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ABSTRACT

Wood decay fungi, as the name suggests, are a group of fungi which degrade woods
in various states. Due to its unique property, wood decay fungi have considerable
implications on various aspects of human lives and the global ecosystem. Despite of
its significance, taxonomy of wood decay fungi has not yet been settled. Incorrect and
arbitrary identification of wood decay fungi, for example, interfere with the optimal
application of fungal strains for industrial uses and forest preservation efforts against
devastating fungal wood decayers.

Traditional taxonomy of wood decay fungi has been chiefly based on

morphological distinctions of fruit bodies. Despite of meticulous obsc;:ryatiops Ofl'
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taxonomists, morphological taxonomy often resulted in artificial delimitation
constantly overturned by personal tastes of various taxonomists. Advent of PCR for
molecular taxonomy provided faster and more objective approach for identification
of wood decay fungi; nonetheless, several hindrances remain on the path to discover
the true taxonomy of wood decay fungi. This study addresses following problems
taxonomists encounter from current identification practices of wood decay fungi:
misidentification by incorrectly annotated sequences in public sequence databases
and highly variable intraspecific variation among different species, leading to
confusion in species identification and delimitation.

Molecular identification based on DNA sequences rely upon reference sequences;
thus the integrity of the data available at public sequence databases is fundamental
for accurate identification. With ITS and LSU sequences of Bjerkandera, this study
examines validity of sequences registered at GenBank. Based on the phylogenetic
analysis of Korean specimens of Bjerkandera, sequences of the genus uploaded on
GenBank were cross-checked. Sequences validated as Bjerkandera were further
compared with other sequences on GenBank by BLAST search to discover any
misidentified or unidentified sequence of Bjerkandera. Adding all mislabeled
sequences, number of Bjerkandera sequences available at GenBank nearly doubles.

In case of Gloeoporus, its taxonomy is still largely unsettled and sequences of only
well-known species are available at GenBank. For the phylogenetic study of this genus,

specimens were collected from various countries around the world. Multilocus
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phylogeny (ITS, LSU, fef, rpb2) reveals existence of two new species and
biogeographic diversification of G. dichrous into three locations, Asia with Alaska,
America (except Alaska), and Europe. Such pattern reveals that G. dichrous may have
dispersed via Beringia, a land bridge once connected two continents, Asia and
America. Based on the analyses, I propose Gloeoporus s.s. which mostly has clamp
connections (except G. thelephoroides) and lacks cystidia.

This study presents pitfalls which exist in taxonomic studies of wood decay fungi.
As overall taxonomy of this group has not been settled, researchers interested in
fungal identification must consider these aspects while they proceed with their

studies.

Keywords: Fungal taxonomy, wood decay fungi, misidentification, biogeographic

variation, molecular phylogeny
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I. Introduction

Wood decay fungi have been long studied in various cultures due to their unique
properties and economic implications. There are numerous historical records which
recounts damages caused by wood decay fungi. In England, for instance, damages
caused by wood decay fungi in the warships of the Royal Navy are recorded as early
as 1684 and emerged as a national concern by the 19th century (Findlay 1974). The
forestry industry has long been heavily affected by numerous decay fungi, like
Heterobasidion annosum which causes pine root rot (Deacon 2009).

While the wood decay fungi initially received attentions due to their
pathogenicity and were studied for their identification and preventive methods, they
also have numerous benefits in human lives. In Korea, various wood rotting fungi
were traditionally prescribed as medicines. Through substance screening and animal
tests, we now know scientifically that several wood decay fungi possess potent
medicinal properties, including anticancer substances (Sone et al. 1985; Liao et al.
2013). Many research groups around the world are now exploring the possibility of
using particular strains of wood decay fungi for various industrial applications, such
as biopulping, ethanol production, and bioremediation (Singh and Singh 2014).
Ecologically, these fungi perform crucial roles as decomposers in the forest ecosystem
and significantly influence global carbon cycle (Singh and Singh 2014; Floudas et al.
2012).

Recognizing the importance, researchers associated with Joint Genom_le Institute
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(JGI) of the US Department of Energy have performed whole genome sequencing of
representative wood decayers (Binder et al. 2013). These tremendous amount of data
enabled scientists to have better understanding of taxonomy and enzymatic activities
of wood decay fungi.

Classifying this extremely diverse group of fungi has always been challenges to
past and current fungal taxonomists. One of the broad categorization of the wood
decay fungi of Basidiomycota is based on the morphologically and chemically unique
types of decay they cause: brown and white rot (Blanchette 1995). Brown rots rapidly
depolymerize cellulose of wood cell while leaving lignin intact. On the other hand,
White rot fungi have ability to degrade all cell wall components, both lignin and
cellulose. White rot fungi produces hydrolases which slowly degrade cellulose while
rapidly and completely mineralize lignin. Significant loss of lignin results in zone of
white and delignified wood; hence dubbed white rots (Blanchette 1995; Riley et al.
2014).

Recent genomic research on wood decay fungi, however, suggests that the
current paradigm of white rot and brown rot categorization may not sufficiently
reflect the diversity of this fungal group (Riley et al. 2014). According to the scientists
at JGI, some fungal species normally categorized as white rots according to the
morphology lacks ligninolytic class II peroxidases (PODs), found in other white rot
fungi; these fungi, yet, have ability to degrade all components of woody plant cell
walls, exhibiting the typical characteristics of white rot fungi. As genome-wide
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research becomes prevalent and our understanding on enzymatic activities of these
fungi increases, traditional classification methods based on morphology are
challenged and, oftentimes, overturned.

Same pattern is observed in taxonomic aspect of wood decay fungi. Traditionally,
taxonomical order of this group had been categorized according to various
morphological emphases imposed by different taxonomists. Present-day fungal
taxonomists now realize that such groupings were mostly arbitrary as traditional
categorization of wood decay fungi largely deviates from the recent molecular
classification. Due to such large discrepancy, fungal taxonomists are now in the
process of redefining the taxonomic relationship of the group.

While recent technologies in molecular biology have revealed the glimpse of the
true relationship of these fungi, there are still numerous problems which must be
addressed to approach to the true taxonomy of wood decay fungi. For instance,
reliability of fungal identification based on public sequence database is often
challenged as reference sequences in the database are occasionally misidentified and
unidentified.

Before I further discuss the problems of modern taxonomic techniques, a
historical overview of taxonomic study of wood decay fungi will be first presented. I
briefly explains how taxonomic study of wood decay fungi has evolved over the past
few decades. Afterwards, I specifically delve into the history of taxonomic study on
wood decay fungi in Korea. Alongside, the current obstacles in fungal taxonomic
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studies in Korea will be discussed. Finally, scope and the aims of this paper will be

presented.
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1.1 Advancement of Taxonomic Study on Wood Decay Fungi

Identification of the wood decay fungi heavily relied upon analysis of fruit bodies
(Breitenbach and Krénzlin 1986) and pure fungal cultures (Stalpers 1978). While
morphological identification based on visual analysis of basidiocarps is fast and
reliable most of the times, early identification is rarely possible, impeding the forest
protection efforts against decay fungi (Nicolotti et al. 2010). Additionally,
morphological identification often requires great taxonomic understanding and
experiences for accurate identification. Another method, culturing is time-
consuming and often suffers contamination which hinders the accurate
identification (Nicolotti et al. 2010).

Earlier fungal taxonomists of wood decay fungi had categorized the fungi based
on meticulous examination of marco- and micro-morphological characteristics.
Nonetheless, recent molecular analysis demonstrates that previous morphological
taxonomy largely resulted in artificial and arbitrary grouping of these fungi. Wood
decay fungi were once part of the order Aphyllophorales, proposed by Rea, including
all miscellaneous fungi not forming gills, Thelephoraceae, Clavariaceae, Hydnaceae,
and Polyporaceae. While 4 families within the order were grouped together based on
hymenophore shape, exhaustive microscopic analysis had already revealed that such
groupings are unnatural (Kirk et al. 2008).

Even after the recognition of artificial groupings in wood decay fungi, such

groupings continued to be used until the advent of molecular phylogeny in 1990s. As
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more DNA sequences of wood decay fungi accumulate, more natural taxonomy
based on molecular analysis became possible. Using PCR method, taxonomists now
can easily amplify genes of their interest and use them to compare with the
corresponding genes of other organisms - the basic concept of DNA barcoding.
Numerous DNA regions were proposed as a fungal DNA barcode marker, such as the
region of mitochondrial cytochrome c oxidase subunit 1 (COI), the animal barcode
marker or the 18S nuclear ribosomal small subunit rRNA gene (SSU). These regions
were not as hypervariable or abundant as the internal transcribed spacer (ITS) region
which is ultimately selected as a universal barcode marker of fungi by the Fungal
Working Group of the Consortium for the Barcode of Life (CBOL) (Schoch et al.
2012). As DNA sequencing becomes more prevalent, scientists also implement multi-
gene analysis, combining datasets resulted from analyses of different DNA barcode
markers.

Taking the entire research to the next level, scientists now analyze the fungal
genome to determine phylogenetic relationships and to understand physiological
mechanisms of industrially valuable fungal strains. The 1000 Fungal Genomes
(1KFG) project is currently ongoing with collaborations of numerous institutions
around the world (Hibbett et al. 2013). In the near future, complete genome
sequencing will become more prevalent and facilitate to widen our functional

insights of numerous wood decay fungi.



1.2 Taxonomic study of wood decay fungi in Korea

In Korea, the number of fungi forming sporocarp is recorded as 1,600 (Seok et al.
2013) and wood decay fungi comprise more than 220 (Lee and Jung 2005; Lim 2001).
The number is anticipated to expand even more as the Korean fungal DNA barcoding
project progresses. Such prospect is possibly due to abundance of cryptic species not
yet reported and rather short history of Korean mycology. In this section, I describe
the history of taxonomic study of wood decay fungi in Korea. Much information has
been liberally obtained from previous review on the fungal taxonomic history of
Korea by Jung (1990).

The earliest account of mushroom appears in Korean history is yeongji
(Ganoderma lucidum), a medicinal wood decay fungus, recorded as an offering to the
palace in 704 (Kim 1145). During Joseon Dynasty (1392-1897), several documents
record fungi according to edibility and medicinal property. Early classification of
fungi in Korea were, however, principally artificial, accomplished at the convenience
of individuals utilizing these fungi.

Scientific reports on Korean native sporocarps were first published by foreign
scholars during early 1900s under Japanese rule of Korea. While many of them were
simple reports on fungal flora, there were also a number of taxonomic researches,
like the study on 11 species of Polyporaceae (Okada 1932).

After the momentary halt in overall academic activities due to social turmoil

following the liberation of Korea, fungal research continued to be conducted as
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subdiscipline of botany. The first illustrated guide of Korean fungi was published in
1959 (Lee et al. 1959) and subsequently the first thesis on ecological research of wood
decay fungi in Gwangneung in 1961 (Lim 1961). After extended absence of
meaningful taxonomic research, Lee and Jung (1972) published exhaustive list of
Korean Basidiomycota in 1972 as part of the comprehensive survey of Korean biota,
reporting total 381 species with photos of specimens and microscopic sketches.

With the establishment of the Korean Society of Mycology in 1972, mycologists
in Korea saw expanded opportunities to communicate and disseminate their research
outcomes on the journal dedicated for fungal research; however, taxonomic works
exclusively on wood decay fungi did rarely appear and only occasionally as part of
the extensive flora studies or comprehensive lists of Korean native fungi.

Series of detailed field guides on mushrooms were published since 1980s. The
guides include detailed descriptions essential for identifying fungi at the field,
including color, taste, size, substrate, and microscopic features for laboratory
observation. These descriptions and illustrations are certainly useful in identification.
Yet, obstacles remain as numerous variations within the species exist and subjective
descriptions, such as color or taste, may not agree among researchers. Another
problem was posed by heavy reliance on foreign taxonomic works. Although joining
belatedly in the field of mycology gave Korean fungal taxonomists leverage to
advance in research with wealth of foreign academic literatures, overdependence on
such materials also obstructed the efforts of unrevealing the true taxonomic diversity

Ay



of Korean fungal species.

In 1987 and 1991, flora studies on wood-rotting fungi of Jeju (Yang et al.) and
Ullung Island (Jung) of Korea were published respectively. Afterwards, a number of
taxonomic studies on wood decay fungi were published with detailed microscopic
illustrations. These reports were akin to traditional taxonomic papers which detailed
macro- and micro-morphological features of basidiocarps; however, even before
meticulous morphological studies take firm root in Korea, a new wave of scientific
revolution began to sweep the entire field of fungal taxonomy. With the invention of
PCR, Korean mycologists joined the worldwide movement toward molecular
taxonomy by DNA sequences.

At the dawning of the molecular phylogeny, Korean fungal taxonomists also
began to explore the brand-new technique for application in their studies. In 1992,
the cytoplasmic 5S rRNA sequence of Trimorphomyces papilionaceus (Her et al. 1992)
was first published and cytochrome b (cob) gene region of mitochondrial DNA
(mtDNA) (Hong 1993) in the subsequent year. One of the first analyses of wood
decay fungi based on PCR-amplified DNA was conducted for phylogenetic analysis
of Trichaptum in 1996 with internal transcribed spacer (ITS) 1 and 2 and
mitochondrial small subunit (SSU) rRNA gene (Ko and Jung 1996). By late 1990s and
early 2000s, several molecular phylogenies of fungal genus, such as Trametes (Ko and
Jung 1999), Ceriporia (Kim and Jung 1999), Antrodia (Kim et al. 2001), Schizopora

(Lim and Jung 2001), Coprinus (Ko et al. 2001b), Hapalopilus (Ko et al. 2001b) were
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conducted, in addition to large-scale papers which propose redefining phylogenetic
relationships of the Aphyllophorales (Kim and Jung 2000). Exhaustive phylogenetic
studies on wood decay fungi by Korean scholars contributed much to the overall
understanding of this complex group of fungi inhabiting on wood.

Now more than two decades have passed since the emergence of PCR method.
The process of DNA sequencing has become much cheaper and quicker with
technological advances. Numerous Internet databases now host millions of
sequences which serve as references for sequence similarity search. Yet, most of the
Korean fungal flora studies conducted thus far have heavily depended on
morphological observations of basidiocarps. The process of DNA extraction, PCR,
and sequencing still requires expertise, time, efforts, and equipment. Such barriers
resulted in many ecological reports which significantly depressed the diversity of
Korean wood decay fungi and overlooked possible novel species as mere variations
of recorded species. As more researchers now incorporate molecular methods to
ecological reports, we now recognize that there are many unreported and new species
of fungi in Korea and fungal diversity is much greater than previously estimated by
morphological observation. Molecular identification method proves to be especially
effective in identifying hard-to-distinguish organisms, like wood decay fungi, and to
discover diversity within an outwardly single morphospecies.

Molecular identification, however, is not a panacea of all identification problems
of the past. This method also has shortcomings despite of its convenience and
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apparent objectiveness. For instance, sequencing results may be misleading in a
certain species with high intraspecific variation. In such case, morphological
observation and meticulous phylogenetic analyses must accompany. Another
shortcoming of molecular identification is credibility of public sequence database.
Integrity of the data available at DNA sequence databases is the key to DNA
barcoding since the sequence of interest will be compared against sequences available
at databases for its identification. In public database like GenBank, 20 percent of
fungal sequences are estimated to be misidentified (Bridge et al. 2003; Nilsson et al.
2006). This finding suggests that simple identification by BLAST similarity search

can be seriously tainted by misidentified sequences at GenBank.
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1.3 Scope and aims

This study aims to observe the current problems and obstacles of identifying
wood decay fungi with case studies of Bjerkandera and Gloeoporus. Through the case
studies of the two genus, I aim to disclose the shortcomings of morphological
observation and simple sequence comparison (i.e. BLAST search) for species
identification, especially to researchers who do not specialize in taxonomy of wood
decay fungi. Two major problems will be addressed: misidentification by incorrectly
annotated sequences in public sequence databases and highly variable intraspecific
variation among different species, leading to confusion in species identification and
delimitation.

The type species of Bjerkandera, B. adusta has received attentions for its
remarkable ability to degrade various industrial wastes. As a recognition of its
economical implication, JGI has completed its whole genome sequences in 2013
(Binder et al. 2013). While many scientists have noticed its physiological property,
phylogenetic studies of this particular genus has never been rigorously executed.
Since Bjerkandera is distributed worldwide and several important strains have been
extensively studied, moderate number of sequences are uploaded in the sequence
database. In addition, the genus is small and well-defined, thus ideal for confirming
the validity of sequences registered at GenBank. Using specimens collected in Korea,
DNA sequences were obtained and compared against sequences available at public

sequence databases. Through similarity search of Bjerkandera sequences via BLAST
1] O 1]
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search, mislabeled and unlabeled sequences were identified to ultimately estimate the
reliability of data in databases.

Gloeoporus has been largely defined by morphological distinctions, but not
molecular phylogeny. Public sequence databases also lack sequences of less familiar
Gloeoporus species, hence collection of specimens is required for phylogenetic studies.
G. dichrous is well-known species observed in all continents except Antarctica, thus
suitable for the study on regional variation of fungi. Its physiological property is still
under scrutiny while medical use as an antibiotic has been discussed (Harada et al.
2006). Morphologically (however, not molecularly) related species of G. taxicola, was
extensively studied for cryptic lineages within the species (Kauserud et al. 2007;
Skaven Seierstad et al. 2013). These results revealed that even within a single
morphological species, several lineages diverged according to geographic division
and substrate. Hence, neither painstaking observation of specimen nor simple
sequence similarity search may sufficiently reveal the true diversity of these fungi
which sequences are not readily available in the public domain. To understand
geographic diversity, specimens of the cosmopolitan species G. dichrous were
collected from worldwide locations and phylogenetically analyzed for biogeographic
pattern. Based on this analysis, phylogenetic and taxonomic studies of the genus
Gloeoporus were performed to examine validity of the previous morphological

delimitation.
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I1. Case Study of Bjerkandera

Sequence Validation for the Identification of the
White-Rot Fungi Bjerkandera in Public Sequence

Database
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2.1 Introduction

Bjerkandera is a common white-rot fungus found worldwide (Murrill 1905). The
genus Bjerkandera, erected by Karsten in 1876, is characterized by soft, pileate
basidiocarps. The type species, B. adusta, exhibits a gray to black tube layer which
contrasts with a white context (Ryvarden and Gilbertson 1993). The two species in
this genus, B. adusta and B. fumosa, are both distributed in North America, Europe,
and Asia (Ryvarden and Gilbertson 1993; Gilbertson and Ryvarden 1986; Nuiiez and
Ryvarden 2001). In Korea, B. adusta was first reported in 1936 as Polyporus adustus
(Ueki 1936), and B. fumosa officially recorded in 1994 as part of an exhaustive list of
Korean wood-rooting fungi (Jung 1994). Systematic taxonomic descriptions of both
species were documented in 2010 (Lim et al. 2010).

Bjerkandera plays an ecologically important role in the global carbon cycle by
growing on and decomposing dead hardwood trees (Floudas et al. 2012), but also has
negative impacts, such as causing timber damage and interfering with the cultivation
of culinary mushrooms (Bak et al. 2011). Additional to its effectiveness in decaying
lignin, Bjerkandera can degrade common anthropogenic pollutants, such as various
polycyclic aromatic hydrocarbons (Haritash and Kaushik 2009). Such notable
enzymatic activities led scientists to explore industrial application of Bjerkandera; B.
adusta has demonstrated an ability to decolorize synthetic dyes, which can be applied
to bioremediation (Choi et al. 2013). The interest in Bjerkandera has been recently

renewed as the whole genome of B. adusta has been sequenced by the Iojin.t Ge_pomel :
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Institute (JGI) as part of the 1000 fungal genomes project (Binder et al. 2013).

Superficially, B. adusta and B. fumosa are similar and are easily confused for each
other especially when basidiocarps are immature, but morphological characters have
been identified to distinguish these two species: fruiting body shape, pore size,
context and tube thickness, and basidia and spore size (Ryvarden and Gilbertson
1993). The ease of misidentification is of greater concern for industrially important
B. adusta strains that are currently preserved as cultures and/or dried specimen
fragments; species identification cannot be checked as distinguishing morphological
characters are no longer present. If the specimens were misidentified, subsequent
data, such as DNA sequences, would be incorrect and this problem maintained in
public databases and the scientific literature.

DNA barcoding is a useful tool to help classify species and identify cryptic
diversity (Hebert et al. 2004) that depends on comparison to public databases. When
species identifications in public databases are incorrect, additional samples will be
misidentified and the problem perpetuated. In fact, about 20% of species
identifications of DNA sequences in public database were estimated to be incorrect
or questionable (Bridge et al. 2003; Nilsson et al. 2006).

In this study, I use the genus Bjerkandera as an example to quantify, characterize,
and correct species misidentifications in GenBank. I choose Bjerkandera because 1)
there are only two species, 2) the two species are highly similar and easily
misidentified by non-specialists despite distinguishing morphological characters,
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and 3) the results have implications to genomic and biotechnological research. To
complete these goals, I first identify true B. adusta and B. fumosa samples through
rigorous morphological observation, followed by DNA sequencing to build a
framework for comparison. Two molecular markers, the internal transcribed spacer
(ITS) and the 28S nuclear ribosomal large subunit (LSU), are sequenced since they
are the two most common genes used in fungal systematics (Fell et al. 2000; Scorzetti
et al. 2002; Schoch et al. 2012). Lastly, all ITS and LSU sequences in GenBank, which
have been identified as or show high sequence similarity to Bjerkandera, are

evaluated against correctly identified B. adusta and B. fumosa sequences.

17 £ I --"_- =T



2.2 Materials and methods

2.2.1 Specimens and Microscopic Observation

All specimens used in this study were collected throughout the Korean Peninsula
between 1989-2013, dried, and deposited in the Seoul National University Fungal
Collection (SFC) (Table 1). Specimens labeled as Bjerkandera were rigorously
reexamined based on distinguishing morphological characters to determine their
true species identification. Microscopic features were observed using an Eclipse 80i
light microscope (Nikon, Japan). After specimen identification was confirmed using
DNA sequence analyses (methods below), the macro- and microscopic features of

specimens were characterized in detail.
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2.2.2 DNA Extraction, PCR Amplification and Sequencing

A small piece of fungal tissue from each dried specimen was placed in a 1.5 mL tube
containing 2X CTAB buffer and ground with a plastic pestle. Genomic DNA was
extracted with a modified CTAB extraction protocol (1994). The ITS region was
amplified using the primers ITS1F and ITS4-B (Gardes and Bruns 1993) and LSU
region was amplified using the primers ITS3 and LR5 (White et al. 1990; Vilgalys and
Hester 1990). The amplification was performed in a C1000™ thermal cycler (Bio-Rad,
USA) using the AccuPower® PCR premix (Bioneer Co., Korea) in a final volume of
20 pL containing 10 pmol of each primer and 1 uL of genomic DNA. Thermal cycler
conditions for PCR followed Park et al. (Park et al. 2013). After verification via gel
electrophorese on a 1% agarose gel and the PCR product purified using the Expin™
PCR Purification Kit (GeneAll Biotechnology, Korea), DNA sequencing was
performed with an ABI3700 automated DNA sequencer (Applied Biosystems, USA)

at Macrogen (Seoul, Korea).
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2.2.3 Sequence Analysis

For all molecular analyses, alignments were performed using MAFFT (Katoh and
Standley 2013), and manually adjusted in MEGA5 (Tamura et al. 2011). For the ITS
and LSU datasets, neighbor joining (NJ) analyses were performed using MEGA5 and
maximum likelihood (ML) analyses were performed using RAXxML v8.0.2
(Stamatakis 2006). NJ analyses were performed using p-distances, substitutions
including transitions and transversions, pairwise deletion of missing data, and 1000
bootstrap replicates. ML was performed using the combined rapid bootstrap and
search for the best-scoring ML tree analysis, the GTRGAMMA model of sequence
evolution, and 1000 bootstrap replicates. Both rooted and unrooted analyses were
performed on the datasets to enhance my ability to identify distantly related species
that were mislabeled as Bjerkandera. Based on a previous phylogenetic study,
Phanerochaete chrysosporium was selected as the outgroup for rooted phylogenetic
analyses (Ko et al. 2001a). Intra- and interspecific pairwise distances were calculated
in MEGA5 using the p-distance model, substitutions, including transitions and
transversions, and pairwise deletion of gaps.

This analysis had three steps. First, phylogenetic trees for ITS and LSU were built
using only specimens of B. adusta and B. fumosa which identities were verified using
morphology. Both species were reciprocally monophyletic for both ITS and LSU, with
low intraspecific variation and high interspecific variation, validating morphological

identification. These sequence data and the phylogenetic tree served as the
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framework to which I determine whether GenBank sequences are misidentified.

Second, I downloaded all sequences resulting from the search query
“Bjerkandera” for GenBank. I also included ITS and LSU data from the single JGI
specimen used in the genome sequencing project. Sequences with over 90% coverage
of the ITS region (500-600 bp) and 5’ partial LSU region (including D1 and D2 region,
580-650bp) were retained for further analyses. NJ and ML analyses were performed
on the ITS and LSU alignments to classify the sequences; if sequences fell within the
clades of B. adusta or B. fumosa, they were classified as such. In the phylogenetic tree,
sequences that fell outside clades of the two Bjerkandera species were considered
misclassified. Through this process, I validated authenticity of sequences annotated
as Bjerkandera in GenBank.

Third, I used BLAST to identify sequences highly similar to sequences identified
as B. adusta and B. fumosa from the previous step. This set of sequences represents
ones that are unidentified or mislabeled as different genera. I selected sequences
based on similarity and coverage. Based on intraspecific p-distances of B. adusta and
B. fumosa from step two (ITS: <6%, LSU: <3%), to be conservative, I downloaded all
sequences that had a p-distance of <8% (92% similarity) for ITS and <5% (95%
similarity) for LSU. To exclude short sequences, I removed those that had coverage
of <80%. As in the previous step, NJ and ML analyses were performed on the two
alignments to classify sequences. All work with GenBank was performed on April 2,

2014.



We performed an additional phylogenetic analysis to investigate the relationship
between Thanatephorus cucumeris (or anamorphic name Rhizoctonia solani) and
Bjerkandera adusta. BLAST search resulted in a substantial number of ITS sequences
in GenBank annotated as T. cucumeris that were highly similar to B. adusta. 1
downloaded all ITS sequences labeled as T. cucumeris or R. solani and determined
their phylogenetic relationship with Bjerkandera using NJ analysis as describe above.
For this analysis, Waitea circinata (or anamorphic name Rhizoctonia zeae) was used
as the outgroup (Toda et al. 2007). The whole process detailed in materials and

methods is organized in Fig. 1 as a flowchart.
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2.3 Results

2.3.1 Morphological and Molecular Analyses of Korean

Bjerkandera Specimens

All 25 SFC specimens identified as Bjerkandera were used in the preliminary portion
of this study. Initial identification of specimens was 18 B. adusta and 7 B. fumosa (Fig.
2A). Each specimen was reexamined based on distinguishing morphological
characters between the two species and compared to published data (Table 2). Clear
differences between the two species were observed (Fig. 3). The final identification
recognized 18 B. adusta and 6 B. fumosa. One specimen of B. fumosa proved not to
be Bjerkandera and was excluded from the study.

Due to the old age of many specimens, DNA was not successfully sequenced for
all samples. The ITS and LSU regions were successfully amplified and sequenced for
11 B. adusta and 4 B. fumosa. Phylogenetic relationships inferred from ITS and LSU
using both NJ and ML methods were similar and exhibited a clear distinction
between the two species (Figs. 4-8). For ITS, intraspecific variation of Korean B.
adusta and B. fumosa was 0.0-0.55% and 0.0%, respectively, while interspecific
variation was 5.15-5.89%. For LSU, intraspecific variation of Korean B. adusta and B.

fumosa was 0.0-0.16% for both species, while interspecific variation was 1.44-1.78%.
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(A) B adusta

Figure 3. Morphology of (A) Bjerkandera adusta and (B) B. fumosa. (a) upper
surface of basidiocarps, (b) pore surface, and (c) microscopic features.
Microscopic features of basidiospores, basidia, and generative hyphae with
clamp connection are arranged from top to bottom. Scale bar=1 cm (a, b), 10
um (c).
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2.3.2 Validity of Bjerkandera Sequences in GenBank

The query for ITS and LSU sequences labeled as Bjerkandera in GenBank (including
JGI sequences) recovered 95 and 29 sequences, respectively. Of the 95 Bjerkandera
ITS sequences, 75 were labeled as B. adusta, 4 as B. fumosa, and 16 as Bjerkandera sp.
For the B. adusta records, one sequence used an old name (B. adustus), while one was
misspelled (B. adjusta). Based on the phylogenetic analyses, 10.5% (10/95) of the
sequences were shown to be misidentified (Fig. 2B). Five of these misidentified
sequences (B. adusta: JN861758, JN628105, Bjerkandera sp.: HQ596906, KF578081,
KJ174457) fell outside the clades of B. adusta and B. fumosa, so I removed them from
subsequent analyses (Figs. 5). Of the Bjerkandera sp. sequences, 12 and 1 were
identified as B. adusta and B. fumosa, respectively. Intraspecific variation of ITS for
B. adusta and B. fumosa was 0.0-5.48% and 0.0-1.86 %, respectively, while
interspecific variation was 3.53-7.85%.

Of the 29 Bjerkandera LSU sequences, 26 were initially identified as B. adusta,
zero as B. fumosa, and 3 as Bjerkandera sp. Based on phylogenetic analyses, 13.8%
(4/29) of the sequences were shown to be misidentified (Fig. 2B). Two sequences (B.
adusta: AJ406530, Bjerkandera sp.: KF578081) were inferred to be unrelated to
Bjerkandera and removed from subsequent analyses (Figs. 6). Intraspecific variation
of LSU for B. adusta and B. fumosa was 0.0-2.45% and 0.0-0.55%, respectively, while

interspecific variation was 1.14 - 2.38%.
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Figure 5. Neighbor joining
analysis of the ITS sequences
labeled as “Bjerkandera’ in
GenBank. Numbers at nodes
indicate support values from
the bootstrap analysis.
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2.3.3 Misidentified and Unidentified Sequences in GenBank

Based on my search criteria (see Materials and Methods section), a total of 121
unique ITS and 15 unique LSU sequences were identified to be highly similar to B.
adusta and B. fumosa and included in the final phylogenetic analyses. For ITS, 90
sequences were shown to be B. adusta and 1 B. fumosa (boldface in Fig. 2C). The
remaining 30 sequences were not Bjerkandera. For B. adusta, 30 sequences were
previously identified as T. cucumeris (or anamorphic name R. solani), 2 Trichaptum
abietinum (F]768676, U63474), 1 Entrophospora sp. (AY035664), 1 Ceratobasidium
stevensii (AJ427405), 1 Ganoderma lobatum (JQ520165) and 55 unidentified
sequences (Fig. 7). For B. fumosa, one sequence was an unidentified species
(FJ820598). For LSU, two sequences were misidentified and shown to be B. adusta:
Antrodia malicola (AY333836) and an unidentified fungal species (JQ249221) (Fig.

8). The remaining 13 sequences were not closely related to Bjerkandera.
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9% SFC20131024-02
AF287848 Bjerkandera adusta
AAB733333 Bjerkandera adusta
SFC20111227-22
SFC20121009-04
KW901006-08
KC176311 Bjerkandera adusta
KC176312 Bjerkandera adusta
KC176339 Bjerkandera adusta
KC176310 Bjerkandera adusta
KC176315 Bjerkandera adusta
KC176323 Bjerkandera adusta
49 KC176335 Bjerkandera adusta
KC176308 Bjerkandera adusta
AY333836 Antrodia malicola
— JX132617 Uncultured Bjerkandera
FN298244 Bjerkandera adusta
AY858352 Bjerkandera adusa
GQ470629 Bjerkandera adusta
AB733334 Bjerkandera adusta
HM595615 Bjerkandera sp.
KC176309 Bjerkandera adusta
KC176317 Bjerkandera adusta
KC176332 Bjerkandera adusta
KC176334 Bjerkandera adusta
KC176354 Bjerkandera adusta
AB096738 Bjerkandera adusta
KC176322 Bjerkandera adusta
JGI Bjerkandera adusta
SFC20111029-15
SFC20120409-08
- SFC20120714-15

0.0060 SFC20120724-13
SFC20121009-23
[— FN996994 Bjerkandera adusta
|— JQ388758 Bjerkandera adusta
SFC20120915-05
SFC20130917-05
SFC20120601-20
SFC20120615-07
SFC20130405-16
SFC20130521-78
JF416673 Bjerkandera adusta
JQ249221 Fungal sp.

100

63

B. fumosa Misidentified

B. adusta

Figure 8. Neighbor joining analysis of the LSU sequences labeled as
“Bjerkandera’, along with highly similar sequences in GenBank identified
using BLAST. Numbers at nodes indicate support values from the bootstrap
analysis.
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2.4 Discussion

The genus Bjerkandera can be easily recognized by a blackish to brown tube layer
contrasting with a white context (Ryvarden and Gilbertson 1993), while the two
species, B. adusta and B. fumosa can be distinguished by pore size, thickness of
context and tube layer, and size of basidia (Table 2). Despite the presence of
distinguishing morphological characters for B. adusta and B. fumosa,
misidentification is common, especially for those not specializing in taxonomic
classification of fungi. This problem of misidentification is made worse since both
species are sympatric and have a global distribution (Ntfez and Ryvarden 2001;
Ryvarden and Gilbertson 1993; Gilbertson and Ryvarden 1986). In this study, I have
rigorously reexamined Bjerkandera specimens from Korea and verified the
distinguishing morphological characters separating these two species (Fig. 3, Table
2). I also found that DNA data are useful to distinguish between B. adusta and B.
fumosa, as phylogenetic analyses of ITS and LSU both recovered reciprocally
monophyletic groups; thus molecular identification based on either of these two
DNA markers is sufficient to distinguish Bjerkandera species.

DNA data are a powerful tool to aid in species identification. An approach such
as DNA barcoding has become popular for species identification because it is easy
and straightforward for a non-specialist to use (Hebert et al. 2004). However, the
efficacy of DNA barcoding depends on public databases having satisfactory

taxonomic sampling and sequences that are correctly identified (Nilsson et al. 2006).
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I found that the number of misidentified sequences of Bjerkandera in GenBank is
substantial. More ITS sequences (95 sequences) were present in GenBank compared
to LSU (29 sequences), and as such, the problem of misidentification was more
evident for ITS sequences. My discussion of misidentification herein focuses on ITS.

The BLAST results revealed that B. fumosa was more commonly misidentified
as B. adusta (n=4) as opposed to the opposite case (n=1). This is likely due to B.
adusta being more common in the environment compared to B. fumosa (Ryvarden
and Gilbertson 1993) and B. adusta being the focus of more academic and industrial
research. In addition to misidentified sequences, there were many unidentified
sequences that, through the phylogenetic analyses, were shown to be B. adusta or B.
fumosa. Recognition of these previously misidentified and unidentified sequences of
B. adusta (90 sequences) and B. fumosa (1 sequence) nearly doubles the number of
Bjerkandera I'TS sequences in GenBank.

Of the misidentifications between genera, some sequences originally identified
as T. cucumeris (or anamorphic name R. solani) were later re-identified as B. adusta.
Morphologically, these two species are different in culture morphology, with B.
adusta possessing hyaline hyphae with conidia, and T. cucumeris having brownish
hyphae without conidia (Romero et al. 2007). The problem of identification was
raised in studies exploring fungal diversity from air, soil, and industrial wastes.
Several authors explicitly describe the difficulty distinguishing between Bjerkandera

and Thanatephorous using DNA data due to two highly similar sequences of two
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different species uploaded in GenBank (e.g. Romero et al. 2007; Frohlich-Nowoisky
et al. 2009). Other previous studies also raise the problem of identification using
environmental DNA data and BLAST for identification (Tringe and Rubin 2005). To
clarify the issue, I performed a phylogenetic analysis of my Bjerkandera ITS data,
adding data from T. cucumeris. I found that 1024 sequences of T. cucumeris formed a
distinct group with high bootstrap support from the 30 sequences re-identified as B.
adusta (Fig. 9). These results indicate that T. cucumeris and B. adusta are
distinguishable with molecular data and the problem was due to misidentified
sequences.

For a small subset of sequences, Bjerkandera were found to be misidentified as
different wood decay fungi genera (Antrodia, Ganoderma, Trichaptum). While the
basidiocarps of Bjerkandera are morphologically distinct from these wood decay
fungi, such misidentification may occur in the absence of fungal taxonomic expertise
or apparent morphological distinctions (e.g. working with cultures, immature

basidiocarps, or environmental samples).
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—94< T. cucumeris (1024 sequences)

SFC20131024-02
89 SFC20111227-22
871l SFC19901006-08
99 | 'SFC20121009-04
KJ140583 Bjerkandera fumosa US
AJ006673 Bjerkandera fumosa UK
FJ903376 Bjerkandera fumosa Lativa
- FJ853489 Rhizoctonia sp .7
— JN104544 Thanatephorus cucumeris v«
KF381087 Thanatephorus cucumeris ¥¢
SFC20120724-13
SFC20111029-15
197]| | AF455419 Rhizoctonia solani ¥¢
\- KF758399 Rhizoctonia solani ¢
gN198491 Bjerkandera adusta China

B. fumosa

99

KC176308 Bjerkandera adusta US
GU480955 Thanatephorus cucumeris ¥«
AB567717 Bjerkandera adusta Japan
SFC20130521-78

'— FJ467364 Thanatephorus cucumeris v¢
FJ467377 Thanatephorus cucumeris v«
KF990139 Thanatephorus cucumeris ¢
SFC20130917-05

EU326212 Thanatephorus cucumeris v¢
KC460872 Thanatephorus cucumeris vt
KJ140569 Bjerkandera adusta US
AF455461 Thanatephorus cucumeris ¢

AF455435 Thanatephorus cucumeris ¢
KJ093500 Thanatephorus cucumeris ¥¢
AF455463 Thanatephorus cucumeris v«
AF455459 Thanatephorus cucumeris ¢
AF455445 Thanatephorus cucumeris ¢
AF455438 Thanatephorus cucumeris ¢
EF 155506 Thanatephorus cucumeris v<
FR670341 Thanatephorus cucumeris ¢
DQ117961 Rhizoctonia sp. ¥«
GQ9Y96576 Thanatephorus cucumeris ¢
AJ000198 Thanatephorus cucumeris ¢
AJ276054 Rhizoctonia solani v«
3ﬁAJ006672 Bjerkandera adjusta UK

99

B. adusta

FJ228211 Bjerkandera adusta Sweden
FJ441020 Thanatephorus cucumeris ¥t
DQ426512 Thanatephorus cucumeris ¢
- FJ426396 Thanatephorus cucumeris v¢
DQ426519 Thanatephorus cucumeris v«
DQ426529 Thanatephorus cucumeris v«
FJ608590 Bjerkandera adusta Poland
FJ791155 Thanatephorus cucumeris vt

AY219344 Phanerochaete chrysosporium
DQ846899 Waitea circinata

P
0.05

Figure 9. Neighbor joining (NJ) tree identifying B. adusta sequences in GenBank

incorrectly labeled as Thanatephorous cucumeris or anamorphic name Rhizoctonia

solani. Select ITS sequences of T. cucumeris and Bjerkandera were compared.

Bootstrap values higher than 85 are displayed. B. adusta incorrectly labeled as T. r

cucumeris or R. solaniin GenBank is denoted with star. ,{—-.! _‘~|3| . 1]| ol ITL
el I
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These scenarios exemplify the importance of thorough morphological
observation and correct identification of specimens/cultures before uploading
associated DNA data to GenBank. Misidentification in groups such as Bjerkandera
can have important implications to biotechnological research. Considering the
interest Bjerkandera has attracted for various industrial applications, it is necessary
that Bjerkandera cultures and stocks are molecularly verified for potential
misidentification. For accurate comprehension of the evolution and mechanisms
underlying enzymatic activities and optimum application of strains, precise
taxonomy is paramount. This problem of misidentification perpetuated through
public databases and future studies are not confined to Bjerkandera or wood rotting
fungi. I hope that researchers understand the responsibility of using a public database
and are prudent in accurate species identification and annotation before submitting

sequence data for public use.
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II1. Case Study of Gloeoporus

Worldwide samples of Gloeoporus dichrous reveals

biogeographic diversification
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3.1 Introduction

Biogeographic studies of fungi have revealed that our current understanding of
fungal diversity is significantly depressed (Cai et al. 2014; Skaven Seierstad et al. 2013;
Hibbett 2001). Traditionally, taxonomy of basidiomycetous fungi has been
dominantly driven by morphological distinctions of fruit bodies. Fungi causing wood
decay were also conventionally classified according to the fruit body shape, wood
rotting type, and microscopic hyphal structures (Miettinen et al. 2012). Such
classifications are, however, now largely considered as artificial as they are
inconsistent and conflicting with phylogenetic analysis based on molecular data
(Binder et al. 2013; Miettinen et al. 2012). Multi-locus phylogenetic studies of the
Polyporales, a morphological group which includes numerous wood decayers, reveal
that taxonomy of this particular group is unresolved as numerous genera are shown
as polyphyletic (Binder et al. 2013).

Scarcity of studies involving broad sampling adds a layer of confusion in the
pursuit of discovering true and natural classification of fungi. While European and
North American fungi are relatively well-studied, majority of the counterparts in
Africa, Asia and South America are estimated as yet to be accounted (Mueller et al.
2007). Imbalance in available literatures has resulted in partial understanding of
fungal diversity outside continental Europe and North America. Recent studies
involving broader samplings of wood decay fungi suggest genetic diversification of a

morphospeices according to geographic regions (Skaven Seierstad et al. 201_l3; Vasaitis
] O +1 &1
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et al. 2009).

In this study, the biographical diversity of the wood decay fungi, Gloeoporus
dichrous was examined by inspecting extensive collection of G. dichrous. The species
is known to distribute throughout the world as reported in fungal floral studies of
various locations around the world, making a suitable candidate for examining the
biographical diversification of fungal species. Gloeoporus taxicola, morphologically
identified as congeneric to G. dichrous, has been also previously studied for its
biogeographic pattern and host affinity.

Morphologically, the genus Gloeoporus is distinct as the gelatinous and elastic tube
layer is easily separated from the rest of the fruit body and hymenium is continuously
developed over pore mouth (Gilbertson and Ryvarden 1986; Niemeld 1985); however,
the taxonomic position of genus Gloeoporus is still unsettled. G. dichrous and G.
taxicola are two well-known species of the genus, yet they are not monophyletic
according to the molecular phylogenetic analysis (Binder et al. 2013; Jia et al. 2014).

This study aims to analyze the biogeographic pattern of G. dichrous and to further
contribute to our understanding on the diversity of wood decay fungi. In order to
achieve these objectives, worldwide specimens of G. dichrous were collected and
sequenced for multi-locus analysis. These specimens were analyzed in four different

genes and statistically validated for the biogeographic diversity.
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3.2 Materials and methods

3.2.1 Specimens

For this study, samples of G. dichrous were obtained from various laboratories and
herbaria around the world. Each sample was sequenced and compared with reference
sequences in GenBank. Any misidentified sample (i.e. not G. dichrous) was
disregarded from the further analysis. Overall, 61 dried specimens and 8 live cultures
were used for this study (Table 3). Alongside, G. pannocinctus (FP-135015 from New
York, USA) and G. thelephoroides (BZ-2896 from Cayo, Belize) were sequenced as
outgroups. G. pannocinctus is closely related to G. dichrous according to the recent
studies based on molecular data (Binder et al. 2013) while G. thelephoroides is the

type species of the genus Gloeoporus.
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3.2.2 Molecular analyses

DNA extraction, amplification, and sequencing

A small piece of fungal tissue from each dried specimen was placed in a 1.5 mL tube
containing 2X CTAB buffer. For live cultures, mycelial surfaces were scraped off
potato dextrose agar plates and placed in a 1.5 ml tube as described above. Both types
of samples were ground with a plastic pestle. Genomic DNA was extracted with the
modified CTAB extraction protocol (Rogers and Bendich 1994). Four regions were
amplified for the multi-locus analysis: internal transcribed spacer (ITS) region,
nuclear large subunit ribosomal DNA (LSU), translation elongation factor 1-a (tef),
and the second-largest subunit of RNA polymerase II (rpb2). The ITS region was
amplified using the primers ITS1F and ITS4-B (Gardes and Bruns 1993), LSU rDNA
region was amplified using the primers LROR and LR5 (White et al. 1990; Vilgalys
and Hester 1990). Genes of tef and rpb2 were amplified using primers
EF595F/EF1160R (Kauserud and Schumacher 2001) and RPB2-6F1/bRPB2-7.1R
(Matheny 2005) respectively. The PCR amplification was performed in a C1000™
thermal cycler (Bio-Rad, USA) using the AccuPower® PCR premix (Bioneer Co.,
Seoul, Korea) in a final volume of 20 pL containing 10 pmol of each primer and 1 pL
of genomic DNA. Thermocycler conditions for PCR of ITS, LSU, and tef followed
Park et al. (2013). The condition for amplification of rpb2 is detailed at
http://www.clarku.edu/faculty/dhibbett/rpb2 primers.htm. DNA sequencing was

performed with an ABI3700 automated DNA sequencer (Applied Biosystems, Foster
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City, CA, USA) at Macrogen (Seoul, Korea).

Molecular phylogeny

For all molecular analyses, alignments were performed with MAFFT online version
at http://mafft.cbrc.jp/alignment/server/ (Katoh and Standley 2013) and manually
adjusted in MEGA5 (Tamura et al. 2011). In the same program, each gene was
analyzed by neighbor-joining (NJ) method using p-distances, substitutions including
transitions and transversions, pairwise deletion of missing data, and 1,000 bootstrap
replicates. Subsequently, Bayesian and maximum likelihood (ML) analyses were
implemented for concatenated dataset. For Bayesian analysis, four genes (ITS, LSU,
tef, and rpb2) were concatenated and partitioned for the inferences. The appropriate
model for each gene was selected based on Bayesian information criterion (BIC)
values computed from jModelTest 2.1.4. The substitution model HKY+G was used
for ITS, K80+I for LSU, K80+G for tef, and SYM+1+G for rpb2. Bayesian analysis was
conducted with MrBayes 3.2.2 (Ronquist et al. 2012) using Metropolis-coupled
Markov chain Monte Carlo (MCMCMC) algorithm. Two independent runs were
simultaneously executed for 10,000,000 generations with four chains for each run,
sampling every 100th generation. Log files generated from two separate runs were
checked with Tracer 1.6 (Rambaut et al. 2013), confirming that initial setup of 25%
burn-in value was sufficient. ML analysis was performed with RaxML 7.2.6
(Stamatakis 2006) with combined rapid bootstrap and search for best-scoring ML
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tree analysis, the GTRCAT model of sequence evolution, and 1,000 bootstrap
replicates. Likewise, four genes were concatenated and partitioned for analysis. Trees
generated from both analyses were checked and modified in FigTree 1.4 (Rambaut
and Drummond 2012).

Intraspecific variation was calculated for datasets of each gene marker. Pairwise
distances of sequences were calculated in MEGAS5 and exported to Microsoft Excel

for data analysis.

Genealogical Sorting Index (GSI)

In order to quantify lineage divergence according to geographical distribution,
statistic of genealogical sorting index (GSI) was implemented (Cummings et al. 2008).
The phylogenetic tree created from concatenated dataset (without sequences of the
new species proposed in this study) by Bayesian analysis was analyzed at the GSI
website at http://www.genealogicalsorting.org. Groups were divided according to
geographical division, except for Africa which was grouped with Asia. Accordingly,
tive groups were assigned: America, Asia, Alaska & Northeastern China, Europe, and

Oceania. The permutation test was repeated for 10,000 replicates.
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3.3 Results

3.3.1 Molecular phylogeny

All specimens of this study were sequenced for molecular phylogeny. ITS and LSU
genes are fully sequenced for 69 specimens in the study. A total of 64 tef and 64 rpb2
sequences had been obtained. Phylogenetic analysis of each gene revealed unique
lineages which may not considered as same species of G. dichrous (Fig. 10). These
three lineages are genetically unique and considered as two new species. They will be
further explained and discussed separately in Chapter 4 along with the phylogeny of
the genus Gloeoporus.

When observed G. dichrous only, numbers of ITS characters slightly vary
according to the geographic locations, European specimens have 597, while
American and Asian specimens have 598. New Zealand and South American
specimens further have an extra character (not at the same location), which sums up
to 599 characters. In comparison, new Gloeoporus species overall have more ITS
characters. Four specimens of Gloeoporus sp. 1 have 611 characters, while one
specimen, Cui 7261, has 601 characters. Two specimens of Gloeoporus sp. 2 have 602

and 603 characters respectively.



<| G. dichrous (61 specimens)
F20513 TPE
100 | 199Cui 7261 CHN
1ipGJ050831-98 KOR
ai 10471 CHN
-28839 JPN
Cui 8853 CHN
ﬁ918063 UGA
918572 UGA
100 BZ-2896 G. thelephoroides
—FP-135015 G. pannocinctus

0.07

Gloeoporus sp. 1
100

Gloeoporus sp. 2

Figure 10. Phylogenetic trees inferred from ML analysis based on the
concatenated dataset of ITS, LSU, tef, rpb2.
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3.3.2 Biogeographic diversification of G. dichrous

The phylogenetic trees generated from nuclear genes ITS, LSU, tef, and rpb2 all show
clear distinction of European specimens from the rest of the specimens (Fig. 11). The
analysis of tef gene additionally reveals genetic diversification of European specimens
between Northern and Southeastern (including a part of the Central) Europe (Fig.
11). The phylogenetic analysis of LSU gene shows that Asian, American, and New
Zealand specimens are altogether grouped in one clade with moderately high
bootstrap value. Separation between Asian and American groups are shown in tef
and rpb2 phylogenetic trees with fairly robust bootstrap support, while their
relationship is not clearly revealed. Interestingly, the rpb2 analysis shows that Alaskan
samples (HHB-15239, FP-102050, GAL-3333) intermingle with Asian samples of G.
dichrous, instead of American counterparts. The fef analysis further illustrates that
Northeastern Chinese and Inner Mongolian samples are grouped with specimens
from Alaska and British Columbia, Canada and rather have higher affinity with
American specimens, a phylogenetic pattern conflicting with the rpb2 analysis. A
sample from British Columbia, northern Canadian state approximated to Alaska, is
especially interesting as this specimen is closely related with American samples in all
analyses, except for the fef analysis which instead shows grouping of specimen with
Alaskan and Northeastern Chinese counterparts. From analyses of ITS, tef, rpb2
genes, specimens from New Zealand are clearly distinguished from the rest of the

specimens.



The concatenated analyses likewise show clear distinction of European specimen
from the rest of the specimens with robust bootstrap support (Fig. 12). Partition of
American group from Asian group is also strongly supported by bootstrap. From the
concatenated dataset, Alaskan specimens are clearly separated from the rest of the
American specimens. Alaskan specimens admix with Asian specimens and evident
grouping of Asian specimens is not observed. Specimens of New Zealand, however,
are clearly separated from the rest of the specimens with high bootstrap value.

Despite unclear relationships between biogeographic groups, GSI values support
the exclusivity of each group. American, Asian, European, and Oceanian groups all
have GSI = 1.00, which denotes that the group is monophyletic, with p value <0.0002.
The group of Alaskan samples with two Northeastern Chinese samples has GSI =
0.819 with p value of 0.0001. Refer to Fig. 13 for specimen locations and their

biogeographic groupings.
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66

100

HHB-18747 USA
o FP-106899-Sp USA
FP-105267-Sp USA
DL96-574 USA
DL96-261 USA
HHB-17181 USA
DL96-262 USA
FP-151129 USA
65/ DLC97-166 USA
FP-102318-Sp USA
FP-102250-Sp USA
FP-134973-Sp USA
| 'CBS 446 50 CAN
? 18MARO2 CHI
N 11901 ARG
F10240 TPE
GAL-3333 BER
o5 916456 NZL
"» PDD68418 NZL
ICMP16418 NZL
HHB-15056 BER
NS061014-03 KOR
FP-102050 BER
96' Dai 5292 CHN
Yuan 2408 CHN
F19830 BER
Cui 1320 CHN

~1

pd {Cui 9985 CHN

HHB-15239 BER
Dai 6932 CHN
F20963 TPE
SFC20111001-71 KOR
DY030612-05 KOR
F25510 CHN
Kout 6 CHN
Dai 11466 CHN
F17257 BER
Kout 3 RUS
68241 NOR
99|/, BRNU 631521 CZE
BRNM 705020 HUN
286284 NOR
Kout 5 CZE
91(284607 NOR
Kout 1 CZE
BRNM 709971 SVK
286068 NOR
220192 NOR
291654 NOR
295520 NOR
69367 NOR
BRNU 631507 CZE
BRNM 648733 CZE
Kout 2 CZE
65268 NOR
64251 NOR
230773 NOR
MT ALB ALB
Kout 4 CZE
MT7 11 CZE
69689 NOR

FP-135015 G. pannocinctus

BZ-2896 G. thelephoroides

56

gt



LSU

?

67

NS061014-03 KOR
916456 NZL
FP-106899-Sp USA
FP-151129 USA
HHB-17181 USA
DL96-261 USA
DL96-574 USA
FP-105267-Sp USA
FP-102250-Sp USA
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Figure 11. Phylogenetic trees inferred from neighbor joining (NJ) analysis of four
datasets, ITS, LSU, tef and rpb2. Bootstrap scores =60 are shown.
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Figure 12. Phylogenetic tree inferred from Bayesian analysis based on the
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3.3.3 Intraspecific variation of G. dichrous

Throughout all datasets of multi-locus genes used in this study, Korean specimens
exhibited low intraspecific variation. The variation was 0.17% for ITS gene, 0.29% for
rpb2. For LSU and tef gene, there was no variation. When all specimens were included
for calculation, intraspecific ITS variation was 1.68%. LSU dataset had lower value,
0.48% while fef dataset had 2.99%. Among all datasets, rpb2 showed the highest
intraspecific variation, 7.98%. Fig. 14 summarizes intraspecific variation of each gene

presented in this study.
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Figure 14. Intraspecific variation of G. dichrous. From the datasets of four
gene markers, intraspecific variations of Korean specimens and global

specimens were calculated.
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3.4 Discussion

While fungal species have long been perceived as free of dispersal barrier, recent
molecular analyses of various fungal types starkly contrasted with such long-standing
belief. Numerous studies have demonstrated the presence of cryptic lineages and
biogeographic diversity which conflicts with previous species and genus delimitation
(Skrede et al. 2011; Carlsen et al. 2011). In this study, phylogenetic analyses of four
loci and GSI were implemented to examine biogeographic diversification of G.
dichrous. Topology of phylogenetic trees and intraspecific variation values reveal that
each geographic clade may not be considered as a separate species; nonetheless,
specimens of G. dichrous are separated into distinctive groups according to
biogeographic division.

While their relationships are not clearly revealed to infer geographical origin of the
species and its entire dispersal route, analyses of several datasets coincide with the
presence of three major groups: Asia with Alaskan specimens, America (expect
Alaska), and Europe. The phylogenetic analysis of LSU (Fig. 11) dataset reveals that
Asia and America have almost identical sequence while datasets of fast-evolving
protein-coding genes rpb2 and tef illustrate that G. dichrous specimens of two
continents vary according to geographic location. Diversification of Asian and
American specimens is possibly explained by Beringian dispersal. While speciation
of numerous organisms were traditionally explained by cross-Beringian connection

(Hopkins 1967), similar trends have been observed in several fungal studies which _
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involve large samplings collected worldwide (Skrede et al. 2011; Sanchez-Ramirez et
al. 2015).

In the analysis of the concatenated dataset, Asian specimens of G. dichrous and
Alaskan specimens admix despite of clear division of American group from Asian
group. Independent analysis of fef gene, however, shows that Alaskan specimens
along with Northeastern Chinese samples are grouped separately from the Asian.
Alaskan group clearly diverge from rest of the American samples, suggesting the
group may have been separated by vicariance. Conceivably, the population of G.
dichrous dispersed to the American Continent (or vice versa to the Asian Continent)
through Beringia, a land bridge which once connected Asia and America. By the end
of the Pliocene (about 2.4 Myr ago), arctic ice cap was established as the global
temperature plummeted (Hewitt 2000) and eventually separated Alaska from the rest
of the American continent. Blockage by glaciation may have affected the dispersal
route and resulted in current genetic diversification.

Such biogeographic pattern does not completely match with the equivalent
analysis of Gloeoporus taxicola (Skaven Seierstad et al. 2013). Even though they are
currently in the same genus, recent researches suggest that G. taxicola and G. dichrous
are not as closely related (Jia et al. 2014; Binder et al. 2013) as previously considered
by morphological taxonomists. G. dichrous of this study displays geographically
unique and exclusive genetic variations while G. taxicola has two main lineages which

is not specific to geographical locations. One of the lineages is a widespread group
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which distributes throughout Eurasia to North America and other group which are
only found in parts of the European continent and associate almost exclusively with
Pinus sylvestris as a substrate. Wood rotting fungi Serpula himantioides exhibits
similar pattern as G. taxicola as one of the lineages has wider distribution when other
lineages have stricter host preferences (Carlsen et al. 2011).

Conversely, numerous other species- and genus-level studies show geographically
unique clades without a prevalent or dominant type (Moncalvo and Buchanan 2008;
Cai et al. 2014; Sanchez-Ramirez et al. 2015; Skrede et al. 2011). Yet, these researches
all differ in explanation of spreading mechanism of fungi, either by vicariance, long
distance dispersal, or a combination of both mechanisms. A wide spectrum of
biogeographic patterns of fungi suggests that fungal diversification is a very unique
and complex process for each species. Thus previously long-held belief of barrier-free
proliferation of fungi - so they must be everywhere — must be reconsidered.

G. dichrous is rather well-known species of wood rotting fungi due to its unique
morphology and worldwide distribution. This study, however, verifies that even within
the distinctive morphological species, biogeographic diversity does exist. Along with
other fungal taxonomic studies which involves a large of number of specimens, results
of the study calls for a scrutiny of familiar species identified based on its distinctive
morphology. Wood rotting fungi have been extensively studied for the possibility of
industrial application and understanding their genetic diversity is crucial for discovery

of novel substances and exceptional strains for practical applications.
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IV. Case Study of Gloeoporus

Phylogeny and taxonomy of the genus Gloeoporus

(Polyporales, Basidiomycota)
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4.1 Introduction

Gloeoporus Mont. is morphologically defined group with easily separated gelatinous
hymenophore and a continuous hymenium over the pore mouth (Ryvarden and
Johansen 1980). The genus was first established in 1842 by Montagne to describe a
subtropical species G. conchoides (syn. G. thelephoroides). Species of Gloeoporus have
pore surfaces of pinkish white, cream, or orange to deep reddish color with small
pores (Gilbertson and Ryvarden 1986). Fresh fruiting bodies have gelatinous and
elastic hymenophore, a distinguishing feature of Gloeoporus, which becomes resinous
and cartilaginous when dry.

Currently, Gloeoporus includes about 12 accepted species based on morphological
characters (Coelho et al. 2006), including a recent addition of G. guerreroanus which
grows on bamboo trees. Among these species, two different hyphal systems are
observed, either simple septate or clamped hyphae (Ryvarden 1991). For example, G.
dichrous and G. pannocinctus have generative hyphae with clamps while G. taxicola,
and G. thelephoroides, and G. guerreroanus have simple-septate generative hyphae
(Gilbertson and Ryvarden 1986; Coelho et al. 2006; Niemeld 1985). Inconsistent
hyphal system has long been perceived as a possible phenomenon in the Corticiaceae
s.l. (Ryvarden 1991).

Recent molecular taxonomic and phylogenetic researches, however, suggest that
previous delimitation of Gloeoporus needs considerable revision. Numerous studies

on the Polyporales show that grouping of G. dichrous and G. pannocinctus is welll:
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supported while G. taxicola has affinity with different genera (Binder et al. 2013; Jia
et al. 2014). Due to lack of comprehensive phylogenetic studies of Gloeoporus,
artificial grouping of the genus still remains and exacerbates confusion in
determining taxonomic position of the genus. As a result, species in Gloeoporus still
undergo constant reposition. Currently, Index Fungorum (http://www.
indexfungorum.org) lists G. dichrous as Gelatoporia dichroa (Fr.) Ginns, unlike
MycoBank (http://www.mycobank.org) where the species is registered under
Gloeoporus. Such disagreement calls for a need to define taxonomic position of
Gloeoporus.

In this study, I perform multi-locus phylogeny of Gloeoporus to define taxonomic
position and relation of the genus. Worldwide specimens of Gloeoporus were
collected and molecularly analyzed. In the course of analysis, two undescribed
species of Gloeoporus were identified and presented as new species with

morphological descriptions.



4.2 Materials and methods

4.2.1 Specimens

11 dried specimens of Gloeoporus, including G. dichrous and two new species were
selected from the Table 3 of the previous chapter. DNA sequences of related genera
were obtained from Floudas and Hibbett (2015). Microscopic features of the
specimens were observed with Eclipse 80i light microscope (Nikon, Japan). Slides
were prepared in Melzer’s reagent for measurement. For the description of spore sizes,

at least 30 spores were measured.
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4.2.2 Molecular analyses

DNA extraction, amplification, and sequencing

A small piece of fungal tissue from each dried specimen was placed in a 1.5 mL tube
containing 2X CTAB buffer and ground with a plastic pestle. Genomic DNA was
extracted with the modified CTAB extraction protocol (Rogers and Bendich 1994).
Four regions were amplified for the multi-locus analysis: internal transcribed spacer
(ITS) region, nuclear large subunit ribosomal DNA (LSU), and the second-largest
subunit of RNA polymerase II (rpb2). The ITS region was amplified using the primers
ITS1F and ITS4-B (Gardes and Bruns 1993), LSU rDNA region was amplified using
the primers LROR and LR5 (White et al. 1990; Vilgalys and Hester 1990). The rpb2
gene was amplified using primers RPB2-6F1/bRPB2-7.1R (Matheny 2005). The PCR
amplification was performed in a C1000™ thermal cycler (Bio-Rad, USA) using the
AccuPower® PCR premix (Bioneer Co., Seoul, Korea) in a final volume of 20 pL
containing 10 pmol of each primer and 1 pL of genomic DNA. Thermocycler
conditions for PCR of ITS and LSU followed Park et al. (2013). The condition for
amplification of rpb2 is detailed at http://www.clarku.edu/faculty/dhibbett/rpb2
primers.htm. DNA sequencing was performed with an ABI3700 automated DNA

sequencer (Applied Biosystems, Foster City, CA, USA) at Macrogen (Seoul, Korea).



Molecular phylogeny

For all molecular analyses, alignments were performed with MAFFT online version
at http://mafft.cbrc.jp/alignment/server/ (Katoh and Standley 2013) and manually
adjusted in MEGA5 (Tamura et al. 2011). In the same program, ITS gene was
analyzed by neighbor-joining (NJ) method using p-distances, substitutions including
transitions and transversions, pairwise deletion of missing data, and 1,000 bootstrap
replicates. With concatenated dataset of four genes, ML analysis was performed by
RaxML 7.2.6 (Stamatakis 2006) with combined rapid bootstrap and search for best-
scoring ML tree analysis, the GTRCAT model of sequence evolution, and 1,000
bootstrap replicates. Trees generated from the analysis was checked and modified in

FigTree 1.4 (Rambaut and Drummond 2012).
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Figure 15. Phylogenetic tree inferred from neighbor joining analysis based on
the dataset of ITS. Bootstrap scores =60 are shown.
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Figure 16. Phylogenetic tree inferred from ML analysis based on the
concatenated dataset of ITS, LSU, and rpb2. Likelihood bootstrap = 70% are

presented on the branches.
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4.3 Results

Phylogenetic analysis based on ITS gene (Fig. 15) clearly supports a monophyletic
clade including two clamped species, G. dichrous, G. pannocinctus, and one clampless
species, G. thelephoroides, with strong bootstrap support. Two species without clamps,
G. taxicola and G. guerreroanus, are not part of this clade, but intermingle with
Meruliopsis. Similar taxonomic pattern is observed in the analysis implemented with
concatenated dataset (Fig. 16).

All analyses furthermore concur with the existence of new species which are
closely related to G. dichrous but molecularly and morphologically distinct. These
two species also exhibit hyphal system with clamps, likewise other two species within
the clade. Fig. 17 illustrates the distinctive microscopic features of the new species
presented in this study. Noticeably shorter basidia distinguish these species from
other Gloeoporus species (Table 4). These specimens were originally identified as G.
dichrous morphologically as their macro-morphology is identical to G. dichrous.
Gloeoporus sp. 1 distributes throughout Four East Asian countries, Korea, China,
Taiwan, and Japan, geographically wider than another new species. Gloeoporus sp. 2
observed in Uganda, Africa. While some of the new species appear in remote
locations, such as Bonin Island of Japan, others share geographic locations with G.
dichrous (Fig. 18).

The monophyletic clade of Gloeoporus overall includes four species with clamped

hyphae, G. dichrous, G. pannocinctus, Gloeoporus sp. 1, and Gloeoporus sP..;Z and one .
am '..'-. -T .:
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species with simple septa, G. thelephoroides. Based on the ITS phylogenetic tree, the
type species of Gloeoporus, G. thelephoroides, forms the basal branch. G. pannocinctus
and G. dichrous branch oft subsequently. Two new species diverge most recently and
form a sister group to G. dichrous. Geographic grouping is observed in G. dichrous
which European specimens are grouped together against a set of Asian and American

specimens.
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Figure 17. Microscopic features of (A) Gloeoporus sp. 1 and (B) Gloeoporus
sp. 2. (a) basidiospores, (b) basidia, (c) generative hyphae with clamp
connections. Scale bar = 10 um.
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Figure 18. Sympatric distribution of G. dichrous (®) and Gloeoporus new
species (&) in East Asia. Note that some of the icons are overlapped (source:
Google Earth).
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4.4 Discussion

4.4.1 Gloeoporus sensu stricto

Taxonomic relationship of two well-known Gloeoporus species, G. dichrous and G.
taxicola, has long been unsettled and constantly altered by numerous taxonomists.
Based on their morphology, G. dichrous and G. taxicola were often considered
congeneric. Recent taxonomic studies suggest that they are both positioned in the
phlebioid clade of the Polyporales, but not as closely related as previous taxonomists
had believed (Binder et al. 2013).

Current morphological grouping of Gloeoporus is polyphyletic according to
molecular phylogenetic analyses of this study. When the clade with the type species
of Gloeoporus is considered as Gloeoporus sensu stricto, species within mostly have
clamp connections, except G. thelephoroides, and lack cystidia. While mixed hyphal
system (e.g. species with and without clamps) of Gloeoporus may appear somewhat
counterintuitive, some genera of the phlebioid clade indeed exhibit various hyphal
systems within a genus. Phanerochaete and related genera are such examples.
Greslebin et al. (2004) erected Rhizochaete which includes both clamped and
clampless species. In recent studies, Floudas and Hibbett (2015) also state that
existence of clamped species in Phanerochaete which mostly encompass species
lacking clamp connections should not sound peculiar as they define Phanerochaete

sensu stricto. The clade of Gloeoporus s.s. is robustly supported by all phylogenetic

analyses. When I define this morphologically and molecularly supported }ila_d§ with|| &
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the type species as the genus Gloeoporus, Gloeoporus s.s. becomes a small and well
defined group mostly with clamped species.

Two species of Gloeoporus forming simple septa, G. taxicola and G. guerreroanus,
have closer affinity with Meruliopsis. Two species form cystidia, microscopic feature
not observed in Gloeoporus s.s. G. guerreroanus was published as a new species in
2007 without submission of nucleic acid sequences. Phylogenetic analyses of this
study, however, reveal that the species is not part of the monophyletic clade of
Gloeoporus s.s. Another cystidium-forming species, G. taxicola, demonstrates the
same phylogenetic result. With progress on phylogenetic studies of related genera of
Gloeoporus, these species should be considered for renaming.

The genus Gloeoporus sl. includes several species which are found in
tropical/subtropical regions and have not been sequenced for molecular analyses. For
example, G. longisporus, the recent new species published in 2010 is reported from
Costa Rica. Mata and Ryvarden (2010) describe the species as lacking both cystidia
and clamps; thus phylogenetic assessment is required to verify the taxonomic
position of this species. Extensive flora studies of tropical regions, based on molecular

taxonomic method may facilitate uncovering the diversity of this genera.
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Figure 19. Comparison of Gloeoporus dichrous and Gloeoporus sp. 1. (A)
Korean specimens of G. dichrous (SFC20111001-71) (B) Gloeoporus sp. 1
(GJ050831-98).
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4.4.2 New species of Gloeoporus

G. dichrous and the new species of Gloeoporus have nearly identical macro-
morphology. Fig. 19 presents Korean specimens of G. dichrous (SFC20111001-71)
and Gloeoporus sp. 1 (GJ050831-98), which display similar color and shape. Both
specimens display white cottony (byssoid) margin which sharply contrast with the
dark pore surface. The pore surface of G. dichrous has varying color from light
reddish to dark purplish and brown depending on the degree of senescence. While
the specific G. dichrous in Fig. 19 has reddish brown color which is typical at its earlier
stage, Gloeoporus sp. 1 has dark purplish color, which may easily be considered as G.
dichrous at its mature stage.

Due to remarkably similar morphology to G. dichrous, new species of Gloeoporus
may have been repeatedly identified as G. dichrous based on its physical traits.
Moreover, sympatric distribution of the new species with G. dichrous may have
hindered mycologists to discover these species (Fig. 18). Gloeoporus sp. 1 distribute
throughout Korea, China, Taiwan, and Japan and Gloeoporus sp. 2 in Uganda. While
more extensive sampling is required to understand their ecology and distribution
pattern, these species may possibly be rare and endemic species. Gloeoporus sp. 1 is
found from sites where anthropogenic disturbances are small, such as a remote island
of Japan and natural reserves of China. Gloeoporus sp. 2 is found from Bwindi
Impenetrable Forest, a primeval forest in Uganda. If their distribution range is limited

to specific areas, it is possible that these species may become extinct if their habitats
1] O 1]
A1 =—TH
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are endangered.

It is also noteworthy that two new species are distributed in Asian and African
countries. In the estimation of undiscovered fungal species, mycologists assume that
majority of the corticoid fungi, wood rotters forming smooth and patch-like fruit
bodies on tree branches, have already discovered in the European continent. In
contrast, numbers of the unknown species are exceptionally larger than the known
species in Asia, Africa, and Oceania. For instance, tropical Asia alone is estimated to
have more than 1,000 species of corticoid fungi yet to be discovered (Mueller et al.
2007). Thus fungal surveys must be proceeded prudently in these areas in order to

understand true diversity of the wood decay fungi.
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V. Conclusion

Wood decay fungi have been long studied in various cultures due to their unique
properties and economic implications. This study examines the taxonomic problems
which plague identification process of wood decay fungi.

As DNA barcoding has become prevalent, accuracy of sequences registered at
GenBank was tested to estimate the reliability of public sequence database. The result
showed that misidentified sequences at database can confuse researchers who use
BLAST search for identification; thus meticulous phylogenetic studies must
accompany prior to identification of wood decay fungi.

Biogeographic diversification of wood decay fungi is often depressed as wood
decay fungi were long considered to be free of barrier. The study on Gloeoporus
revealed geographic grouping of G. dichrous largely based on continents and two new
species from East Asia and Africa. Such finding reminds taxonomists that neither
simple morphological examination nor similarity search of DNA sequence may
sufficiently reveal the true diversity of wood decay fungi.

Any scholar interested in identification of fungi are advised to consider these
hindrances in their research process. Scholars must be prudent in identification and
publication of their sequences for greater understanding of taxonomy of wood decay

fungi.

85 LI =



V1. References

Bak W-C, Lee B-H, Park Y-A, Kim H-S (2011) Characteristics of bed-log of shiitake damaged
by Bjerkandera adusta and antagonism between these two fungi. Korean ] Mycol 39
(1):44-47

Binder M, Justo A, Riley R, Salamov A, Lopez-Giraldez F, Sjokvist E, Copeland A, Foster B,
Sun H, Larsson E, Larsson K-H, Townsend ], Grigoriev IV, Hibbett DS (2013)
Phylogenetic and phylogenomic overview of the Polyporales. Mycologia 105
(6):1350-1373

Blanchette RA (1995) Degradation of the lignocellulose complex in wood. Can ] Bot 73
(51):999-1010

Breitenbach J, Kréanzlin F (1986) Fungi of Switzerland, Vol. 2. Non gilled fungi-
Heterobasidiomycetes, Aphyllophorales, Gasteromycetes. Verlag Mykologia

Bridge PD, Roberts PJ, Spooner BM, Panchal G (2003) On the unreliability of published DNA
sequences. New Phytol 160 (1):43-48

Cai Q, Tulloss R, Tang L, Tolgor B, Zhang P, Chen Z, Yang Z (2014) Multi-locus phylogeny of
lethal amanitas: Implications for species diversity and historical biogeography. BMC
Evol Biol 14 (1):143

Carlsen T, Engh IB, Decock C, Rajchenberg M, Kauserud H (2011) Multiple cryptic species
with divergent substrate affinities in the Serpula himantioides species complex.
Fungal Biol 115 (1):54-61

Choi Y-S, Seo J-Y, Lee H, Yoo J, Jung J, Kim J-J, Kim G-H (2013) Decolorization and
detoxification of wastewater containing industrial dyes by Bjerkandera adusta
KUC9065. Water Air Soil Pollut 225 (1):1-10

Coelho G, da Silveira RMB, Rajchenberg M (2006) A new Gloeoporus species growing on
bamboo from southern Brazil. Mycologia 98 (5):821-827

Cummings MP, Neel MC, Shaw KL, Otto S (2008) A Genealogical Approach to Quantifying
Lineage Divergence. Evolution 62 (9):2411-2422

Deacon JW (2009) Fungal biology. John Wiley & Sons

Fell JW, Boekhout T, Fonseca A, Scorzetti G, Statzell-Tallman A (2000) Biodiversity and
systematics of basidiomycetous yeasts as determined by large-subunit rDNA D1/D2
domain sequence analysis. Int J Syst Evol Microbiol 50 (3):1351-1371

Findlay W Wood rotting fungi. Transactions of the Botanical Society of Edinburgh, 1974. vol
2. Taylor & Francis, pp 181-186

Floudas D, Binder M, Riley R, Barry K, Blanchette RA, Henrissat B, Martinez AT, Otillar R,
Spatafora JW, Yadav ]S, Aerts A, Benoit I, Boyd A, Carlson A, Copeland A, Coutinho
PM, de Vries RP, Ferreira P, Findley K, Foster B, Gaskell ], Glotzer D, Gérecki P,
Heitman J, Hesse C, Hori C, Igarashi K, Jurgens JA, Kallen N, Kersten P, Kohler A,
Kiies U, Kumar TKA, Kuo A, LaButti K, Larrondo LF, Lindquist E, Ling é, Lombard

A 21U &

A =
86 | =



V, Lucas S, Lundell T, Martin R, McLaughlin D], Morgenstern I, Morin E, Murat C,
Nagy LG, Nolan M, Ohm RA, Patyshakuliyeva A, Rokas A, Ruiz-Dueiias FJ, Sabat G,
Salamov A, Samejima M, Schmutz J, Slot JC, St. John F, Stenlid J, Sun H, Sun S, Syed
K, Tsang A, Wiebenga A, Young D, Pisabarro A, Eastwood DC, Martin F, Cullen D,
Grigoriev IV, Hibbett DS (2012) The Paleozoic origin of enzymatic lignin
decomposition reconstructed from 31 fungal genomes. Science 336 (6089):1715-
1719

Floudas D, Hibbett DS (2015) Revisiting the taxonomy of Phanerochaete (Polyporales,
Basidiomycota) using a four gene dataset and extensive ITS sampling. Fungal Biol

Frohlich-Nowoisky J, Pickersgill DA, Després VR, Poschl U (2009) High diversity of fungi in
air particulate matter. Proc Natl Acad Sci U S A 106 (31):12814-12819

Gardes M, Bruns TD (1993) ITS primers with enhanced specificity for basidiomycetes -
application to the identification of mycorrhizae and rusts. Mol Ecol 2 (2):113-118

Gilbertson RL, Ryvarden L (1986) North American polypores. Vol. I. Fungiflora, Oslo

Greslebin A, Nakasone KK, Rajchenberg M (2004) Rhizochaete, a new genus of
phanerochaetoid fungi. Mycologia 96 (2):260-271

Harada H, Nakata T, Hirota-takahata Y, Tanaka I, Nakajima M, Takahashi M (2006) F-16438s,
Novel Binding Inhibitors of CD44 and Hyaluronic Acid. ] Antibiot 59 (12):770-776

Haritash AK, Kaushik CP (2009) Biodegradation aspects of polycyclic aromatic hydrocarbons
(PAHSs): a review. ] Hazard Mater 169 (1-3):1-15

Hebert PDN, Penton EH, Burns JM, Janzen DH, Hallwachs W (2004) Ten species in one:
DNA barcoding reveals cryptic species in the neotropical skipper butterfly Astraptes
fulgerator. Proc Natl Acad Sci U S A 101 (41):14812-14817

Her Y, Kang Y-W, Jung HS, Park Y-H (1992) Phylogenetic position of Trimorphomyces
papilionaceus based on 5S rRNA sequence. Nucleic Acids Res 20 (19):5229

Hewitt G (2000) The genetic legacy of the Quaternary ice ages. Nature 405 (6789):907-913

Hibbett DS (2001) Shiitake mushrooms and molecular clocks: historical biogeography of
Lentinula. ] Biogeogr 28 (2):231-241

Hibbett DS, Stajich JE, Spatafora JW (2013) Toward genome-enabled mycology. Mycologia
105 (6):1339-1349

Hong SG (1993) Transcript mapping of Trimorphomyces papilionaceus mtDNA and sequence
of small subunit rRNA coding region. Seoul National University, Seoul

Hopkins DM (1967) The Bering land bridge. Stanford University Press

Jia B-S, Zhou L-W, Cui B-K, Rivoire B, Dai Y-C (2014) Taxonomy and phylogeny of Ceriporia
(Polyporales, Basidiomycota) with an emphasis of Chinese collections. Mycol Prog
13 (1):81-93

Jung H (1990) History of Korean Fungal Taxonomy. Professor Inam Hong Sunu
Commemoration Jounral. Professor Inam Hong Sunu Commemoration Committee,
Seoul

87 LI =



Jung HS (1991) Fungal flora of Ullung Island (I) —on some corticioid fungi-. Korean Journal
of Botany 34 (1):77-90

Jung HS (1994) Floral studies on Korean wood-rotting fungi - on the flora of the
Aphyllophorales (Basidiomycotina). Korean ] Mycol 22 (1):62-99

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol Biol Evol 30 (4):772-780

Kauserud H, Hofton TH, Setre G-P (2007) Pronounced ecological separation between two
closely related lineages of the polyporous fungus Gloeoporus taxicola. Mycol Res 111
(7):778-786

Kauserud H, Schumacher T (2001) Outcrossing or inbreeding: DNA markers provide
evidence for type of reproductive mode in Phellinus nigrolimitatus (Basidiomycota).
Mycol Res 105 (6):676-683

Kim B (1145) Samguk Sagi. Goryeo
Kim S-Y, Jung HS (1999) Molecular taxonomy of Ceriporia. Mycotaxon 70 (237-246)

Kim S-Y, Park S-Y, Jung HS (2001) Phylogenetic Classification of Antrodia and Related
Genera Based on Ribosomal RNA Internal Transcribed Spacer Sequences. ]
Microbiol Biotechnol 11 (3):475-481

Kim SY, Jung HS (2000) Phylogenetic Relationships of the Aphyllophorales Inferred from
Sequence Analysis of Nuclear Small Subunit Ribosomal DNA. J Microbiol 38
(3):122-131

Kirk P, Cannon P, Minter D, Stalpers ] (2008) Dictionary of the Fungi. CAB International,
Wallingford

Ko KS, Jung HS (1996) Phylogenetic analysis of Trichaptum based on the RFLP of PCR
amplified DNAs. ] Microbiol 34 (4):295-299

Ko KS, Jung HS (1999) Molecular phylogeny of Trametes and related genera. A Van Leeuw ]
Microb 75 (3):191-199

Ko KS, Jung HS, Ryvarden L (2001a) Phylogenetic relationships of Hapalopilus and related
genera inferred from mitochondrial small subunit ribosomal DNA sequences.
Mycologia 93 (2):270-276

Ko KS, Lim YW, Kim YH, Jung HS (2001b) Phylogeographic divergences of nuclear ITS
sequences in Coprinus species sensu lato. Mycol Res 105 (12):1519-1526

Larsson K-H (2007) Re-thinking the classification of corticioid fungi. Mycol Res 111 (9):1040-
1063

Lee ER, Jung HS (1972) Floral studies on the Basidiomycetes in Korea. Floral studies on some
taxa of plants and faunal studies on some taxa of animals in Korea. Ministry of
Science and Technology, Seoul

LeeJ-Y, Lee YW, Lim JH (1959) Won saek Han Guk beoseot do gam [Colored Illustrations of
Fungi of Korea]. Baemungak, Seoul

88 LI =



Lee JS, Jung HS (2005) List of Recorded Korean Aphyllophorales. Korean ] Mycol 33 (1):38-
53

Liao S-E Liang C-H, Ho M-Y, Hsu T-L, Tsai T-I, Hsieh YS-Y, Tsai C-M, Li S-T, Cheng Y-Y,
Tsao S-M, Lin T-Y, Lin Z-Y, Yang W-B, Ren C-T, Lin K-I, Khoo K-H, Lin C-H, Hsu
H-Y, Wu C-Y, Wong C-H (2013) Immunization of fucose-containing
polysaccharides from Reishi mushroom induces antibodies to tumor-associated
Globo H-series epitopes. Proc Natl Acad Sci U S A 110 (34):13809-13814

Lim JH (1961) YelealBtkE Q] #iEol $Sh #7%. Korea University, Seoul

Lim YW (2001) Systematic study of corticioid fungi based on molecular sequence analyses.
Seoul National University, Seoul

Lim YW, Jung HS (2001) Taxonomic Study on Korean Schizopora. Mycobiology 29 (4):194-
197

Lim YW, Lee JS, Jung HS (2010) Fungal flora of Korea. Basidiomycota: Hymenomycetes:
Aphyllophorales, vol 1. vol 1. The National Institute of Biological Resources, Incheon,
Korea

Mata M, Rivarden L (2010) Studies in neotropical polypores 27: More new and interesting
species from Costa Rica. Synopsis Fungorum 27:59-72

Matheny P (2005) Improving phylogenetic inference of mushrooms with RPB1 and RPB2
nucleotide sequences (Inocybe; Agaricales). Mol Phylogenet Evol 35 (1):1-20

Miettinen O, Larsson E, Sjokvist E, Larsson K-H (2012) Comprehensive taxon sampling
reveals unaccounted diversity and morphological plasticity in a group of dimitic
polypores (Polyporales, Basidiomycota). Cladistics 28 (3):251-270

Moncalvo J-M, Buchanan PK (2008) Molecular evidence for long distance dispersal across
the Southern Hemisphere in the Ganoderma applanatum-australe species complex
(Basidiomycota). Mycol Res 112 (4):425-436

Mueller G, Schmit J, Leacock P, Buyck B, Cifuentes J, Desjardin D, Halling R, Hjortstam K,
Iturriaga T, Larsson K-H, Lodge DJ, May T, Minter D, Rajchenberg M, Redhead §,
Ryvarden L, Trappe J, Watling R, Wu Q (2007) Global diversity and distribution of
macrofungi. Biodivers Conserv 16 (1):37-48

Murrill WA (1905) The Polyporaceae of North America-XIII. The Described Species of
Bjerkandera, Trametes, and Coriolus. Bull Torrey Bot Club 32 (12):633-656

Ntifiez M, Ryvarden L (2001) East Asian Polypores. Vol. II. Fungiflora, Qystese, Norway

Nicolotti G, Gonthier P, Guglielmo F (2010) Advances in Detection and Identification of
Wood Rotting Fungi in Timber and Standing Trees. In:Gherbawy Y, Voigt K (eds)
Molecular Identification of Fungi. Springer Berlin Heidelberg, pp 251-276

Niemeld T (1985) On Fennoscandian polypores 9. Gelatoporia n. gen. and Tyromyces
canadensis, plus notes on Skeletocutis and Antrodia. Karstenia 25:21-40

Nilsson RH, Ryberg M, Kristiansson E, Abarenkov K, Larsson K-H, Kéljalg U (2006)
Taxonomic reliability of DNA sequences in public sequence databases: a fungal

perspective. PLoS One 1 (1):e59 11 O 1 =)

L B
89 | =



Okada T (1932) Suigen fukin ni sansuru takokin sashu ni tsukite [About a few species of
Polyporaceae occuring near Suwon]. Chosensotokufu Suigen Koté Norin Gakko
Soritsu 25 Shinen Kinenronbunshti [Suigen Agricultural and Forestry College 25th
Anniversary Journal]:387-391

Park MS, Fong JJ, Lee H, Oh S-Y, Jung PE, Min Y], Seok SJ, Lim YW (2013) Delimitation of
Russula Subgenus Amoenula in Korea Using Three Molecular Markers. Mycobiology
41 (4):191-201

Rambaut A, Drummond A (2012) FigTree v 1.4. http://tree.bio.ed.ac.uk/software/figtree.

Rambaut A, Suchard M, Drummond A (2013) Tracer 1.6. University of Edinburgh,
Edinburgh, UK

Riley R, Salamov AA, Brown DW, Nagy LG, Floudas D, Held BW, Levasseur A, Lombard V,
Morin E, Otillar R, Lindquist EA, Sun H, LaButti KM, Schmutz ], Jabbour D, Luo H,
Baker SE, Pisabarro AG, Walton JD, Blanchette RA, Henrissat B, Martin F, Cullen D,
Hibbett DS, Grigoriev IV (2014) Extensive sampling of basidiomycete genomes
demonstrates inadequacy of the white-rot/brown-rot paradigm for wood decay
fungi. Proc Natl Acad Sci U S A 111 (27):9923-9928

Rogers S, Bendich A (1994) Extraction of total cellular DNA from plants, algae and fungi.
In:Gelvin S, Schilperoort R (eds) Plant Molecular Biology Manual. Springer
Netherlands, pp 183-190

Romero E, Speranza M, Garcia-Guinea J, Martinez AT, Martinez MJ (2007) An anamorph of
the white-rot fungus Bjerkandera adusta capable of colonizing and degrading
compact disc components. FEMS Microbiol Lett 275 (1):122-129

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S, Larget B, Liu L,
Suchard MA, Huelsenbeck JP (2012) MrBayes 3.2: efficient Bayesian phylogenetic
inference and model choice across a large model space. Syst Biol 61 (3):539-542

Ryvarden L (1991) Genera of polypores: nomenclature and taxonomy. Synopsis Fungorum
5:1-373

Ryvarden L, Gilbertson RL (1993) European polypores. Part 1. Fungiflora, Oslo

Ryvarden L, Johansen I (1980) A preliminary polypore flora of East Africa. A preliminary
Polypore flora of East Africa

Sanchez-Ramirez S, Tulloss RE, Amalfi M, Moncalvo J-M (2015) Palaeotropical origins,
boreotropical distribution and increased rates of diversification in a clade of edible

ectomycorrhizal mushrooms (Amanita section Caesareae). ] Biogeogr 42 (2):351-
363

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA, Chen W, Bolchacova
E, Voigt K, Crous PW (2012) Nuclear ribosomal internal transcribed spacer (ITS)
region as a universal DNA barcode marker for Fungi. Proc Natl Acad Sci U S A 109
(16):6241-6246

Scorzetti G, Fell JW, Fonseca A, Statzell-Tallman A (2002) Systematics of basidiomycetous
yeasts: a comparison of large subunit D1/D2 and internal transcribed spacer rDNA

regions. FEMS Yeast Res 2 (4):495-517 1] © 11 &=

L B
90 | =



Seok S-J, Lim Y-W, Kim C-M, Ka K-H, Lee J-S, Han S-K, Kim S-O, Hur J-S, Hyun I-H, Hong
S-G, Kim Y-S, Lee T-S (2013) List of Mushrooms in Korea. The Korean Society of
Mycology, Seoul

Singh AP, Singh T (2014) Biotechnological applications of wood-rotting fungi: A review.
Biomass Bioenergy 62 (0):198-206

Skaven Seierstad K, Carlsen T, Seetre G-P, Miettinen O, Hellik Hofton T, Kauserud H (2013)
A phylogeographic survey of a circumboreal polypore indicates introgression among
ecologically differentiated cryptic lineages. Fungal Ecol 6 (1):119-128

Skrede I, Engh I, Binder M, Carlsen T, Kauserud H, Bendiksby M (2011) Evolutionary history
of Serpulaceae (Basidiomycota): molecular phylogeny, historical biogeography and
evidence for a single transition of nutritional mode. BMC Evol Biol 11 (1):230

Sone Y, Okuda R, Wada N, Kishida E, Misaki A (1985) Structures and Antitumor Activities
of the Polysaccharides Isolated from Fruiting Body and the Growing Culture of
Mycelium of Ganoderma lucidum. Agric Biol Chem 49 (9):2641-2653

Stalpers JA (1978) Identification of wood-inhabiting fungi in pure culture. Stud Mycol (16)

Stamatakis A (2006) RAXxML-VI-HPC: maximum likelihood-based phylogenetic analyses
with thousands of taxa and mixed models. Bioinformatics 22 (21):2688-2690

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S (2011) MEGAS5: molecular
evolutionary genetics analysis using maximum likelihood, evolutionary distance,
and maximum parsimony methods. Mol Biol Evol 28 (10):2731-2739

Toda T, Hayakawa T, Mghalu ], Yaguchi S, Hyakumachi M (2007) A new Rhizoctonia sp.
closely related to Waitea circinata causes a new disease of creeping bentgrass. ] Gen
Plant Pathol 73 (6):379-387

Tringe SG, Rubin EM (2005) Metagenomics: DNA sequencing of environmental samples. Nat
Rev Genet 11 (6):805-814

Ueki H (1936) Vegetations in the Kwa-San hill and the environs of Suigen. Bull Agric For Coll
Suigen (5)

Vasaitis R, Menkis A, Lim YW, Seok S, Tomsovsky M, Jankovsky L, Lygis V, Slippers B, Stenlid
J (2009) Genetic variation and relationships in Laetiporus sulphureus s. lat., as
determined by ITS rDNA sequences and in vitro growth rate. Mycol Res 113 (3):326-
336

Vilgalys R, Hester M (1990) Rapid genetic identification and mapping of enzymatically
amplified ribosomal DNA from several Cryptococcus species. ] Bacteriol 172
(8):4238-4246

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct sequencing of fungal
ribosomal RNA genes for phylogenetics. In:Innis MA, Gelfand DH, Sninsky J]J,
White T (eds) PCR protocols: a guide to methods and applications. Academic Press,
New York, pp 315-322

Yang S-C, Oh D-C, Lee J-Y (1987) The mycoflora of Aphyllophorales in Cheju Island. Korean
J Mycol 15 (3):131-134

91 -



BARERe Toet MEo BAE Baehs 2RE AZU o S5

S42 HigoR BHRSIS ARl BaH, A, WEH0l SH| Cee

gdeks 7IAsten o Ae Bawd 5 A7 JdeEel SHAMR 7IRlE

gero] Atk olet QP =7t FEAREETS ERAAE oAk

IAole o AR gEy Sde HiEez o sEd4o] =

OIFOIM oL, EFsIAt dsske Sdo] et 22 87AA Hay

l

HEo] QI9IEQl ERdAolek= &AI7F OP7]EQITE PCROl S& e
MAE A 58 gal2 M=l A5 s8s 7HsA oiRlth oixlt 24F
2Ao S EAIEOl EAfsE O] HFe ENREds sdske
oA AFARE0] BHED] = & ZAIF el =oith A WHalls g7IML
ClojEH o]0 Alxichs &% AMdse S @3d 7Fsdon F+ WRis

SUl #opr S8z "ot S5 7R e e TEol Q0 oplEE

rlol

sholct.
DNAQZIHYS HigoR 3 Bx} BAS 288 Hadge Bes fi).

JHERE G7IMYD HolEuo]~0 S5E HojHe] g8yt Sds FRIPA

g 4 QIth o] =RokE SHAIEY 1TS?E LSU MEE Edl GenBankOl|
E2Y ALY FHILE EHsi). ool EHAlS FEOZ AEWTE

—

2] -”‘:“,- _h &l 11
| el



24
ol
J
(i
>
e
fjo
ol
rr
in)
o
LY
rol
=)
0%
o
Y
i
MY
(i
>
e
fjo
ol
)
[®)
[¢)

]

oe]
o

=

=
=3

FETHZOHASS B2 EFAAVE ok FEEA Zhen fEc &

)

&S RAQstile= GenBank o] A¥O] SFE Fol WAl Ll WA
ASATE Qo A AAQ FES FHSIACE TS|KAARKITS, LSU, tef,
pb2)E S8t ASWT= F 9 BN HAREFHZOIHA(G. dichrous) ol
AME AelsA odol Exfghe HOIFEQITE otAloret detart, detadts
AQlst ofelZt tis, fEolete Al 7 158 Sof AFEHE0IHA]
1A orAlorel o7t thE Zhedl EAIRE HE |uE So AutElls
7Fsdol  Edith  ost ZWE HEeR 2 Iu|(EE)Y
RETHHOINASS AOISITE W G. thelephoroidesE FQISH THE B

H5E A2 E(damp connection) A7 AT WA (cystidium)7F Gle

of A+ SAR=wC sds € O U7AE0 tidstke wAlES
HOEQTE SAREde BERAAZE SEEHA SReER, uR SES
SlalA ste AFAEE olleh SRt EAIE detel ket = dliof &

2oL,

93



	I. Introduction  
	1.1 Advancement of Taxonomic Study on Wood Decay Fungi  
	1.2 Taxonomic study of wood decay fungi in Korea  
	1.3 Scope and aims  

	II. Case Study of Bjerkandera - Sequence Validation for the Identification of the White-Rot Fungi Bjerkandera in Public Sequence Database  
	2.1 Introduction  
	2.2 Materials and methods  
	2.2.1 Specimens and Microscopic Observation  
	2.2.2 DNA Extraction, PCR Amplification and Sequencing  
	2.2.3 Sequence Analysis  

	2.3 Results  
	2.3.1 Morphological and Molecular Analyses of Korean Bjerkandera Specimens  
	2.3.2 Validity of Bjerkandera Sequences in GenBank  
	2.3.3 Misidentified and Unidentified Sequences in GenBank  

	2.4 Discussion  

	III. Case Study of Gloeoporus - Worldwide samples of Gloeoporus dichrous reveals biogeographic diversification  
	3.1 Introduction  
	3.2 Materials and methods  
	3.2.1 Specimens  
	3.2.2 Molecular analyses  

	3.3 Results  
	3.3.1 Molecular phylogeny  
	3.3.2 Biogeographic diversification of G. dichrous  
	3.3.3 Intraspecific variation of G. dichrous  

	3.4 Discussion  

	IV. Case Study of Gloeoporus - Phylogeny and taxonomy of the genus Gloeoporus (Polyporales, Basidiomycota)  
	4.1 Introduction  
	4.2 Materials and methods  
	4.2.1 Specimens  
	4.2.2 Molecular analyses  

	4.3 Results  
	4.4 Discussion  
	4.4.1 Gloeoporus sensu stricto  
	4.4.2 New species of Gloeoporus  


	V. Conclusion  
	VI. References  
	VII. Abstract in Korean  


<startpage>14
I. Introduction   1
  1.1 Advancement of Taxonomic Study on Wood Decay Fungi   5
  1.2 Taxonomic study of wood decay fungi in Korea   7
  1.3 Scope and aims   12
II. Case Study of Bjerkandera - Sequence Validation for the Identification of the White-Rot Fungi Bjerkandera in Public Sequence Database   14
  2.1 Introduction   15
  2.2 Materials and methods   18
   2.2.1 Specimens and Microscopic Observation   18
   2.2.2 DNA Extraction, PCR Amplification and Sequencing   20
   2.2.3 Sequence Analysis   21
  2.3 Results   25
   2.3.1 Morphological and Molecular Analyses of Korean Bjerkandera Specimens   25
   2.3.2 Validity of Bjerkandera Sequences in GenBank   30
   2.3.3 Misidentified and Unidentified Sequences in GenBank   33
  2.4 Discussion   36
III. Case Study of Gloeoporus - Worldwide samples of Gloeoporus dichrous reveals biogeographic diversification   41
  3.1 Introduction   42
  3.2 Materials and methods   44
   3.2.1 Specimens   44
   3.2.2 Molecular analyses   49
  3.3 Results   52
   3.3.1 Molecular phylogeny   52
   3.3.2 Biogeographic diversification of G. dichrous   54
   3.3.3 Intraspecific variation of G. dichrous   62
  3.4 Discussion   64
IV. Case Study of Gloeoporus - Phylogeny and taxonomy of the genus Gloeoporus (Polyporales, Basidiomycota)   67
  4.1 Introduction   68
  4.2 Materials and methods   70
   4.2.1 Specimens   70
   4.2.2 Molecular analyses   71
  4.3 Results   75
  4.4 Discussion   80
   4.4.1 Gloeoporus sensu stricto   80
   4.4.2 New species of Gloeoporus   83
V. Conclusion   85
VI. References   86
VII. Abstract in Korean   92
</body>

