MEOHumuuwu\w —N‘HHN&NQU ‘AD Quoz ﬁﬁ{ RAA

VIN - 1os &pueg - O[[ISOWIAH (8861 /67/80) epanbsg N | m1ouog | V/N | 8097C
V/N - Lepo Apueg 7V [sew 0G| “exfouog (2961/77/11) BpMBIN T BIOUOG V/N 8H11
sadayuenyay, o - evexe
VIN - - - —eoexe(y ‘wede[o10] 01pag UG (£L61/2/01) ZR[RL O XEO VIN | L8811
M9IT Tol6 NLTOS LSLT “[SEW 9T9 _
viIN | TOPE L fep fpues S frpedppunu (CLOT/EL/LO MAPIN| - DL | 1 | gz
SN PUe AL EOBABWIODJ] BIIRJA BIUES ‘OPUOPAI O[[NOI[ 4 ZIOPUIPIIN Y FPXE0
os Apue: Aredprunu oI13p[e)) BOBXE
VIN - [fos ApueS S eNOO] 01pa] Ues PSuy o1ang Gujodrz (8861/11/L0) U9IP[ED Y O VIN | $€91¢C
[10s UONEAR|ND pue M99 1,26
CRIPEORN | VP | s fokep wuors ur | gqar ‘NLT0S LSoLT ‘[sew 979 Anpedorunu (1102/60/60) OLHY 4 | €8T
291RZEIN ZNIO-BUIPIN 'Y BOEXE()
“Kep> Apues [ros Apueg BOBABWODI] BLIRA BIUES BUBQES B
B [SEW $E 1 (€£61/LT/60) oueIpajq
6L97€0AN Aep Lpurs AD “redrunw senyeuy 9sof ueg oypuey] | 3 ZodoT Y ZOPUBUISH Y UOITOMNN | d ocy8
- ’ (€£61/8T/60) oueIpaN
L19%C0A Aep Lpueg AD Airpedorunur oS[eprp ‘oouelg ofeJ oydury g “zdgr] o “purIPH B[INYROD) 1 $TH8
- [sew 2y (€£61/82/60)
9L9VE0AA Aepp £purs AD sonedorunw o3[eprpy ‘ooueg ofe oypuey | zodoT Y ZOPUBUISL] Y FImgeeD ! w8
ssed . (££61/8T/60) OUuBIpIN
SLIFEOR - swos qum Aep Apueg AD [sew 00Z-0$1 “pedrunw ofepry 4 zodo "y “ZopuruIL] E[myeoD d STy8
aZenSue[ uone3dfoa (K&LKpp jurur) 2yep (NXTIN)
IO 2ATIEN] YIPH Jo odAy, Aydei308 uopeoo] UOTIDI[[0D PUE J01I3[[0D) Ao | 9peID I9YONOA




The genus Podaxis in arid regions of Mexico: preliminary ITS phylogeny... 21

(Herrera 1950; Guzmdn and Herrera 1969). The collected specimens were deposited
in the fungarium of the Herbario Nacional de Mexico (MEXU) of the Instituto de
Biologia at the Universidad Nacional Auténoma de México (UNAM). In addition,
basidiospores we obtained from the center of the dried cap of each of fresh and fun-
garium fruiting bodies fixed with KOH 5% and photographs were taken (Figure 2 and
Suppl. material 1).

DNA extraction, PCR amplification and Sanger sequencing

DNA was extracted from a powder of dried cap (pileus, fresh samples) and the center
of the stipe (fungarium samples) from specimens indicated in Table 1. Approximately
5 mg of powdered fungal material was transferred to a bashing bead tube with DNA
lysis buffer provided by Zymo research fungal/ bacterial DNA extraction kit. Next,
DNA was extracted using the procedures indicated in the Zymo fungal/ bacterial DNA
MiniPrep kit.

The entire ITS region was PCR-amplified on an Applied Biosystems Veriti ther-
mal cycler using PuReTaq Ready-To-Go PCR Beads with ITS5 and ITS4 primers
(Gardes et al. 1991; White et al. 1990). The PCR reaction was carried out in 25 pL
containing 3—-5 pL template DNA, 2.5 uL BSA, 2.5 uLL 50% DMSO, and 1 pL of each
10 uM forward (ITS5) and reverse (ITS4) primers. Molecular biology grade water
from Fisher scientific was added to reach 25 pL. The following thermocycling param-
eters were used for the amplification: initial denaturation at 95°C for 5 min followed
by 39 cycles at 95°C for 30 s, 55°C for 15 s, and 72°C for 1 min, and a final extension
step of 10 min at 72°C (Schoch et al. 2012). The PCR products were then examined
on an ethidium bromide-stained 1% agarose gel (Fisher Scientific) along with a 1 kb
DNA ladder (Promega) to estimate the size of the amplified band. PCR products were
purified using a Wizard SV Gel and PCR Clean-up System.

Sanger sequencing of the purified PCR products was performed at Eurofins
Genomics (http://www.operon.com/default.aspx) using BigDye Terminator v3.1 cy-
cle sequencing. The sequencing was accomplished bidirectionally using both strands
with a combination of ITS5 and ITS4 primers. Sequences were generated on an Ap-
plied Biosystems 3730XL high-throughput capillary sequencer. For both sequencing
reactions, approximately 15 uL of PCR template were used along with 2 pM sequenc-
ing primers.

Phylogenetic analysis

Sequences were assembled with Sequencher 5.3 (Gene Codes), optimized and then
manually corrected when necessary; the latter step was to assure that the computer al-

gorithm was properly assigning base calls. Each sequence fragment was subjected to an
individual Basic Local Alignment Search Tool (BLAST) (Altschul et al. 1990) search
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in NCBI GenBank to verify its identity. Detailed BLAST search using ITS data were
conducted utilizing only published sequences as outlined previously (Raja et al. 2017).

The newly obtained ITS sequences (Table 1) were aligned with ITS sequences
of authenticated published sequences or from vouchered fungarium samples (Brock
et al. 2009; Osmundson et al. 2013), such as those from a recent phylogenetic study
on Podaxis spp. (Conlon et al. 2016) using the multiple sequence alignment program
MUSCLE (Edgar 2004), with default parameters in operation. Leucoprinus was used
as an outgroup taxon based on previous studies (Hopple and Vilgalys 1999; Conlon et
al. 2016). MUSCLE was implemented using the program Seaview v. 4.3. (Galtier et
al. 1996; Gouy et al. 2010). Maximum Likelihood (ML) analysis was perfomed using
RAXML v. 7.0.4 (Stamatakis et al. 2008). The analysis was run on the CIPRES Portal
v. 3.3 (Miller et al. 2010) with the default rapid hill-climbing algorithm and GTR
model employing 1000 fast bootstrap searches. Clades with bootstrap values > 70%
were considered significant and strongly supported (Hillis and Bull 1993).

Spore morphology

All spores were measured using a Carl Zeiss Primo Star microscope (Carl Zeiss, Germa-
ny) with a Canon PowerShot G6 camera with a Zeiss universal digital camera adapter
d30 M37/52°0.75. For each specimen, 25 spores were measured for spore length and
width, and presence or absence of a germ pore (Table 2). The Mann-Whitney (U-test)
was used to determine whether the mean values of the spore lengths and widths were sig-
nificantly different between the MEXU specimens assigned to the phylogenetic clades.

Ethnomycological study

This study was conducted in the RBTC, which is located in the states of Puebla and
Oaxaca in central Mexico (between 17°32'24” and -18°52'55"N, and 97°48'43" and
-97°48'43"W; Figure 1), and its mainly characterized by arid and semiarid vegeta-
tion (Valiente-Banuet et al. 2009). This region comprises eight ethnic groups: two in
Puebla, the Popolocas and Nahuas; and six in Oaxaca, the Mixtecs, Cuicatecs, Maza-
tecs, Chinantecs, Chocholtecs, and Ixcatecs (SEMARNAT and CONANP 2013). In
the regions where this study was conducted, some people spoke an indigenous language
but Spanish was the prevalent mean of communication among them (Table 1). Local
people from the RBTC were randomly selected for the ethnomycological interview.
Inhabitants of the region, most 18 years and older, shared their knowledge through
the following questionnaire: i) personal information (name, age, sex, ethnicity, place of
birth, residence, occupation, and number of family members); ii) knowledge of mush-
rooms from the locality (traditional name, description of the fruiting body, myths, and
uses); iii) how they collect the mushrooms (frequency of collection, if they eat it or buy
it); iv) importance of mushrooms in their life; v) how many different mushrooms they
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Table 2. Basidiospore measurements.

MEXU | Clade State Let;gl;h * Ranges | Width + SD Ranges L/W +SD
1191 D Oaxaca 11.56 £0.71 | 10 <L <13 ] 10.96 £ 0.20 | 10 < W < 11 | 1.05 + 0.06
10805 D Oaxaca 10.92+0.76 | 10 <L <13 | 924+0.52 | 8<W <10 | 1.18 + 0.06
12808 D Oaxaca 1252+1.16 |11 <L<15] 9.76+0.93 | 8 <W<11 | 1.29+0.09
7023 D Oaxaca 10.64+0.70 | 10<L<12| 9.68+0.56 | 9<W< 11 | 1.10 £+ 0.06
27558 D Oaxaca 11.28 +0.61 [ 10<L<12]10.52+0.51 | 10 <W < 11 | 1.07 £ 0.05
27845 D Oaxaca 1044+ 051 | 10<L<11| 9.84+0.47 | 9<W<11 | 1.06 +0.06
27557 D Oaxaca 10.04+0.68| 9<L<11 | 920+0.71 | 8<W <10 | 1.09 + 0.07
5772 D Durango 10.80+0.96| 9<L<13 | 10.04+0.73 | 9<W <12 | 1.08 + 0.06
12338 | D | Baja California Sur | 11.28 +0.89 | 10 <L <13 | 10.52+ 0.65 | 10 < W < 12 | 1.07 + 0.05
5015 D Tamaulipas 10.72+0.89| 9<L<13 | 9.76+0.60 | 9<W<11 | 1.10 + 0.08
7212 D Tamaulipas 1032 +0.63| 9<L<12 | 9.76+0.66 | 9<W <11 | 1.06+0.06
22610 E Sonora 15.88+0.97 | 14<L <18 | 14.00+0.82 | 13<W <16 | 1.14 + 0.05
8423 E Coahuila 14.72+0.79 | 13<L<16| 13.88+0.78 | 13 <W < 16 | 1.06 + 0.05
8425 E Coahuila 1436+1.22|12<L<17|13.28+0.79 | 12<W < 15| 1.08 + 0.05
8422 E Coahuila 1432+1.03|12<L<16| 1276+0.97 | 11 <W < 15| 1.13 + 0.08
8424 E Coahuila 1476 £0.60 | 14 <L <16 | 13.68 £0.63 | 13 <W < 15| 1.08 + 0.04
8426 E Nuevo Ledn 1536+1.22 | 13<L<18| 12.84+0.85 | 12<W < 15| 1.20 + 0.08
27843 E Oaxaca 11.16+0.75| 10 <L <13 | 10.48 +0.59 | 10 < W < 12 | 1.07 + 0.05
21635 | N/A Oaxaca 10.08+0.40 | 9<L<11 | 9.12+0.73 | 8<W <10 | 1.11 +0.10
27844 | N/A Oaxaca 10.88+0.60 | 10<L <12 | 10.36+0.49 | 10 < W < 11 | 1.05 + 0.06
10887 | N/A Oaxaca 1232 +1.22 | 11 <L<15]10.32+£0.63 | 10<W <12 | 1.19 £ 0.08
1148 N/A Sonora 1644 +1.04 | 15<L<19| 1420+ 1.22 [ 12<W <17 | 1.16 + 0.06
22608 | N/A Sonora 1228 #1.06 | 11 <L <15] 11.60 £ 1.00 | 10 < W < 15 | 1.06 + 0.06

N/A = Sequence data not available.

see in their locality; vi) if they thought it is important to know the mushrooms; vii)
what kind of problems they have when they collect mushrooms in the field; and viii)
what information they need to identify the mushrooms.

Results

General morphology of Podaxis

All specimens studied (Table 1) share the typical morphological characteristics of the
genus Podaxis (Figure 2 and Suppl. material 1): white or grayish-white fruit body
when young and brown in old or dry specimens, with a long bulbous stem, traversing
the gleba as a columella supporting the pileus at the apex. Pileus enveloping a large
portion of the stipe, including most of the upper part, with a peridium of two layers
and a well-developed capillitium. Exoperidium scaly, most of the scales deciduous
at maturity. Endoperidium persistent, membranous, when dehiscing, becoming free
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Figure |. Localities studied in the RBTC. Map was elaborated with ArcGIS.

from the stipe at the base and by longitudinal fissures. Capillitium threads simple,
eventually branched and septate, hyaline or pigmented, and flattened. Spores smooth,
pigmented, apical pore present, wall of two layers. Basidia fasciculate with 1-4 spores
on short sterigmata (Figure 2 and Suppl. material 1).

Variation in basidiospore size and morphology

The length and width, ranges and standard deviation (SD) of basidiospores are out-
lined in Table 2. MEXU specimens were grouped into two clades (see molecular phy-
logenetic analysis; Figure 4). Clade D: size of basidiospores in this clade ranged from
9-13 x 8-12 pm (mean = 11-12 x 9—10 pum); and clade E, size of basidiospores in this
clade ranged from 9-17 x 9—16 um (mean = 10-15 x 10-14 pm). Overall the basidi-
ospores in clade D were smaller than basidiospores in clade E (Table 2). Based on the
Mann-Whitney (U-test), we found that spore length (p < 0.001; Figure 3A) and width
(p < 0.001; Figure 3B), were significantly different between clades D and E, which
supports their molecular phylogenetic placements based on the ITS phylogeny (Figure
4). The color of spores in clade D was generally lighter when compared to those in
clade E, which were dark reddish-brown (Figure 2 and Suppl. material 1).
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Clade D

Figure 2. Fruit bodies and basidiospores of selected Podaxis specimens from clades D (MEXU 12808 and
27557) and E (MEXU 8424 and 8426).
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Figure 3. Mean t SE spore (A) length and (B) width of MEXU Podaxis specimens from clades D and
E. Results of Mann-Whitney U test: D-E, p < 0.001.

Phylogenetic analysis of molecular data

Eighteen new ITS sequences from different specimens of Podaxis from Mexico were
obtained; these included four from freshly collected specimens, and 14 from samples in

the MEXU fungarium (Table 1). High qualicy DNA and PCR products were obtained



26 Abraham ]. Medina-Ortiz et al. /| MycoKeys 20: 17-36 (2017)

" |KT844868 PREM 42236 South Africa

100K 1844866 PREM 28810 South Africa

.. 'KT844861 PREM 1689 South Africa
_‘AM234060 Podaxis pistillaris

MEXU 10805

KJ670299 Podaxis sp BAB-4080 Gujarat, India

DQ311086 Podaxis pistillarisRA-2G

—DQ311082 Podaxis pistillaris RA-2B Rajesthan, India

KM084860 Podaxis sp. BAB-4365 Gujarat, India

IMEXU 5772

—KT844877 PREM 34405 South Africa %

KT844875 PREM 47477 South Africa Clade D sensu Conlon et al. 2016

MEXU 12338

IMEXU 12808

MEXU 5015

IMEXU 27845

KT844867 PREM 41625 Namibia

IMEXU 7212

IMEXU 27558

KT844856 SNM - Kenya: C-F-101401

KT844869 PREM 43118 South Africa

IMEXU 1191

IMEXU 27557

[ GQ249882 Podaxis pistillaris CAW-10

—— AF059285 Podaxis pistillaris

KT844880 PREM 9789 South Africa

—MEXU 7023

69 | |KTB44863 Podaxis rugospora voucher PREM 27280 Gauteng, South Africa fe
KT844860 Podaxis rugospora voucher PREM 14507 Eastern Cape, South Africaske Clade F sensu Conlon et al. 2016
KT844864 Podaxis rugospora voucherPREM 28254 Limpopo, South Africa Podaxis rugospora

KT844865 Podaxis rugospora voucher PREM 28641 Northern Cape, South Africa
KT844870 Podaxis rugospora voucher PREM 43879 North West Province, South Africa
KT844878_Podaxis_sp_PREM_58760 %

KT844874 PREM 44953 South Africa

KT844871 PREM 44293 Namibia

KTB44862_PREM 20585 South Africa Clade C sensu Conlon et al. 2016
KT844872 PREM 44294 Namibia
KT844855 SNM - Ethiopia: C-F-92630

Clade A sensu Conlon et al. 2016 %

77

84

MEXU 8424
90 |MEXU 8422
MEXU 8426
MEXU 8425
MEXU 8423 Clade E sensu Conlon et al. 2016
Podaxis_pistillaris_U85336

MEXU 22610

KT844858 SNM - Mexico: C-F-101400

MEXU 27843

KT844854 SNM - California, USA: C-F-101398
KT844852 SNM - Arizona USA: C-F-101399

78

Clade B sensu Conlon et al. 2016%

LN827701 Leucocoprinus birnbaumii

Figure 4. Phylogram of the most likely tree (-InL = 1860.99) from a RAXML analysis of 56 taxa based on
ITS rDNA (681 bp). Numbers above the nodes refer to RAXML bootstrap support values = 70% based on
1000 replicates. Clades to the right (A=F) are labeled as per Conlon et al. 2016. The tree is rooted with

Leucocoprinus birnbaumii. Symbol (*) next to collections indicates, it was reported from termite mounds.
Bar indicates nucleotide substitutions per site.

for all specimens, including MEXU 1191, a collection made in 1948. We were unable
to obtain DNA from MEXU 11887, 21635, and 5015 while MEXU 1148 and 27844
produced a PCR band, but resulted in mixed signals perhaps due to low or poor quality
of DNA. The ITS alignment consisted of 55 taxa of Podaxis and one outgroup taxon
(Leucocoprinus birnbaumii). The original ITS alignment consisted of 848 nucleotides,
after ambiguous regions were limited and removed via GBlocks, the final ITS alignment
contained 681 nucleotides.

RAXML analysis of the ITS dataset produced a single most likely tree (Figure 4).
We recovered the same six clades (A, B, C, D, E, and F) that were revealed in Conlon
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Figure 5. A Desert scrub B Immature state of Podaxis sp. (MEXU 27843) and C at maturity (the gleba
changes from white to dark brown (MEXU 27844); Culinary preparation: D cleaning process of the
fruiting body of Podaxis sp. and E mixing ingredients for the typical dish [onions, “epazote” (Dysphania
ambrosioides) and green pepper (chile verde)].

etal. (2016). Podaxis spp. from Mexico are phylogenetically placed into two clades (D
and E). Seven MEXU specimens (8424, 8422, 8426, 8425, 8423, 22610 and 27843)
are placed in (clade E, sensu Conlon et al. 2016), with 95% RAXxML boostrap support
and grouped together with a sequence of P. pistillaris (GenBank: U85336), which has
been reported in previous molecular phylogenetic studies of Agaricales fungi (Johnson
1999; Vellinga 2004), while 11 other MEXU specimens (10805, 5772, 12338, 12808,
5015, 27845,7217,27558, 1191, 27557 and 7023) were nested within clade D (seznsu
Conlon et al. 2016); however this clade did not receive significant RAXML bootstrap
support. All ITS sequences generated from this study were deposited in the GenBank
and accession numbers are provided in Table 1 (KY034673-KY034690).

Ethnomycology

Ethnomycological importance lies in the fact that people from this region eat the fruit-
ing body of Podaxis, commonly known as “hongo” (mushroom), “hongo blanco co-
mestible” (white edible mushroom), or “soldadito” (little soldier), almost daily during
rainy season (Figure 5A—C). They cook the mushroom and mix it with green peppers,
onions and “epazote” (Dysphania ambrosioides), and then make “empanadas” (stuffed
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corn tortilla with the mix) (Figure 5D-E). It is considered a tasty mushroom, and
according to the habitants of the region, as “one of the tastiest and most nourishing
products the land gives us”. The local people consider this fungus similar to a “piece of
chicken” because of it taste. They also eat it raw, mixed with zucchini, or incorporated
in chicken soup and the typical dishes “tesmole”, “caldillo” and “mole”.

Through the years, the local people have acquired the necessary knowledge to eas-
ily locate, harvest and select this mushroom from the land. Although this mushroom
is mainly used for personal consumption, some people collect it and sell it in the com-
munity. They have also acquired the knowledge about the phenology and ecology of
Podaxis spp., and they relate the “acidity of rain” with the germination of its spores. In
addition, most of the people agree on the following: “when there are constant rains,
the fungi starts to grow”, “small mushrooms show up after it rains, the sun comes
out and the sky is clear”, “in order for it to grow, the mushroom needs sunlight for
one or two days”. Concerning the habitat and soil, they indicate that: “mushrooms
grow mainly on the river bank or on sandy soil” but also “mushrooms are produced
throughout the mountain slopes, even on agricultural production areas”. They also say:
“if you find one, you will find two” or “they are born in pairs”. Finally, when a mush-
room fruiting body has “aged”, the local people spread the spores in places where they
want the fungi to grow next rain season, and they say: “if they don’t grow this season,
they’ll grow during the next one”.

Discussion

Phylogenetic affiliations of MEXU specimens based on molecular and morphological
comparison

Podaxis pistillaris sensu lato has been collected and reported from numerous semi-arid
regions around the world, fruiting mainly in the rainy seasons. In Mexico, it has widely
been collected from north to south (Herrera 1950; Dennis 1960; Guzman and Herrera
1973; Urista et al. 1985; Aparicio-Navarro et al. 1991). Despite its wide geographi-
cal distribution, the identification of P pistillaris remains confusing mainly because
the type specimen of P, pistillaris collected and described from India has not been se-
quenced (Linnaeus 1771), making a true molecular phylogenetic assessment difficult.
It is likely that cryptic speciation is rampant in this widely distributed species.

All the studied specimens from the MEXU fungarium were named as P. pistillaris
based on its morphological characteristics (Figure 2 and Suppl. material 1); however,
molecular phylogenetic analysis of the ITS region of these specimens, along with I'TS
sequences from a recent study of Podaxis spp. from South Africa (Conlon et al. 2016),
placed the MEXU specimens into two clades: D and E (Figure 4). Therefore, our
analysis indicate there are at least two phylogenetic species of Podaxis in Mexico, and
not all species of Podaxis collected from Mexico should be identified as P. pistillaris.
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Interestingly, all specimens in clade E (Figure 4) have been reported from North
America, including Mexico. In our ITS phylogeny seven MEXU specimens (8424,
8422, 8426, 8425, 8423, 22610 and 27843) were grouped with an ITS sequence
of P. pistillaris (GenBank: U85336; Johnson 1999; Vellinga 2004) with significant
bootstrap support (95%). However, at this time it is not possible to name this clade.
This is because there are other species from the new world, including southwestern US,
Mexico and Argentina such as P. argentinus Speg., P. longii McKnight, P. microporus
McKnight (McKnight, 1985), P. farlowii Massee (Morse 1933), and P. mexicanus
(Ellis 1893), which need to be examined in light of molecular phylogenetic analysis.

Clade E (Figure 4) is entirely comprised of specimens from the new world and all
of these occur as free-living in desert-like semi-arid regions (Table 1). There have been
reports of symbiotic association of Podaxis spp. with termites in Australia (Priest and
Lenz 1999; Young et al. 2002), Nigeria (Alasoadura 1966), South Africa (Bottomley
1948; Conlon et al. 2016), and Bolivia (Rocabado et al. 2007). In this context, it is
worth to mentioning that in the RBTC (Oaxaca, Mexico) such a symbiotic association
with termites has not yet been reported. Further molecular studies of Podaxis speci-
mens collected from the new world are required to test the hypothesis of loss or gain
of termite symbiosis in this clade.

We examined the spore sizes and morphology of MEXU specimens from clade E
and compared them to the measurements obtained from the type material of P. piszil-
laris in the LINN fungarium (Priest and Lenz 1999). The spore size of 10-14 x 9-12
pum from the type material fits the average measurements (10-15 x 10-14 pm) ob-
tained from the MEXU specimens in clade E (Table 2 and Figure 3). The spore color
of most specimens in clade E is also reddish-brown with thick-walls (Figure 2 and
Suppl. material 1). These attributes are in agreement with the type specimen examined
by Priest and Lenz (1999). However, the type specimen from the LINN herbarium
needs to be sequenced to corroborate the morphological data.

Eleven of the eighteen specimens (10805, 5772, 12338, 12808, 5015, 27845,
7217,27558, 1191, 27557, and 7023) were nested within clade D (sensz Conlon et al.
2016), but without significant RAXML bootstrap support (Figure 4). Other members
in clade D include seven sequenced specimens from GenBank both labeled as Podaxis
sp. and/or Podaxis pistillaris and mostly included specimens collected from desert-like
arid regions in western India (Singh et al. 2006). When we removed all other Gen-
Bank data from our analysis and only included sequences from our study and those of
Conlon et al. (2016), we found that clade D had significantly high bootstrap support
(82%; data not shown). All specimens from clade D were reported to be free-living
with the exception of PREM 34405 from South Africa (Conlon et al. 2016). The aver-
age spore measurements of MEXU specimens in clade D were 11-12 x 9—10 pum (Ta-
ble 2 and Figure 3), which was well within the range of those reported in clade D by
Conlon et al. (2016). Specimens in clade D were reported from both the New World
(MEXU) and the Old World (South Africa and India), suggesting that species in this
clade are widely distributed geographically.
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Based on the fruiting body morphology, it was difficult to separate MEXU speci-
mens in clade D and E (Figure 2 and Suppl. material 1). This observation agrees with
the results from Conlon et al. (2016) as they reported that fruiting body morphology of
Podaxis spp. does not significantly differ between the termite associated and free-living
clades. The spores in clade D (free-living and termite associated) and E (free-living only)
were both thick-walled (Figure 2 and Suppl. material 1); this result agrees with the ob-
servations made by Conlon et al. (2016), who reason that free-living, desert dwelling
species have thick-walled spores as it may help prevent desiccation in desert-like dry
environments. Due to the lack of molecular data from type specimens except for 7.
rugospora (Conlon et al. 2016), currently it is not possible to name specimens in either
clade D or E. Based on our preliminary molecular phylogenetic analysis of MEXU
specimens, it seems highly unlikely that all MEXU specimens represent P. pistillaris.

Habitat and geographical distribution

Podaxis species in Mexico are found predominately in open areas, growing solitary in
sandy or clay soils of arid and tropical zones (Table 1). They have been found in the
states of Baja California, Durango, Nuevo Leén, Tamaulipas, Oaxaca (Ruiz-Oronoz
and Herrera 1948; Herrera 1950; Guzmdn and Herrera 1973), Mexico City (Dennis
1960), Coahuila (Urista et al. 1985), Chihuahua (Moreno et al. 2010) and Sonora (El-
lis 1893; Aparicio-Navarro et al. 1991). They have also been reported from the USA
(Oregon, California, Arizona, Nevada, New Mexico, Texas, and Hawaiian) (Brasfield
1937; Keirle et al. 2004), Jamaica (Dennis 1953), Galapagos islands (Reid et al. 1980),
Argentina (Martinez 1971), Brazil (Baseia and Galvao 2002), Bolivia (Rocabado et al.
2007), Asia (Sinai Peninsula, Israel, Saudi Arabia, Afghanistan, Iran, Pakistan, Kuwait,
Qatar, India, China) (Morse 1941; Dring and Rayss 1963; Binyamini 1973; Watling
and Gregory 1977; Patel and Tiwari 2012; Muhsin et al. 2012; Mahmoud and Al-
Ghamdi 2014), Africa (Madagascar South, Congo, Nigeria, South Africa) (Dissing
and Lange 1962; Bottomley 1948; Dring 1964; Alasoadura 1966; Conlon et al. 2016),
and Australia (Hilton and Kenneally 1981; Priest and Lenz 1999; Young et al. 2002).

Ethnomycology

In Mexico, the use of Podaxis species for food consumption has not been reported.
Our study includes data from interviews that state the consumption and farming of
this mushroom within the RBTC. In this area, the species is greatly valued by the local
people, who sell the fungus for 1-1.5 USD per kilogram or consume young fruiting
bodies of Podaxis in typical dishes from the region, particularly as “empanadas” (Figure
5), a favorite among the people of the region. They also have developed the ability to
locate and harvest the mushrooms, as well as farming (proto-cultivation) is considered
very important during rainy/wet season. To consistently obtain more fruiting bodies,
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the locals scatter the spores in the soil where they want the fungus to grow and emerge
in the following wet season. This method of spore spreading helps them to locate and
collect the mature fungus more quickly.

On the other hand, Podaxis has also been catalogued as a non-edible mushroom
(Guzmdn 1977) and has been referred as being toxic in Nigeria and South Africa (Alas-
oadura 1966); contrastingly, it has been reported as edible in Afghanistan, Pakistan,
India, and Australia (Batra 1983). People from the Sind Province of Pakistan are famil-
iar with the commerce of “Khumb” or “Khumbi” (fungus P. pistillaris). Khumbi is also
a term used by rural communities in Haryana, India, who also refer to this fungus as
“Saanp ki chhatri” (umbrella of a snake or snake’s cap) (Mridu and Atri 2015). In this
region, the mushroom is much appreciated as it is considered a delicacy with medicinal
properties for the “Hakims”, the dispensers of folk medicine (Khan et al. 1979).

The names attributed to this species in the three communities of the RBTC are
“hongo” (mushroom), “hongo blanco comestible” (white edible mushroom) and “sol-
dadito” (little soldier) (Table 1). This fungus is known as “black powderpuff” in Aus-
tralia (Grey and Grey 2005), “desert shaggy mane” in Pakistan and the USA (Yousaf
etal. 2013; Hopple and Vilgalys 1999), “Khumbi” in the India, “Al-Arjoon” in Saudi
Arabia, Kuwait and Qatar; “Kama” in Iraq (Muhsin et al. 2012; Mahmound and Al-
Ghamdi 2014), and as “Faswat imgaar”, “Faswat al-awzaiq”, and “Faswat al-dheib” in
Yemen (Kreisel and Al-Fatimi 2004).

In Yemen and South Africa, Podaxis is used for its medicinal properties and an-
tibacterial activity against Staphylococcus aureus, Micrococcus flavus, Bacillus subtilis,
Serratia marcescens, Escherichia coli, Pseudomonas aeruginosa, and Proteus mirabilis (Al-
Fatimi et al. 2006; Panwar and Purohit 2002). In Australia, it has been used as hair
dye (Batra 1983), while in West Africa, P. pistillaris is used to produce baby-powder
(desiccative) as an anti-abortive (Gérault and Thoen 1992). Such medicinal proper-
ties arise from the chemical constituents of the fruiting body, which include nitrogen,
crude protein, true protein, carbohydrates, lipids, and ash content (Gupta and Kapoor

1990; Gupta and Singh 1991; Khaliel et al. 1989 and 1991).

Conclusions

Podaxis is considered a very important mushroom in arid regions of the world due
to its culinary and medicinal values. Further taxonomic and molecular phylogenetic
studies of this genus are urgently required to better understand species boundaries and
provide accurate names on specimens of Podaxis, particularly the ones used as food in
Mexico and worldwide. Better understanding of Podaxis spp. might be possible when
mycologists work closely with local communities in different parts of both the Old and
New World. Our study provides preliminary morphological and molecular data from
Podaxis specimens collected in Mexico along with its ethnomycolgy use. We anticipate
our study will encourage future phylogenetic diversity analyses on this widely distrib-
uted yet taxonomically poorly studied genus of Agaricomycetes.
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Abstract

Megasporia is a newly established polypore genus characterized by resupinate fruiting bodies with big pores,
a dimitic hyphal structure with generative hyphae bearing clamp connections, more or less dextrinoid and
cyanophilous skeletal hyphae, cylindrical, hyaline, thin-walled, smooth basidiospores, and growth mostly on
fallen angiosperm branches. Species number is extremely rich in subtropical and tropical Asia. Three new
species, namely M. rimosa, M. tropica and M. yunnanensis are described from China, and their illustrated
descriptions are given. Differences between these new species and phylogenetically related and morphologi-
cally similar species are discussed. A key to the known species of Megasporia is provided.

Key words
Phylogeny, Polyporaceae, taxonomy, white-rot fungi

Introduction

Megasporia B.K. Cui et al. was recently derived from Megasporoporia Ryvarden & J.E.
Wright, nested within the core polyporoid clade (Li and Cui 2013), both genera being
members of Polyporaceae (Binder et al. 2005). Megasporia is morphologically similar
to Megasporoporia, but they were phylogenetically distinct based on ITS and nLSU
sequences (Li and Cui 2013). Megasporia is characterized by annual and resupinate ba-
sidiocarps, large pores, big basidiospores (mostly longer than 10 pm in length) which
are mostly cylindrical, thin-walled, hyaline and negative in Cotton Blue and Melzer’s
reagent, a dimitic hyphal system with clamped generative hyphae and more or less
dextrinoid skeletal hyphae, the presence of tetrahedric or polyhedric crystals among

Copyright Yuan Yuan et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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hymenial elements (Li and Cui 2013). The genus mainly grows on fallen or dead
angiosperm branches which have not decayed much and causes a white rot (Li and
Cui 2013). It used to be considered that only a few species were in Megasporoporia s.1.
(Ryvarden et al. 1982), but the species diversity in the genus is very rich in subtropi-
cal and tropical Asia, with 12 species having been described from the region (Li and
Cui 2013). In addition, four species, Megasporoporia cavernulosa (Berk.) Ryvarden, M.
hexagonoides (Speg.) ].E. Wright & Rajchenb., M. mexicana Ryvarden and M. setulosa
(Henn.) Rajchenb., have been found in subtropical and tropical America, but none has
been recorded from Europe (Ryvarden et al. 1982, Ryvarden and Melo 2014).

During the study of polypores from southern China, six specimens collected on
fallen angiosperm branches were examined, phylogenetic relationships were analyzed
based on ITS and nLSU rDNA sequences data, and three new species of Megasporia
were discovered. The aim of this work demonstrates the diversity of Megasporia in
China. [llustrated descriptions of these species and a key to known species in the genus
are provided in the present paper.

Materials and methods

Morphological studies

Specimens examined were deposited in the herbarium of the Institute of Microbiol-
ogy, Beijing Forestry University (BJFC). Macro-morphological descriptions were based
on field notes and herbarium specimens. Color terms follow Petersen (1996). Micro-
morphological data were obtained from dried specimens, as observed under a light
microscope. Sections were studied at a magnification of up to x1000 using a Nikon E
80i microscope with phase contrast illumination. Drawings were made with the aid of
a drawing tube. Microscopic characters, measurements and drawings were made from
slide preparations stained with Cotton Blue (CB) and Melzer’s reagent (IKI). Spores
were measured from sections cut from the tubes. To represent variation in the size of
spores, 5% of measurements were excluded from each end of the range, and are given
in parentheses. The following abbreviations are used: KOH = 5% potassium hydrox-
ide, IKI- = both non-amyloid and non-dextrinoid, CB— = acyanophilous, L = mean
spore length (arithmetic average of all spores), W = mean spore width (arithmetic aver-
age of all spores), Q = variation in the L/W ratios between the specimens studied, n
(a/b) = number of spores (a) measured from a given number (b) of specimens.

Molecular study and phylogenetic analysis

A CTAB rapid plant genome extraction kit (Aidlab Biotechnologies Co., Ltd, Beijing)
was used to obtain total genomic DNA from dried specimens, according to the manu-
facturer’s instructions with some modifications (Chen et al. 2016). The DNA was
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amplified with the primers: ITS5 and I'TS4 for ITS (White et al. 1990), and LROR and
LR7 for nLSU (http://www.biology.duke.edu/fungi/mycolab/primers.htm). The PCR
procedure for ITS was as follows: initial denaturation at 95°C for 3 min, followed by
35 cycles at 94°C for 40 s, 54°C for 45 s and 72°C for 1 min, and a final extension of
72°C for 10 min. The PCR procedure for nLSU was as follows: initial denaturation at
94°C for 1 min, followed by 35 cycles at 94°C for 30 s, 50°C for 1 min and 72°C for
1.5 min, and a final extension of 72°C for 10 min. The PCR products were purified
and sequenced in Beijing Genomics Institute, China, with the same primers.

Sequences generated in this study were aligned with additional sequences down-
loaded from GenBank (Table 1) using ClustalX (Thompson et al. 1997) and manu-
ally adjusted in BioEdit (Hall 1999). Sequence alignment was deposited at TreeBase
(http://purl.org/phylo/treebase/phylows/study/TB2:20432).

Maximum parsimony phylogenetic analysis followed Li and Cui (2013). It was
applied to the combined dataset of ITS and nLSU sequences using PAUP* version
4.0b10 (Swofford 2002). Sequences of Cinereomyces lindbladii (Berk.) Jilich and Sebi-
pora aquosa Miettinen were used as outgroups to root trees following Li and Cui (2013).
All characters were equally weighted and gaps were treated as missing data. Trees were
inferred using heuristic search option with TBR branch swapping and 1,000 random
sequence additions. Max-trees were set to 5,000, branches of zero length were collapsed
and all parsimonious trees were saved. Clade robustness was assessed using bootstrap
analysis with 1,000 replicates (Felsenstein 1985). Descriptive tree statistics tree length
(TL), consistency index (CI), retention index (RI), rescaled consistency index (RC), and
homoplasy index (HI) were calculated for each maximum parsimonious tree generated.

MrModeltest2.3 (Nylander 2004) was used to determine the best-fit evolution
model for the combined dataset of ITS and nLSU sequences for estimating Bayesian
inference (BI). Bayesian inference was calculated with MrBayes3.1.2 (Ronquist and
Huelsenbeck 2003). Four Markov chains were run for 2 runs from random starting
trees for 1 million generations, and trees were sampled every 100 generations. The first
one-fourth generations were discarded as burn-in. Majority rule consensus tree of all
remaining trees was calculated. Branches that received bootstrap support for maximum
parsimony (MP) and Bayesian posterior probabilities (BPP) greater than or equal to
75% (MP) and 0.95 (BPP), respectively, were considered as significantly supported.

Results

Phylogenetic analysis

The combined ITS and nLSU dataset included 45 sequences of ITS and 44 sequences of
nLSU regions from 45 fungal samples representing 37 species. The dataset had an aligned
length of 1919 characters in the dataset, of which 1330 characters are constant, 178 are
variable and parsimony-uninformative, and 411 are parsimony-informative. Maximum
parsimony analysis yielded 6 equally parsimonious trees (TL = 2082, CI = 0. 451, RI =
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Table 1. A list of species, specimens and GenBank accession numbers of sequences used in this study.

Species Sample number ITS nLSU
Abundisporus violaceus MUCL 38617 FJ411100 FJ393867
Cinereomyces lindbladii Larsson 12078 FN907906 FN907906
Datronia mollis RLG 6304sp JN165002 JN164791
Dichomitus eucalypti Oslo 910674 JQ780412 JQ780441
D. squalens Cui 9639 JQ780407 JQ780426
Donkioporia expansa MUCL 35116 FJ411104 FJ393872
Grammothele quercina Dai 11768 JQ314364 JQ780423
Grammothelopsis subtropica Cui 9035 JQ845094 JQ845097
Lentinus tigrinus DSH 93-181 AY218419 AF518627
Megasporia cystidiolophora Cui 2688 JQ780389 JQ780431
M. ellipsoidea Cui 5222 JQ314367 JQ314390
M. ellipsoidea Cui 13685 KY449433 KY449444
M. guangdongensis Cui 9130 JQ314373 JQ780428
M. hengduanensis Cui 8076 JQ780392 JQ780433
M. hexagonoides Dai 16449 KY449434 KY449445
M. hexagonoides He 2608 JQ314368 JQ314388
M. hexagonoides Yuan 4233 KY449435 KY449446
M. major Cui 10253 JQ314366 JQ780437
M. rimosa Dai 15357 KY449436 KY449447
M. tropica Cui 13660 KY449437 KY449448
M. tropica Cui 13740 KY449438 KY449449
M. violacea Cui 6601b JQ780395 JQ780434
M. violacea Cui 13607 KY449439 KY449450
M. violacea Cui 13648 KY449440 KY449451
M. yunnanensis Cui 12594 KY449441 KY449452
M. yunnanensis Cui 12614 KY449442 KY449453
M. yunnanensis Dai 13870 KY449443 KY449454
Megasporoporia bannaensis Dai 12306 JQ314362 JQ314379
M. minor Dai 12170 JQ314363 JQ314380
M. setulosa JV1008/102] JF894110 .
Megasporoporiella lacerata Yuan 3880 JQ314377 JQ314395
M. pseudocavernulosa Yuan 1270 JQ314360 JQ314394
M. rhododendri Dai 4226 JQ314356 JQ314392
M. subcavernulosa Cui 9252 JQ780378 JQ780416
Melanoderma microcarpum Dai 9811 HQ678173 HQ678175
Perenniporia medulla-panis Cui 3274 JN112792 JN112793
P tephropora Cui 8040 JN048763 HQG654118
Perenniporiella chaquenia MUCL 49758 FJ411085 FJ393857
Polyporus brumalis KHL 8558 AF347108 AF347108
Porogramme albocincta TL 9894/03 JX109854 JX109854
Pseudofavolus cucullatus WD 2157 AB587637 AB368114
Pycnoporus cinnabarinus AFTOL-ID 772 DQ411525 AY586703
Pyrofomes demidoffii MUCL 41034 FJ411105 FJ393873
Sebipora aquosa Miettinen 8680 HQ659240 HQ659240
Trametes hirsuta RLG5133T JN164941 JN164801

New sequences are shown in bold.
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Figure 1. Strict consensus tree illustrating the phylogeny of Megasporia and its related species generated
by maximum parsimony based on ITS+nLSU sequences. Branches are labeled with parsimony bootstrap
proportions (before slanting line) high than 50% and bayesian posterior probabilities (after slanting line)

more than 0.90.

0.625, RC = 0.282, HI = 0.549), and one of the maximum parsimonious trees is shown in
Figure 1. The best model for the combined I'TS and nLSU sequences dataset estimated and
applied in the BI was GTR+I+G. Bl resulted in a similar topology with an average standard
deviation of split frequencies = 0.007691 to MP analysis, and thus only the MP tree is pro-
vided. Both bootstrap values (=50%) and BPPs (>0.90) are shown at the nodes (Figure 1).
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Samples of Megasporia clustered together (89% ML and 1 BPPs, Figure 1), then
grouped with the sample of Grammothelopsis subtropica B.K. Cui & C.L. Zhao with
low support (43% ML and 0.90 BPPs). Sampled specimens of the two new species M.
tropica and M. yunnanensis formed well-supported lineages (100% MP and 1.0 BPDs,
Figure 1), while Megasporia rimosa sp. nov. clustered with M. hexagonoides with low
support (69% MP, 0.92 BPPs).

Taxonomy

Megasporia rimosa Y. Yuan, X.H. Ji & Y.C. Dai, sp. nov.
MycoBank: MB819610

Figure 2

Diagnosis. Differs from other Megasporia species by its extremely thin and cracked
basidiocarp (less than 0.5 mm thick) when dry.

Holotype. CHINA. Guangxi Auto. Reg., Shangsi County, Shiwandashan Nature
Reserve, on fallen angiosperm branch, 06 June 2015, Y.C. Dai 15357 (BJFC019468).

Basidiocarps. Annual, resupinate, corky, without odor or taste when fresh, becom-
ing hard corky and cracked upon drying, up to 17 cm long, 4 cm wide, and 0.4 mm
thick at centre. Sterile margin thinning out, white when fresh, cream when dry, very
narrow to almost lacking. Pore surface white to cream when fresh, cream when dry;
pores angular, 3—4 per mm; dissepiments thick, entire. Subiculum pale buff, corky, up
to 0.1 mm thick. Tubes cream, paler than subiculum, corky, up to 0.3 mm long.

Hyphal structure. Hyphal system dimitic; generative hyphae bearing clamp con-
nections; skeletal hyphae weakly dextrinoid, CB+; tissues unchanged in KOH.

Subiculum. Generative hyphae infrequent, hyaline, thin-walled, occasionally
branched, sometimes encrusted by crystals, 1.5-2.5 pm in diam; skeletal hyphae domi-
nant, thick-walled with a narrow to medium lumen, moderately branched, mostly
flexuous, interwoven, slightly gelatinized, sometimes encrusted by crystals, 2.5-3.5 um
in diam.

Tubes. Generative hyphae hyaline, thin-walled, occasionally branched, 1.5-2.5 um
in diam; skeletal hyphae dominant, thick-walled with a narrow lumen, unbranched,
more or less straight, subparallel along the tubes, 2-3 pm in diam. Hyphal pegs absent,
dendrohyphidia present along hymenium, cystidia absent; cystidioles present, mostly
ventricose, thin-walled, smooth. Basidia broadly clavate to pear-shaped, with four ster-
igmata and a basal clamp connection, 20-28 x 5-7.5 pm; basidioles in shape similar to
basidia, but smaller. Small tetrahedric or polyhedric crystals frequently present among
subhymenium and hymenium.

Spores. Basidiospores cylindrical, hyaline, thin-walled, smooth, sometimes with
one or two guttula, IKI-, CB-, (16.5-)16.8-20.2(-21) x (4.1-)4.3-5.5(=5.9) pm,
L = 18.49 um, W = 4.88 um, Q = 3.97 (n = 30/1).

Etymology. Rimosa (Lat.): referring to the cracked hymenophore when dry.
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Megasporia tropica’Y. Yuan, X.H. Ji & Y.C. Dai, sp. nov.
MycoBank: MB819611

Figure 3

Diagnosis. Differs from other Megasporia species by strongly dextrinoid skeletal hy-
phae, and by lacking dendrohyphidia, cystidioles and hyphal pegs.

Holotype. CHINA. Hainan Prov., Wuzhishan County, Wuzhishan Nature Re-
serve, on fallen angiosperm branch, 10 Nov 2015, B.K. Cui 13660 (BJFC022532).

Basidiocarps. Annual, resupinate, corky, without odor or taste when fresh, be-
coming hard corky to leathery upon drying, up to 5 cm long, 3 cm wide, and 1.5 mm
thick at centre. Sterile margin thinning out, cream when dry, up to 1 mm wide. Pore
surface clay-pink to fawn when dry; pores round, 2—-3 per mm; dissepiments thin, en-
tire to lacerate. Subiculum cream, corky, up to 0.5 mm thick. Tubes clay-pink, slightly
darker than subiculum, corky, up to 1 mm long.

Hyphal structure. Hyphal system dimitic; generative hyphae bearing clamp con-
nections; skeletal hyphae strongly dextrinoid, CB+; tissues unchanged in KOH.

Subiculum. Generative hyphae infrequent, hyaline, thin-walled, occasionally
branched, 2.5-3 pm in diam; skeletal hyphae dominant, thick-walled with a narrow to
medium lumen, unbranched, more or less flexuous, loosely interwoven, 3—4 pm in diam.

Tubes. Generative hyphae hyaline, thin-walled, occasionally branched, 1.5-2 pm
in diam; skeletal hyphae dominant, thick-walled with a narrow lumen, occasionally
branched, more or less straight, subparallel along the tubes, 2-3 pm in diam. Hyphal
pegs, dendrohyphidia and cystidia absent; cystidioles present, subulate, thin-walled,
smooth. Basidia broadly clavate, with four sterigmata and a basal clamp connection,
sometimes with a big guttule, 20-25 x 7-9.5 um; basidioles pear-shaped, slightly
smaller than basidia. Small tetrahedric or polyhedric crystals frequently present among
subhymenium and hymenium.

Spores. Basidiospores cylindrical, hyaline, thin-walled, smooth, mostly with a big
guttula, IKI-, CB—, (14.2-)14.7-18.8(~19.7) x (4.9-)5-6.5(-7.1) pm, L = 16.55 pm,
W =5.65 um, Q = 2.83-3.04 (n = 60/2).

Additional specimen (paratype) examined. CHINA. Hainan Prov., Ledong
County, Jianfengling Forest Park, on fallen angiosperm branch, 21 Nov 2015, B.K.
Cui 13740 (BJFC022533).

Etymology. 7ropica (Lat.): referring to the species occurring in the tropics.

Megasporia yunnanensis'Y. Yaan, X.H. Ji & Y.C. Dai, sp. nov.
MycoBank: MB819612
Figure 4

Diagnosis. Differs from other Megasporia species by brownish tints on pore surface
and lacking tetrahedric or polyhedric crystals.
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Figure 3. Microscopic structures of Megasporia tropica sp. nov. (drawn from the holotype). a Basidiospores
b Basidioles ¢ Basidia d Cystidioles € Hyphae from trama f Hyphae from subiculum.

Holotype. CHINA. Yunnan Province, Kunming, Wild Duck Lake Park, on fallen
angiosperm branch, 28 July 2014, Y.C. Dai 13870 (BJFC017600).

Basidiocarps. Annual, resupinate, corky, without odor or taste when fresh, be-
coming hard corky upon drying, up to 3 ¢m long, 2 cm wide, and 2 mm thick at
centre. Sterile margin thinning out, white when dry, up to 1 mm wide. Pore surface
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white to cream but with brownish tints when dry; pores round, 2-3 per mm; dissepi-
ments thin, lacerate. Subiculum white, corky, up to 1 mm thick. Tubes cream, corky,
up to 1 mm long.
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Hyphal structure. Hyphal system dimitic; generative hyphae bearing clamp con-
nections; skeletal hyphae weakly dextrinoid, CB+; tissues unchanged in KOH.

Subiculum. Generative hyphae frequent, hyaline, thin-walled, occasionally
branched, 2-3 pm in diam; skeletal hyphae dominant, thick-walled with a wide to
narrow lumen, occasionally branched, mostly flexuous, interwoven, 3—4 pum in diam.

Tubes. Generative hyphae infrequent, hyaline, thin-walled, occasionally branched,
2-3 um in diam; skeletal hyphae dominant, thick-walled with a wide to medium lu-
men, occasionally branched, flexuous, interwoven, 2.5-3.5 pm in diam. Hyphal pegs
and cystidia absent, dendrohyphidia present; cystidioles present, mostly ventricose,
thin-walled, smooth. Basidia broadly clavate, with four sterigmata and a basal clamp
connection, 3035 x 9-11 pm; basidioles in shape similar to basidia, but smaller. Tet-
rahedric or polyhedric crystals absent.

Spores. Basidiospores cylindrical, hyaline, thin-walled, smooth, IKI-, CB-,
(15.19)16.5-20.8(-21.5) x (5.12)5.5-7.1(~7.5) um, L = 18.38 pm, W = 6.19 um, Q
=2.88-3.02 (n = 90/3).

Additional specimens (paratypes) examined. CHINA. Yunnan Province, Nan-
hua County, Dazhongshan Nature Reserve, on fallen angiosperm branch, 11 Sept
2015, B.K. Cui 12594 (BJFC022530). Chuxiong, Zixishan Nature Reserve, on fallen
branch of Rhododendron, 12 Sept 2015, B.K. Cui 12614A (BJFC022531).

Etymology. Yunnanensis (Lat.): referring to the locality (Yunnan Province, China)
where the species was found.

Discussion

In this study, seven previously accepted species of Megasporia (M. cystidiolophora (B.K.
Cui & Y.C. Dai) B.K. Cui & Hai J. Li, M. ellipsoidea (B.K. Cui & P. Du) B.K. Cui &
Hai J. Li, M. guangdongensis B.K. Cui & Hai J. Li, M. hengduanensis B.K. Cui & Hai
J. Li, M. hexagonoides (Speg.) B.K. Cui, Y.C. Dai & Hai J. Li, M. major (G.Y. Zheng &
Z.S. Bi) B.K. Cui, Y.C. Dai & Hai J. Li and M. violacea (B.K. Cui & P. Du) B.K. Cui,
Y.C. Dai & Hai J. Li) were referred to morphological examination and phylogenetic
analysis. Three new Megasporia species, M. rimosa, M. tropica and M. yunnanensis, are
described based on morphological differences and molecular phylogenetic analysis.
Sampled specimens of Megasporia formed a well-supported lineage (89% ML and 1.0
BPPs), indicating that all are phylogenetically distinct from other genera, as suggested
by the combined ITS and nLSU dataset (Figure 1).

Among the accepted Megasporia species, M. hexagonoides and M. major have big
basidiospores (16.6-21.8 x 5.2—-6.8 pum, 15.2-20 x 5.5-7.1 pm, Li and Cui 2013).
The three new species described in the current paper have similar basidiospores as M.
hexagonoides and M. major, but they have distinct smaller pores than those in M. hexa-
gonoides and M. major (2—4 per mm vs. 0.5-1.5 per mm). Furthermore, hyphal pegs
are present in M. hexagonoides and M. major, while they are absent in the three new
species. In addition, M. rimosa differs from other species in Megasporia by its extremely
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thin basidiocarp (less than 0.5 mm thick) and cracked when dry, while fruiting bodies
in other species are more than 1 mm thick, and not cracked when dry (Dai and Wu
2004, Du and Cui 2009, Li and Cui 2013). Megasporia tropica is distinguished from
other species in the genus by lacking dendrohyphidia, cystidioles and hyphal pegs.
Megasporia yunnanensis has brownish tints on its pore surface and lacks tetrahedric
or polyhedric crystals, while other species in Megasporia have abundant tetrahedric or
polyhedric crystals but lack brownish tints on their pore surfaces.

It seems that species of Megasporia prefer small branches rather than big logs; all
specimens of the genus having been collected mostly on fallen branches and dead
branches on living trees, and such branches being not strongly decayed. The basidi-
ocarps of the genus are usually not very big and usually form small patches, although
some patches may be merged finally. All the species of Megasporia have been found on
angiosperm wood (never on gymnosperms), and they have a distribution in subtropi-
cal and tropical forests, especially in open environments, e.g. fallen branches along
roads or paths. In addition, the species diversity of the genus is very rich in subtropi-
cal and tropical Asia, many more undescribed taxa are found from our samples based
on phylogenetic analyses, but all these samples are sterile as a common feature of the
genus, and the best season for producing basidiospores on these taxa are unknown.

Although Megasporoporiella, Megasporoporia and Megasporia are very similar, we
found some difference among these genera both in morphology and ecology. The main
difference is that Megasporoporia has di-trimitic hyphal structure and strongly dextrinoid
skeletal hyphae, while dimitic hyphal structure and weakly to moderately dextrinoid
skeletal hyphae are in Megasporoporiella and Megasporia. In addition, Megasporoporiella
has a distribution in temperate region, while Megasporia in subtropical to tropics.

Key to known species of Megasporia

1 Pores 0.5—1.5 Per MM.c..coeeeeieiiriinieniieeeeerereste et 2
- POres 2—7 Per MIML.....cuieuiriiieieiinieieieiestetetee ettt estere s eresresneeeneas 4
2 Basidiospores ellipsoid, gloeocystidia present............cccccuc.e. M. ellipsoidea
- Basidiospores cylindrical, gloeocystidia absent............ccccoceiiiiiiiinin, 3
3 Pores 0.5—1 per mm, pore surface ash gray..........cccoeeueee M. hexagonoides
- Pores 1-1.5 per mm, pore surface Cream..........coevveuereereninreeruencnnnne M. major
4 Basidiospores < 15 pm in length, hyphal pegs present........ccccccccvvnirinnneene. 5
- Basidiospores > 15 pm in length, hyphal pegs absent.........cccccccccevnnnennne. 8
5 Pores 5-7 per mm, pores violet when fresh; dendrohyphidia present ............

.................................................................................................. M. violacea

Pores 2—5 per mm, pores cream to buff when fresh; dendrohyphidia absent.... 6

(o

Pores 2—3 per mm, skeletal hyphae moderately dextrinoid... M. hengduanensis
- Pores 3—5 per mm, skeletal hyphae strongly dextrinoid...........ccccccvvvvennneeee. 7
7 Basidiospores 3.4-4.5 um in width, cystidioles collapsed .... M. guangdongensis

- Basidiospores 4.1-5.6 pm in width, cystidioles not collapsed........................
....................................................................................... M. cystidiolophora
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8 Basidiocarp < 0.5 mm thick and cracked when dry......... M. rimosa sp. nov.
- Basidiocarp > 1 mm thick and not cracked when dry.........ccccccociinnnian. 9
9 Tetrahedric or polyhedric crystals present, dendrohyphidia absent........................

................................................................................................ M. tropica sp. nov.
- Tetrahedric or polyhedric crystals absent, dendrohyphidia present................
.............................................................................. M. yunnanensis sp. nov.
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Abstract

Six species of Hymenochaete are found on bamboos in East Asia. Among them, H. bambusicola and H.
orientalis are described and illustrated as new to science. Hymenochaete bambusicola is found exclusively on
dead bamboos in northern Thailand and southwestern China, and characterized by the presence of den-
drohyphidia and skeletal hyphae. It is phylogenetically and morphologically closely related to H. innexa,
H. koceljalgii and H. tropica. Hymenochaete orientalis is found on bamboos in Taiwan and on angiosperm
branches in southern China. It is distinguished by the absence of a hyphal layer and by having relatively
large, oblong-ellipsoid to cylindrical basidiospores. Hymenochaete orientalis is morphologically similar to
H. longispora and H. cinnamomea, and forms a distinct lineage close to H. cinnamomea in the ITS+nrLSU
based phylogenetic analyses. An identification key to the six species on bamboos is given.

Key words
Bambusicolous fungi, Hymenochaetaceae, hymenochaetoid fungi, taxonomy
Introduction

Species of Hymenochaete Lév. are readily recognized by having brown basidiomes turn-
ing black in contact with potassium hydroxide, characteristic setae, generative hyphae
without clamp connections, and smooth, thin-walled basidiospores. Hymenochaete is a
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large, morphologically heterogenous genus that includes more than one hundred and
twenty species (Léger 1998, Parmasto 2004, Parmasto and Gilbertson 2005, He and
Li 2011a, b, He and Dai 2012, Parmasto 2012). Wagner and Fisher (2002) separated
the genus Pseudochaete T. Wagner & M. Fisch. from Hymenochaete according to phy-
logenetic analyses of nuclear large subunit ribosomal DNA sequences. Subsequently,
this separation was supported by several molecular studies, and more species were de-
scribed in or transferred to Pseudochaete (Larsson et al. 2006, He and Dai 2012, He
and Li 2013, Parmasto et al. 2014). Yang et al. (2016) proposed Hymenochaetopsis S.H.
He & Jiao Yang to replace Pseudochacte, since the latter has been used for algae since
1903. On the other hand, species in Cyclomyces Kunze ex Fr. and Hydnochaete Bres.,
with poroid/cyclolamellate and hydnoid hymenophores, were nested within the clades
Hymenochaetopsis and Hymenochaete in the phylogenetic studies (Wagner and Fisher
2002, He and Dai 2012, Baltazar et al. 2014, Parmasto et al. 2014). Now, the former
two genera are treated as synonyms of Hymenochaete (Fischer and Wagner 2001, Bal-
tazar et al. 2014).

Although Hymenochaete s.1. is widely distributed in subtropical and tropical areas
on angiosperm substrates, only one species, H. muroiana 1. Hino & Katum., has been
reported on bamboos in eastern Asia to date (Léger 1998, Parmasto 2005, Parmasto
and Gilbertson 2005). In 2015 and 2016, several field trips were carried out in south-
ern China, northern Thailand and central Taiwan, and many corticioid fungal speci-
mens including those of Hymenochaete on bamboos were collected. Morphological and
molecular studies of the specimens revealed six species of Hymenochaete on bamboos,
two of which, H. bambusicola and H. orientalis, are described here as new.

Materials and methods

Morphological studies. Voucher specimens are deposited in the herbaria of Beijing For-
estry University, Beijing, China (BJFC), the Center of Excellence in Fungal Research,
Mae Fah Luang University, Chiang Rai, Thailand (MFLU), and the National Museum
of Natural Science, Taichung, Taiwan (TNM). Samples for microscopic examination
were mounted in cotton blue and 2% potassium hydroxide (KOH). The following ab-
breviations are used: L = mean spore length, W = mean spore width, Q = L/W ratio,
n (a/b) = number of spores (a) measured from given number of specimens (b). Color
codes and names follow Kornerup and Wanscher (1978).

DNA extraction and sequencing. A CTAB plant genome rapid extraction kit-DN14
(Aidlab Biotechnologies Co., Ltd) was employed for DNA extraction and PCR am-
plification from dried specimens. The ITS region was amplified with the primer pair
ITS5 and ITS4 (White et al. 1990) using the following procedure: initial denaturation
at 95 °C for 4 min, followed by 34 cycles at 94 °C for 40 s, 58 °C for 45 s and 72 °C for

1 min, and final extension at 72 °C for 10 min. The nrLSU gene region was amplified



Species of Hymenochaete (Hymenochaetales, Basidiomycota)... 53

with the primer pair LROR and LR7 (Vilgalys and Hester 1990, Lapeyre et al. 1993)
using the following procedure: initial denaturation at 94 °C for 1 min, followed by
34 cycles at 94 °C for 30 s, 50 °C for 1 min and 72 °C for 1.5 min, and final extension
at 72 °C for 10 min. DNA sequencing was performed at Beijing Genomics Institute,
and the sequences were deposited in GenBank (Table 1).

Phylogenetic analyses. The molecular phylogeny was inferred from a combined dataset
of ITS and nrL.SU sequences. The sequences retrieved from open databases originated from
He and Dai (2012), He and Li (2013) and Parmasto et al. (2014, Table 1). Fomitiporia
banaennsis Y.C. Dai and F. punctara (P. Karst.) Murrill were selected as outgroup taxa
(He and Li 2013). Sequences were aligned using the ClustalX 1.83 (Chenna et al. 2003).
Alignments were optimized manually in BioEdit 7.0.5.3 (Hall 1999). Trees were shown
in TreeView 1.6.6 (Page 1996).

Maximum likelihood (ML) and maximum parsimony (MP) analyses were con-
ducted for the dataset. MP analysis were performed using PAUP* 4.0b10 (Swofford
2002). Gaps in the alignments were treated as missing data. Trees were generated using
100 replicates of random stepwise addition of sequence and tree-bisection reconnec-
tion (TBR) branch-swapping algorithm, with all characters given equal weight. Branch
supports for all parsimony analyses were estimated by performing 1000 bootstrap rep-
licates (Felsenstein 1985) with a heuristic search of 10 random-addition replicates for
each bootstrap replicate. Max-trees were set to 5000, branches of zero length were col-
lapsed and all parsimonious trees were saved. The tree length (TL), consistency indices
(CI), retention indices (RI), rescaled consistency indices (RC) and homoplasy index
(HI) were calculated for each generated tree. RAXML v.7.2.6 (Stamatakis 2006) was
used for ML analysis. Default setting were used for all parameters in the ML analysis,
and statistical support values were obtained using nonparametric bootstrapping with

1000 replicates (Hillis and Bull 1993).

Phylogeny results

The ITS+nrLSU sequences dataset contained 66 ITS and 69 nrLSU sequences from 69
samples representing 59 ingroup taxa and two outgroup taxa (Table 1). Eight ITS and
21 nrLSU sequences were newly generated. The dataset had an aligned length of 2226
characters, of which 611 were parsimony informative. MP analysis yielded 13 equally
parsimonious trees (TL = 3172, CI = 0.397, RI = 0.734, RC = 0.291, HI = 0.603). ML
analysis resulted in a topology similar to that of MP analysis. Only the MP tree is pro-
vided with both parsimony and likelihood bootstrap = 70% labeled along the branches
(Fig. 1). Alignments and trees are deposited at TreeBASE (submission ID: 20657). In
the tree, samples of H. bambusicola and H. orientalis formed two distinct lineages. For
H. innexa G. Cunn., H. orientalis and H. rhabarbarina (Berk.) Cooke, samples col-
lected from bamboos and wood clustered together with high bootstrap values (Fig. 1).
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Table 1. Taxa with locality and GenBank accession numbers for ITS and nrLSU sequences used in the

phylogenetic analysis.

Taxa Voucher Locality ITS 28S
Hymenochaete acerosa He 338 China: Xizang JQ279543 JQ279657
Hymenochaete adusta He 207 China: Guangdong JQ279523 KU975497*
Hymenaochaete anomala He 592 China: Hainan JQ279566 JQ279650
Hymenochaete asetosa Dai 10756 China: Hainan JQ279559 JQ279642
Hymenochaete attenuata He 28 China: Hainan JQ279526 ]Q279633
Hymenochaete bambusicola He 4116 Thailand: Chiang Mai | KY425674* KY425681¢
Hymenochaete bambusicola He 4121 Thailand: Chiang Mai | KY425675 KY425682*
Hymenochaete biformisetosa He 1445 China: Yunnan KF908247 KU975499*
Hymenochaete cana He 1305 China: Guangxi KF438169 KF438172
Hymenochaete cinnamomea He 755 China: Heilongjiang JQ279548 JQ279658
Hymenochaete cinnamomea He 2074 USA: Minnesota KU975460 KU975500°
Hymenochaete cruenta He 766 China: Heilongjiang JQ279595 JQ279681
Hymenaochaete cyclolamellata Cui 7393 China: Guangdong JQ279513 JQ279629
Hymenochaete denticulata He 1271 China: Guangxi KF438171 KF438174
Hymenochaete epichlora He 525 China: Hainan JQ279549 JQ279659
Hymenaochaete floridea He 536 China: Hainan JQ279597 ]Q279683
Hymenochaete filva He 640 China: Yunnan JQ279565 JQ279648
Hymenochaete huangshanensis He 432 China: Anhui JQ279533 JQ279671
Hymenochaete hydnoides He 245 China: Hunnan JQ279590 ]Q279680
Hymenochaete innexa He 446 China: Anhui JQ279585 J1Q279673
Hymenochaete innexa He 4640 China: Taiwan — KY425683*
Hymenochaete koeljalgii TFC 1996-007 Tanzania: Tanga — HEG651003
Hymenaochaete longispora He 217 China: Guangdong JQ279537 KU975514*
Hymenochaete luteobadia He 8 China: Hainan JQ279569 KU975515°
Hymenochaete megaspora He 302 China: Xizang JQ279553 JQ279660
Hymenochaete minor He 933 China: Guangxi JQ279555 J1Q279654
Hymenochaete minuscula He 253 China: Guizhou JQ279546 KU975516*
Hymenochaete murina He 569 China: Hainan JQ716406 JQ716412
Hymenochaete muroiana He 405 China: Xizang JQ279542 KU975517%
Hymenochaete muroiana He 4044 Thailand: Chiang Rai KY425676 KY425684
Hymenochaete nanospora He 475 China: Anhui JQ279531 JQ279672
Hymenochaete ochromarginata He 47 China: Hainan JQ279579 JQ279666
Hymenochaete odontoides Dai 11635 China: Beijing JQ279563 JQ279647
Hymenochaete orientalis He 4601 China: Taiwan KY425677* KY425685*
Hymenochaete orientalis He 1057 China: Guangxi KY425678" KY425686
Hymenochaete orientalis He 1230 China: Guangxi KY425679* KY425687*
Hymenochaete parmastoi He 867 China: Guangxi JQ780063 KU975518°
Hymenochaete paucisetigera Cui 7845 China: Jiangxi JQ279560 JQ279644
Hymenochaete rhabarbarina He 280 China: Yunnan JQ279574 KY425688*
Hymenaochaete rhabarbarina He 4636 China: Taiwan KY425680* KY425689*
Hymenochaete rhabarbarina TFC 1995-028 | France: La Réunion — HEG651007
Hymenochaete rhododendricola He 389 China: Xizang JQ279577 JQ279653
Hymenochaete rubiginosa He 1049 China: Guangxi JQ716407 JQ279667
Hymenochaete separabilis He 460 China: Anhui ]Q279572 JQ279655
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Taxa Voucher Locality ITS 28S
Hymenochaete setipora Cui 6301 China: Hainan JQ279515 JQ279639
Hymenochaete spathulata He 685 China: Yunnan JQ279591 KU975529°
Hymenochaete sphaericola He 303 China: Xizang JQ279599 JQ279684
Hymenochacte sphaerospora He 715 China: Yunnan JQ279594 KU975531*
Hymenochaete tasmanica He 449 China: Anhui ]Q279582 ]Q279663
Hymenochaete tongbiguanensis He 1552 China: Hainan KF908248 KU975532*
Hymenaochaete tropica He 574 China: Hainan JQ279587 J1Q279675
Hymenochaete ulmicola He 864 China: Jilin JQ780065 KU975534*
Hymenochaete unicolor He 468a China: Anhui JQ279551 ]Q279662
Hymenochaete villosa He 537 China: Hainan JQ279528 JQ279634
Hymenochaete xerantica Cui 9209 China: Yunnan JQ279519 JQ279635
Hymenochaetopsis corrugata He 761 China: Heilongjiang JQ279606 JQ279621
Hymenochaetopsis gigasetosa Hel442 China: Yunnan KT828670 KT828674
Hymenochaetopsis intricata He 412 China: Xizang JQ279608 JQ279624
Hymenochaetopsis lamellata Cui 7629 China: Guangdong JQ279603 JQ279617
Hymenochaetopsis laricicola Dai 13458 China: Heilongjiang KT828672 KT828676
Hymenochaetopsis latesetosa He 502 China: Hainan JQ716405 JQ716410
Hymenochaetopsis olivacea Dai 12789 USA: Connecticut KT828678 KT828679
Hymenochaetopsis rigidula He 379 China: Xizang JQ279613 JQ279620
Hymenochaetopsis subrigidula He 1157 China: Yunnan JQ716403 JQ716409
Hymenochaetopsis tabacina He 810 China: Jilin JQ279611 ]Q279626
Hymenochaetopsis tabacinoides Cui 10428 China: Yunnan JQ279604 JQ279618
Hymenochaetopsis yasudae He 375 China: Xizang JQ279615 JQ279627
Fomitiporia bannaensis MUCL 46950 China: Yunnan GU461943 EF429218
Fomitiporia punctata MUCL 47629 Japan GU461950 GU461982

* Sequences newly generated in this study.

Taxonomy

Hymenochaete bambusicola S.H. He, sp. nov.

MycoBank: MB 819604

Figs 2, 3

Diagnosis. This species is distinguished by the presence of dendrohyphidia and skel-

etal hyphae and the preferred substrate of bamboo tissues.

Holotype. THAILAND. Chiang Mai Province: Mork Fa, on fallen bamboo, 25
Jul 2016, He 4116 (holotype: BJFC; isotype: MFLU).
Etymology. “Bambusicola” (Lat.) refers to growing on bamboo.
Fruiting body. Basidiomes annual, resupinate, effused, closely adnate, coriaceous,
at first as small irregular patches, later confluent up to 50 ¢cm long, up to 200 pm
thick. Hymenophore smooth, greyish red [7B(3-6)], brownish orange [7C(3-6)],
greyish brown (7D3) to light brown [7D(4-06)], not cracked; margin thinning out,
light brown [7D(4-8)] to brown [7E(4-8)], usually darker than the hymenophore
surface, velvety, up to 1 mm wide. Tissues darkening in KOH.
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Figure |. Strict consensus tree obtained from maximum parsimony analysis of combined ITS and
nrLSU sequence data of taxa of Hymenochaete and Hymenochaetopsis. Branches are labeled with parsimony
bootstrap (before slash) = 70% and likelihood bootstrap (after slash) = 70%.
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Figure 2. Basidiomes of Hymenochaete bambusicola. A He 4116 (holotype) B He 4121. Scale bars : 1 cm.

Microscopic structures. Hyphal system dimitic. Tomentum absent, cortex and
hyphal layer present. Cortex up to 10 um thick, composed of densely interwoven and
agglutinated hyphae, sometimes indistinct. Hyphal layer composed of loosely inter-
woven skeletal and generative hyphae. Skeletal hyphae dominant, golden yellow to
yellowish brown, distinctly thick-walled to subsolid, frequently branched, non-septate,
1-3 pum in diam. Generative hyphae scattered, simple-septate, colorless to pale yellow,
thin- to thick-walled, moderately branched, 2-5 pm in diam. Setae scattered to abun-
dant, subulate, yellowish to reddish brown, bearing a thick hyphal sheath and an acute
tip, without encrustations or sometime slightly encrusted, originating from the sub-
hymenium or the hyphal layer, (55-)70-150(=170) x 7—11 um, projecting above the
hymenium up to 60 pm. Dendrohyphidia numerous, yellowish brown, bearing a thick-
walled stem up to 5 um wide, with branches up to 10 pm long. Basidia clavate to sub-
cylindrical, colorless, with 4 sterigmata and a basal simple septum, 15-18 x 3—4 pm;
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Figure 3. Microscopic structures of Hymenochaete bambusicola (drawn from holotype). A Basidiospores
B Basidia and basidioles € Dendrohyphidia D Setae E Hyphae from hyphal layer.
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basidioles similar to basidia but smaller. Basidiospores short cylindrical, slightly curved,
colorless, thin-walled, smooth, usually with a small guttula, (4-)4.5-6 x 2-2.5(-2.8)
pm, L =5.1 pm, W = 2.2 um, Q = 2.3 (n = 60/2).

Additional specimens examined (paratypes: BJFC & MFLU). THAILAND.
Chiang Mai Province: Mork Fa, on fallen bamboo, 25 Jul 2016, He 4121 & 4131.
CHINA. Yunnan Province: Jinghong, Virgin Forest Park, on fallen bamboo, 7 Jun
2011, He 652.

Remarks. Hymenochaete bambusicola belongs to sect. Hymenochaete sensu Léger
(1998) and is morphologically similar to H. tropica S.H. He & Y.C. Dai. However,
H. tropica has a monomitic hyphal system, shorter setae (50-90 x 7—11 um), and den-
drohyphidia with shorter branches (He and Dai 2012). Hymenochaete innexa and H.
koeljalgii Parmasto also resemble H. bambusicola, but differ from the latter species by
having simple hyphidia (not or rarely branched) and absence of skeletal hyphae (Dai
2010, Parmasto et al. 2014). Hymenochaete ceratophora Job [= H. alabastrina G.A.
Escobar ex J.C. Léger or Dichochaete ceratophora (Job) Parmasto] is similar to H. bam-
busicola by having a dimitic hyphal system with thick-walled, branched dichohyphae,
numerous dendrohyphidia and short cylindrical basidiospores; however, the former
species can be distinguished from the latter by having shorter setae (60-110 x 6-10
pm), crystals in hymenium and subhymenium and a distribution in Mesoamerica and
South America on unknown substrates (Léger 1998, Parmasto 2000). Hymenochaete
tasmanica Massee (sect. Hymenochaete) is somewhat similar to H. bambusicola by hav-
ing dendrohyphidia; however, H. tasmanica lacks skeletal hyphae, has a stratified sub-
hymenium and grows on angiosperm substrates (Léger 1998). In the phylogenetic
tree, H. bambusicola formed a fully supported clade with H. innexa, H. koeljalgii and
H. tropica (Fig. 1).

Hymenochaete orientalis S.H. He, sp. nov.
MycoBank: MB 819605
Figs 4, 5

Diagnosis. This species is distinguished by lacking a hyphal layer and having relatively
large, oblong-ellipsoid to cylindrical basidiospores.
Holotype. CHINA. Taiwan: Nantou County, Ren’ai Township, Nandongyan
Mountains, on fallen bamboo, 7 Dec 2016, He 4601 (holotype: BJFC; isotype: TNM).
Etymology. “Orientalis” (Lat.) refers to the known distribution in East Asia.
Fruiting body. Basidiomes annual, resupinate, effused, closely adnate, crustaceous
to coriaceous, at first as small irregular patches, later confluent up to 20 cm long, up to
100 pm thick. Hymenophore smooth, brownish orange [7C(5-8)], light brown [7D
(5-8)], brown [7E (5-8)] to reddish brown [8E (4-8)], not cracked; margin indeter-
minate, concolorous with hymenophore surface. Tissues darkening in KOH.
Microscopic structures. Tomentum, cortex and hyphal layer absent. Hyphal sys-
tem monomitic. Generative hyphae simple-septate, colorless to pale yellow, moderately
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Figure 4. Basidiomes of Hymenochaete orientalis. A He 4601 (holotype) B He 1230. Scale bars: 1 cm.

thick-walled, frequently branched at right angles, densely interwoven, agglutinated,
2.5—4 pm in diam. Setae abundant, subulate, bearing an acute tip, yellowish to reddish
brown, arranged in 1-3 overlapping rows, usually with a hyphal sheath and a basal
hyphal node composed of densely interwoven hyphae, without encrustations or slightly
encrusted with age, 70—120 x 7—10 pm, projecting out of the hymenium up to 85 pm.
Basidia clavate to subcylindrical, usually with a constriction in the middle part, some
with walls thickening towards the base, colorless, with 4 sterigmata and a basal simple
septum, 15-23 x 4-5.5 um; basidioles similar to basidia but smaller. Basidiospores
oblong-ellipsoid to cylindrical, with a small apiculus, colorless, thin-walled, smooth,
sometimes with one or two small guttulae, 6-8(-8.5) x 3-3.8(—4) um, L = 6.7 um, W
=3.3 pm, Q =2-2.1 (n = 60/3).

Additional specimens examined (paratypes: BJFC). CHINA. Guangxi Autono-
mous Region: Jinxiu County, Dayaoshan Nature Reserve, on fallen angiosperm twig,
25 Aug 2011, He 1000; Nanning, Damingshan Nature Reserve, on fallen angiosperm
twig, 29 Aug 2011, He 1057; Qingxiushan Park, on fallen angiosperm twig, 15 Jul
2012, He 1230. Guangdong Province: Guangzhou, South China Botanical Garden,
on fallen angiosperm twig, 5 Jul 2010, He 235; Heyuan County, Daguishan Forest
Park, on fallen angiosperm twig, 18 Aug 2011, He 1212.

Remarks. Hymenochaete orientalis belongs to sect. Gymnochaete G.A. Escobar ex
J.C. Léger sensu Léger (1998), and is morphologically very similar to Hymenochaete
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Figure 5. Microscopic structures of Hymenochacete orientalis (drawn from holotype). A Basidiospores
B Basidia and basidioles C Setae.

longispora Parmasto. However, H. longispora has hyphidia in hymenium and longer
basidiospores, 8-10 um according to Léger (1998). Hymenochaete cinnamomea (Pers.)
Bres. also resembles H. orientalis, but differs by the presence of a hyphal layer com-
posed of loosely interwoven hyphae and smaller basidiospores, 5-6.5 x 2.5-3 pm ac-
cording to Léger (1998). Hymenochaete minuscula G. Cunn. in sect. Gymnochaete can
be distinguished from H. orientalis by its smaller setae (40—56 x 5—-6 um) and basidi-
ospores (4-5 x 1.8-2.2 pm) according to Léger (1998). In the phylogenetic tree, H.
orientalis formed a lineage close to H. cinnamomea and H. minuscula, but is distant
from H. longispora (Fig. 1).

Other specimens examined (BJFC)

Hymenochaete innexa: CHINA. Taiwan: Nantou County, Xinyi Township, Xitou Re-
search Center, on fallen bamboo, 11 Dec 2016, He 4640. Hymenochaete muroiana:
CHINA. Xizang Autonomous Region: Linzhi County, Gadinggou Forest Park, on
dead bamboo, 25 Sep 2010, He 405. Hunan Province: Dong’an County, Shunhuang-
shan Nature Reserve, on bamboo stump, 13 Jul 2015, He 2379. Hainan Province:
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Wuzhishan County, Wuzhishan Nature Reserve, on dead bamboo, 10 Jun 2016, He
3953. Guangdong Province: Zhaoqing County, Dinghushan Nature Reserve, on dead
bamboo, 30 Jun 2010, He 172. Guangxi Autonomous Region: Jinxiu County, Daya-
oshan Nature Reserve, 23 Aug 2011, He 947. Taiwan: Nantou County, Ren’ai Town-
ship, Nandongyan Mountains, on dead bamboo, 7 Dec 2016, He 4608. THAILAND.
Chiang Rai Province: Campus of Mae Fah Luang University, on dead bamboo, 21 Jul
2016, He 4044. Hymenochaete rhabarbarina: CHINA. Taiwan: Nantou County,
Xinyi Township, Xitou Research Center, on fallen bamboo, 11 Dec 2016, He 4636.
Hymenochaete tropica: CHINA. Hainan Province: Wuzhishan County, Wuzhishan
Nature Reserve, on fallen bamboo, 10 Jun 2016, He 3959.

Discussion

As shown in previous studies (Larsson et al. 2006, He and Dai 2012, He and Li 2013,
Parmasto et al. 2014), species of Hymenochaetopsis formed a highly supported clade in
our phylogenetic tree (Fig. 1). Four species, Hymenochaete bambusicola, H. innexa, H.
koeljalgii and H. tropica clustered in a fully supported clade. Morphologically, these
species have some similar features, such as strictly resupinate basidiomes, presence of
abundant hyphidia, and oblong-ellipsoid to short cylindrical basidiospores. In the phy-
logenetic tree of Parmasto et al. (2014), H. koeljalgii clustered with H. floridea Berk.
& Broome, but in present analyses the latter species grouped with H. sphaericola Lloyd
and H. cruenta (Pers.) Donk. The topology of these and other closely related species is
still not completely resolved. Hymenochaete orientalis nested within a highly supported
clade with H. cinnamomea, H. minuscula, H. acerosa S.H. He & Hai ]. Li, and H. ¢p-
ichlora (Berk. & M.A. Curtis) Cooke. This clade includes species of the H. cinnamomea
group (Parmasto 2001, He and Li 2011a). In Parmasto et al. (2014), H. cinnamomea
formed a fully supported clade with the generic type H. rubiginosa (Dicks.) Lév. and
H. ochromarginata PH.B. Talbot; however, in our tree, H. cinnamomea group and H.
rubiginosa group are in a large clade that is not supported. This may be because our
phylogenetic analysis includes more taxa related to H. cinnamomea and H. rubiginosa.

Until now, six species, H. bambusicola, H. innexa (Fig. 6A), H. muroiana (Fig. 6B),
H. orientalis, H. rhabarbarina (Fig. 6C) and H. tropica (Fig. 6D) have been found on
bamboos in East Asia. Among these species, H. muroiana, originally reported from
Japan is a common species in East Asia. Parmasto (2012) described H. muroiana sub-
sp. africana Parmasto on bamboo from Kenya, which is very similar to H. muroiana
subsp. muroiana in morphology. However, it is not clear whether they are conspecific
in phylogeny. In addition to H. muroiana, H. bambusicola is also found exclusively on
dead bamboos based on present materials. Hymenochaete innexa, H. rhabarbarina and
H. tropica are here reported on bamboos for the first time.
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Figure 6. Basidiomes of previously known Hymenochaete species on bamboos from East Asia. A H. innexa

(He 4640) B H. muroiana (He 4608) C H. rhabarbarina (He 4636) D H. tropica (He 3959).

Key to species of Hymenochaete on bamboos in East Asia

1 Hyphidia present.......ccoeeiiiniiiiiiiiiccciseeeeeeeeeeeeceseee e 2
- Hyphidia absent .........ccoeiiiiiiiiiiicciecceccee e 4
2 Hyphal layer absent, hyphidia unbranched.................ccccccoiii H. innexa
- Hyphal layer present, hyphidia branched..........ccccccociiinniiin, 3
3 Skeletal hyphae present, hyphidia dendroid with long branches....................

........................................................................................... H. bambusicola
- Skeletal hyphae absent, hyphidia bifurcated to dendroid with short branches...

......................................................................................................... H. tropica
4 Hyphal layer present, hyphae encrusted with yellow resinous granules..........

......................................................................................... H. rhabarbarina
- Hyphal layer absent, hyphae smooth ..........c.ccccooviiiiiiiiiiie, 5
5 Setae 40-50 pm long, basidiospores 4-6 um long.................... H. muroiana

- Setae 70-120 pm long, basidiospores 6-8 um long.................. H. orientalis
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