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Abstract

A targeted amplicon-based metagenomics approach (metabarcoding) provides detailed access to the diversity of the mycobi-
ome in any substrate in distinct environments on Earth. Fungi are the main decomposers of lignocellulosic woody debris in 
terrestrial forested ecosystems, contributing significantly to the global carbon cycle. The main objectives of this study were 
to assess the fungal taxonomic diversity in fallen woody debris samples from two Neotropical forest fragments (rainforest 
and seasonal forest), to analyze the qualitative and quantitative components of the taxonomic diversity, and to investigate the 
functional diversity of the ecological groups detected. Our study comprised three main methodological steps: (i) sampling in 
the field; (ii) extraction of DNA, amplification of targeted segments and massively parallel sequencing; and (iii) data analy-
sis and interpretation. A total of 110 molecular operational taxonomic units showing sequence similarity of 95% or more 
across the two collection sites using two DNA metabarcoding markers (ITS1 and ITS2) were assigned to putative fungal 
genera in 59 families, 27 orders, and 3 phyla. The number of putative fungal genera and the relative abundance of reads for 
each genus are higher in the tropical rainforest site than in the tropical seasonal forest site. Most of the identified genera are 
ligninolytic and cellulolytic and/or hemicellulolytic Basidiomycota (Agaricomycetes) and Ascomycota (Sordariomycetes), 
but “sugar fungi” and fungi associated with plants and detritivorous insects were also detected. This is the first study using 
NGS as a rapid and large-scale useful strategy to uncover the diversity of wood-decaying fungi in tropical forests. 
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Introduction

The plant litter in terrestrial forest ecosystems consists of dead plant parts, including both non-woody and woody 
plant residues, with the latter comprising twigs, stems, branches and trunks, which are collectively referred to as 
woody debris (WD) (Cannon & Sutton 2004). Woody material refers not only to proper wood but also to bark (outer 
and inner) and sap (from inner bark and sapwood) at any stage of decay. Saproxylic organisms include any species 
that depend, at least during some portion of their lifecycle, upon wounded or decayed woody material from living, 
weakened or dead trees (Stokland et al. 2012). Saproxylic biota degrade woody material by fragmentation or physical 
destruction (microfauna) and by mainly aerobic, but also anaerobic, enzymatic action (fungi and bacteria) (Hattaka 
2001, Stokland et al. 2012). The predominant mycelial habit, along with the ability of fungi to produce extracellular 
lignocellulolytic enzymes that degrade dead lignified plant residues, make fungi the most important group associated 
with wood degradation (Zhou & Ingram 2000). 
	 The initial decay process involves fungal communities of endophytes, pathogens and saprotrophs, that are present 
in plant tissues (Boddy 2001). The ecological functional groups of saproxylic fungi include the following: (a) “sugar 
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and staining fungi”, which degrade simple carbon compounds found in cell contents and saps in the initial stages 
of wood decomposition (mainly ascomycotan and basidiomycotan yeasts and a number of mycelial ascomycotan 
groups, but also Mucoromycotina); (b) structural wood-decaying fungi, which have full enzymatic ability to degrade 
cellulose, hemicelluloses and lignin (mainly Basidiomycota and certain groups of Ascomycota); (c) residual wood-
decaying fungi, which use the products resulting from the decomposition of wood by structural wood-decaying fungi; 
(d) fungi associated with detritivorous or saprophagous animals (mainly insects of the orders Coleoptera, Isoptera and 
Diptera, as well as Acari), which can be sap feeders, inner bark consumers (phloemophagous) and wood consumers 
(xylophagous, xylemophagous); (e) animal-predatory (nematode-trapping) fungi; (f) mycoparasites (both biotrophic 
and necrotrophic) and fungicolous fungi; and (g) mycorrhizal fungi (Stokland et al. 2012). 
	 Structural wood-decaying fungi are the main decomposers of wood and are usually categorized as white-, 
brown- and soft-rot fungi according to the mode of wood decay (Hattaka 2001). White-rot fungi degrade all of the 
structural components of wood (cellulose, hemicelluloses and lignin), either simultaneously or sequentially (selective 
delignification), whereas brown-rot fungi degrade cellulose and hemicelluloses, leaving the lignin fraction nearly 
unaltered (Morgenstern et al. 2008). All known white- and brown-rot wood-decaying fungi are basidiomycetes, and 
recent evidence based on phylogenomics suggests a continuum rather than a dichotomy between the white- and brown-
rot modes of wood decay in Basidiomycota (Riley et al. 2014). Soft-rot fungi, which are restricted to Ascomycota, 
degrade the cellulose and hemicellulose fractions, but only in the central layer (S2) of the secondary cell walls, and 
they have limited capacity to modify lignin (Schwarze 2007). 
	 The targeted amplicon-based metagenomics approach of massively parallel sequencing, a molecular, culture-
independent approach, theoretically provides the most detailed access to the diversity of the mycobiome of any 
substrate. Nevertheless, possible methodological biases, limitations of the markers and bioinformatic analysis may 
lead to incorrect conclusions (Lindahl et al. 2013). In general, high fungal taxonomic diversity has been observed in 
various environmental compartments (air, soil, continental and oceanic sediments, and surface and ground water), as 
well as on the external and internal surfaces and microenvironments within macroorganisms. These studies typically 
consider molecular operational taxonomical units (MOTUs) to differentiate the environmental sequences at the species 
or genus level (Cuadros-Orellana et al. 2013). The internal transcribed spacer and 5.8S region of the nuclear ribosomal 
repeat unit have been used as the primary DNA fungal barcoding marker for species delimitation (Schoch et al. 2012). 
Both the ITS1 and ITS2 spacer regions can be used as DNA metabarcodes in fungal metagenomic studies (Blaalid et 
al. 2013). However, most of the NGS platforms commonly used (Roche, Life Technologies, Illumina) generate short 
reads (Goodwin et al. 2016), preventing the reliable identification at species level. 
	 To date, studies specifically investigating the mycobiomes of decaying wood using targeted, amplicon-based 
metagenomics are few, and all of these studies were conducted strictly in palearctic boreal and temperate forests 
(Ovaskainen et al. 2010, Kubartova et al. 2012, Ovaskainen et al. 2013, Ottosson et al. 2015, Van der Wal et al. 2015, 
Hoppe et al. 2015, Jang et al. 2015, Runnel et al. 2015, Yamashita et al. 2015). Thus, as far as we know, there has not 
been a similar metabarcoding study in tropical, and more specifically, neotropical forests. Although there are many 
studies comprising collection, direct observation and/or culturing of fungi from decaying wood in the Atlantic Forest 
biome, (see Maia et al. 2015 for an extensive review of the literature), a metabarcoding study theoretically allows 
the most comprehensive access to the fungal diversity in any kind of substrate. Thus, the objective of our study is to 
characterize the fungal diversity in fallen woody debris from two climatically and vegetationally distinct, neotropical 
forest fragments using a targeted, amplicon-based (nrITS) metagenomics approach. 

Material & Methods

Study areas 
There are two main types of tropical broadleaf forests distributed across both the Neotropical and Paleotropical 
phytogeographical zones: (i) tropical rainforests, with high temperatures and high rainfall conditions throughout the 
year, and (ii) tropical seasonal forests, with year-round high temperatures but a clearly seasonal drought (Evert & 
Eichorn 2013). In this work two study areas were selected as representatives of each main type of tropical broadleaf 
forest: Rio Doce State Park (RDSP) and Serra do Conduru State Park (SCSP). The permissions for the field studies 
were obtained from the Instituto Estadual de Florestas (IRF): COL:045/12 for RSDP park and Instituto do Meio 
Ambiente e Recursos Hídricos (INEMA): 2013-009569/TEC/PESQ-0036 for SCSP park. 
	 RDSP is situated in the state of Minas Gerais, Brazil (19°29’S–19°48’S and 42°28’W–42°38’W, in the interior 
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sub-region according to Ribeiro et al. 2009), with an altitude ranging from 230–515 m and a total area of 36,113 ha. 
The main vegetation is seasonally dry tropical forest, and the regional climate is classified as tropical wet and dry 
climate, Aw in the Köppen climate classification system, with a mean annual temperature of 23°C and a mean annual 
rainfall of 1300 mm. This area is characterized by a marked seasonality, with a humid season with intense precipitation 
in the summer and a dry season in the winter (Lopes et al. 2002). The surrounding areas near our sampling collection 
site are often visited by tourists leading to some anthropogenic impact. 
	 SCSP is situated in the state of Bahia, Brazil (14°20’–14°30’ S; 39°02’–39°08’ W, in the Bahia sub-region 
according to Ribeiro et al. 2009), with an altitude ranging from 60–500 m and a total area of 9,275 ha. The main 
vegetation is tropical rainforest, and the regional climate is classified as tropical rainforest climate, Af in the Köppen 
climate classification system, with a mean annual temperature of 24°C and a mean annual rainfall of 2000 mm, which 
is well distributed throughout the year, i.e., without a dry season (Martini et al. 2007). In both study areas, the sample 
collection sites consisted of the main vegetation type: an open canopy environment near the lacunar system in RDSP 
and a dense canopy environment in SCSP. 

Sample Collection
A total of 20 samples (10 per collection site) of fallen woody debris (FaWD) was randomly collected. The FaWD 
samples were collected in accordance to the following exclusion and inclusion criteria: (i) larger than 2 cm in diameter, 
(ii) including wood and bark, (iii) without visible epixylic lichens or bryophytes, (v) at least 5 m far apart from each 
other, and (vi) representing all stages of decay, according to Keller et al. (2004). Five subsamples were taken using a 
sterilized scalpel from different parts of each FaWD, and subsequently pooled forming one compound sample, which 
were placed in sterilized plastic bags, transported to the laboratory within 4 h, and stored at -20ºC until processed. 

DNA extraction, amplification, and massively parallel sequencing
Subsamples (1 g) from each wood sample were ground under liquid nitrogen, and metagenomic DNA was extracted 
from 100 mg samples according to Góes-Neto et al. (2005) with the following modifications: salt extraction buffer 
[(0.05 M Tris-HCl (pH 9), 0.005 M EDTA, 0.1 M NaCl, 1% SDS, 3% β-mercaptoethanol 3% polyvinyl-pyrrolidone 
(PVP)] and Proteinase K (50 µg/ml). The internal transcribed spacer (ITS) region of the rRNA gene was amplified 
using the primers ITS4 (5´-TCCTCCGCTTATTGATATGC-3´) and ITS5 (5´-GGAAGTAAAAGTCGTAACAAGG-
3´) (Schoch et al. 2012). Each PCR reaction contained the following components: 1× PCR reaction buffer (100 mM 
Tris-HCl), 2.5 mM MgCl2 0.2 mM dNTP, 15 pmol of each oligunucleotide primer, 5 units Taq polimerase (Kappa, 
USA), 1 M betaine, 1 µg of BSA, 2% of DMSO and approximately 1 ng genomic DNA, and sterilized, deionized 
water. Cycle parameters were as follows: 1 initial denaturation cycle at 94ºC for 2 min, followed by 35 denaturation 
cycles at 94ºC for 1 min, and annealing at 60ºC for 1 min, and extension at 72ºC for 3 min, with a final extension 
cycle at 72ºC for 5 min. At least three independent amplification reactions were performed from the same DNA 
extract. The PCR products were purified, quantified and combined until 100 ng of purified PCR product was obtained 
for each sample. Samples from the same collection site (RDSP or SCSP) were pooled in an equimolar proportion to 
produce a composite sample with a final content of 1 µg of purified PCR product, which was quantified using a DNA 
fluorescence assay. 
	 An Ion Torrent adapter-ligated library was constructed following the Ion Fragment Library Kit (Life Technologies) 
protocol (Part #4467320 Rev. A). Briefly, fragmentation of 1 µg of each composite sample was performed using 
Adaptive Focused AcousticsTM (AFA; Covaris). After fragmentation, samples were end-repaired, and the Ion Torrent 
adapters P1 and A were ligated using DNA ligase. Following AMPure bead purification (Beckman Coulter, Brea, CA, 
USA), adapter-ligated products were nick-translated and PCR-amplified for a total of 10 cycles. The resulting library 
was also purified using AMPure beads, and the concentrations and sizes of fragmentation products were determined 
using an Agilent BioAnalyzer DNA 1000 Kit (Agilent Technologies). Sample emulsion PCR, emulsion breaking, and 
enrichment were performed using the Ion Xpress Template Kit (Part #4467389 Rev. B) according to the manufacturer’s 
instructions. Briefly, an input concentration of one DNA template copy/Ion Sphere Particle (ISP) was added to the 
emulsion PCR master mix, and the emulsion was generated using an IKADT-20 mixer (Life Technologies). Next, 
the ISPs were recovered, and Dynabeads MyOne Streptavidin C1 beads (Life Technologies) were used to enrich for 
template-positive ISPs. ISP enrichment was confirmed using the Qubit 2.0 fluorometer (Life Technologies), and the 
sample was prepared for sequencing using the Ion Sequencing Kit protocol (Part #4467391 Rev. B). Each composite 
sample was loaded onto an Ion 316 chip and sequenced on the PGM (Personal Genome Machine) system for 110 
cycles (Rothberg et al. 2011).
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Data analyses
All of the generated sequences were deposited in (a) NCBI BioProject: PRJNA255944, BioSample: SAMN02934078, 
SAMN02934079 and (b) MG-RAST Locality 2 ITS1: 4576861.3 ITS2: 4576862.3, Locality 3 ITS1: 4576871.3 ITS2: 
4576872.3. This study is part of the Brazilian Microbiome Project (BMP): http://www.brmicrobiome.org/ (Pylro et al. 
2013). The datasets were analyzed on a CentOS release 6.6 system. Sequences of short length (< 50 bp) and low quality 
(mean Phred score of Q < 20) with ambiguous character states (non-IUPAC) (maxambig = 0) and homopolymers longer 
than 8 bp (maxhomop = 8) were filtered out using PRINSEQ v0.15 (Schmieder & Edwards 2011). PCR amplification 
biases (overrepresented fragments) were also removed using USEARCH v.7.0.1090 (Edgar 2010). Subsequently, the 
FungalITSextractor was used for splitting ITS1 and ITS2 sequences (Nilsson et al. 2010), which were then clustered 
employing 97% stringency and filtered using a reference-based chimera filtering by using USEARCH v.7.0.1090 
(Edgar 2010). Reads matching the internal transcribed spacers ITS1 or ITS2 were independently compared to the 
UNITE database (Köljalg et al. 2013), using BLASTn v. 2.2.27 (E-value ≤ 1e-10, minimum overlap length ≥ 90%, 
minimum identity ≥ 95%, Camacho et al. 2008), assigned to putative genera (Jumpponen & Jones 2009), and a fungal 
abundance table was generated. Non-informative names in the taxonomy dependent assignment were excluded prior 
to the diversity analyses (uncultured, fungal, fungi, fungus, isolate, *mycota, *mycetidae, leaf litter, unassignment, 
endophytic, endophyte, *mycetes, *mycete, *aceae, *ales, cf., symbiont, mycorrhiza, aff.) The number of fungal 
genera and the relative abundance of reads at the phylum, class and order levels were compared using barplots. All 
analyses were performed using R software (R Development Core Team 2016).
	 The ecological functional roles of the identified genera were investigated based on evidence at the gene and 
biochemical levels using the presence or absence of genes and/or enzymes related to lignocellulosic decomposition 
(degradation of cellulose, hemicelluloses and lignin), based on the CAZY (Carbohydrate-Active Enzymes: http://
www.cazy.org), BRENDA (www.brenda-enzymes.org), NCBI (www.ncbi.nih.gov) databases, and the literature (Zhao 
et al. 2013, Riley et al. 2014).  A majority consensus of these databases and literature was used to assign the ecological 
functional roles of putative fungal genera.  

Results

The sequencing resulted in a total of 2.55 Mb, of which 687,662 and 1,861,279 reads were obtained for RDSP and 
SCSP, respectively (Table 1). Using both metabarcodes, a total of 110 genera was identified, 71 in RDSP and 85 in 
SCSP. In RDSP, 19.7% of genera were identified with ITS1, 43.7% with ITS2, and 36.6% with both markers. In SCSP, 
18.8% of genera were identified with ITS1, 37.7% with ITS2, and 43.6% with both genomic regions. 

TABLE 1. Summary of descriptive statistics.

RDSP SCSP Total

Raw reads 687,662 (26.98%) 1,861,279 (73.02%) 2,548,941

Reads passing quality filter 628,970 (25.91%) 1,798,479 (74.09%) 2,427,449         

Median read length (bp) 116 199 -

% G+C 43.48 ± 8.61 47.06 ± 5.58 -

Reads after 97% similarity clustering 259,138 (17.25%) 1,243,319 (82.75%) 1,502,547

Reads after FungalITSExtractor 114,696 (9.98%) 1,034,128 (90.02%) 1,148,824

           ITS1 46,144 (10.76%) 382,758 (89.24) 428,902

           ITS2 67,985 (10.38%) 587,037 (89.62%) 655,022

Reads assigned to any MOTUs 

           ITS1 39,915 (30.32%) 91,720 (69.68%) 131,635

           ITS2 59,999 (37.22%) 101,190 (62.78%) 161,189

Both markers 36,567 (30.3%) 84,109 (69.7%) 120,676

MOTUs (genus level) after all filters

...Continued on next page

http://www.cazy.org
http://www.cazy.org
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TABLE 1. (Continued)

RDSP SCSP Total

           ITS1 41 54 -

           ITS2 58 70 -

      Both markers 26 37 -

Note: Percentage values were calculated by line.

	 Regardless of the collection site or metabarcode used, a higher number of genera of Ascomycota than Basidiomycota 
were detected, and Zygomycota only in the SCSP (Fig. 1). The same pattern was observed when the relative abundance 
of reads was considered (Fig. 2). 

FIGURE 1. Genera richness at the levels of phylum, class and order per study area and metabarcode using 95% sequence similarity with 
reference sequences in the UNITE database as surrogate for traditional taxonomic generic concepts.

	 Sordariomycetes (Ascomycota) and Agaricomycetes (Basidiomycota) exhibited the highest number of genera in 
the two collection sites. However, the relative abundances of reads in Saccharomycetes were considerably higher than 
all the other fungal classes. 
	 At the ordinal level, Hypocreales (Ascomycota) showed the highest number of genera regardless of the collection 
site or metabarcode. Agaricales (Basidiomycota) showed the highest number of genera in the SCSP whereas Polyporales 
(Basidiomycota) was the highest in RDSP. However, when analyzing the total number of sequences, Saccharomycetales 
(Ascomycota) was the most abundant.
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	 The genera that showed the highest number of sequences in RDSP were Meyerozyma (34%), Scytalidium (23%), 
Resinicium (16.7%), Vertexicola (4.79%), Pichia (4.48%) and Candida (1.85%) whereas in SCSP were Meyerozyma 
(34.3%), Pichia (10.58%), Asterostroma (9.84%), Resinicium (8.35%), Scytalidium (7.48%), Candida (6.1%), and 
Vertexicola (3.50%). Furthermore, when considering only ITS1, Meyerozyma and Resinicium were those with the 
highest number of reads, and for ITS2 were Scytalidium and Vertexicola. All together, these seven genera (Meyerozyma, 
Scytalidium, Resinicium, Pichia, Asterostroma, Candida, Vertexicola) represented 86.4% and 80.2% of the relative 
abundances of the reads for RDSP and SCSP, respectively (Fig. 2, and Table 2).

FIGURE 2. Relative abundances of reads of fungal genera per study area and metabarcode using 95% sequence similarity with reference 
sequences in the UNITE database as surrogate for traditional taxonomic generic concepts.
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Discussion

The internal transcribed spacer (ITS1 and ITS2) and 5.8S regions of the nuclear ribosomal repeat unit have been used as 
the primary fungal barcode markers for species delimitation (Schoch et al. 2012). The full-length ITS region comprises 
approximately 599 ± 113 bp; the ITS1 region contributes approximately 208 ± 57 and ITS2, 310 ± 67 (Porras-Alfaro 
et al. 2014). “Ion torrent 316” generates reads of approximately 200 bp in length; thus, it is important to determine 
the best metabarcodes for fungal metagenomics research.  The use of ITS1 and/or ITS2 in the identification of fungal 
species has been previously evaluated but there is no consensus as to which of them, ITS1 (Wang et al. 2015), ITS2 
(Bazzicalupo et al. 2013) or both (Porras-Alfaro et al. 2014) capture the highest number of fungal taxa. In our study, 
the full-length ITS region was amplified and submitted to NGS, randomly generating sequences. The sequence data 
from ITS1 and ITS2 were treated separately, and the obtained read lengths were sufficient to discriminate MOTUs at 
the genus level at 95% similarity level.
	 In this study we identified a higher number of genera in SCSP than in RSDP. The first area is located in a region 
known for a high level of species richness and a high degree of endemism of trees and did not show evidence of recent 
disturbance, representing the best state of conservation of the original vegetation (Martini et al. 2007). By contrast, 
RDSP showed lower species richness of trees (Lopes et al. 2002) and showed several signs of anthropogenic impacts. 
According to Boddy (2001), a higher species diversity of trees represents increased variability in the amount of woody 
debris available for decomposition by saproxylic fungi. 
	 The majority of the ascomycotan genera retrieved in our study are directly or indirectly related to the decomposition 
of plant debris (Zhao et al. 2013), and Sordariomycetes exhibited the highest number of genera, as also reported 
in a global biodiversity study of soil mycobiome (Tedersoo et al. 2014). We identified four genera (Pestalotiopsis, 
Xylaria, Hansfordia, Seimatosporium) of Xylariales that comprise the most effective group of wood decomposers in 
the Sordariomycetes (Pointing et al. 2003, Eichlerová et al. 2015). Furthermore, many of the ascomycotan saproxylic 
species belonging to the Hypocreales (Trichoderma, Acremonium, Fusarium, Simplicillium, Hypocrea, Villosiclava, 
Gliocladium, Myrothecium, Chaunopycnis, Clonostachys, Lasionectria), Eurotiales (Aspergillus and Penicillium), 
Diaporthales (Greeneria and Prosthecium), Chaetosphaeriales (Chloridium) and the Sordariales (Chaetosphaeria, 
Phiallemonium, Fimetariella, Thielavia) were also retrieved. The genus Sporothrix (Ophiostomatales), which has been 
associated with bark and ambrosia beetles, as a causal agent of sap stain in freshly cut wood, and also as a ubiquitous 
saprobe on rotting leaves, wood, soil (Meyer et al. 2008) was also detected. In contrast to the Hypocreales, the majority 
of which are related to wood decomposition, the genera Isaria, Beauveria, Cordyceps, and Lecanicillium are composed 
of typical insect pathogens (Cannon & Kirk 2007). Moreover, several genera of Eurotiomycetes (Phialophora, 
Fonsecaea, Rhinocladiella, Exophiala, Cyphellophora, and Cladophialophora) can occur as saprobes or facultative 
pathogens of animals that cause opportunistic infections (Cannon & Kirk 2007).
	 Saccharomycetes are mainly related to sugar decomposition and are present in live and dead plant tissues, including 
wood (Stokland et al. 2012). Furthermore, Saccharomycetes are especially associated with the guts of saproxylic 
insects involved in lignocellulosic decomposition (Calderon & Berkov 2012). The majority of the genera of this class 
(Pichia, Candida, Sugiyamaella, Debaryomyces, Kuraishia, Scheffersomyces, Wickerhamomyces, Torulaspora, and 
Meyerozyma) have also been detected in previous studies of wood-decaying fungi from tropical forests that employed 
culture-dependent methods (Urbina et al. 2013, Davis 2014). Orbiliomycetes (Arthrobotrys, Dactylella) are typically 
found as saprotrophs on wood and can also present a nematophagic habit (Cannon & Kirk 2007), which represents a 
strategy for survival in low-nitrogen environments such as wood (Berg & McClaugherty 2008).
	 There were proportionally many more genera of white-rot fungi than brown-rot fungi as expected for wood-
decaying Basidiomycota in tropical biomes (Ryvarden 1991) (in our study approx. 87:13%). With a few exceptions, the 
majority of the retrieved genera belonged to Agaricomycetes, a pattern similar to that reported in Tedersoo et al. (2014) 
for soil fungi. This basidiomycotan class includes saprotrophs, pathogens and mutualists, and all of the species are 
capable of lignin decomposition (Riley et al. 2014). Numerous representatives of white-rot genera of Hymenochaetales 
(Resinicium), Polyporales (Flavodon, Ganoderma, Phanerochaete, Trametes, Hyphoderma, Phlebia, Perenniporia, 
Grammothele), Russulales (Asterostoma) and Agaricales (Pluteus, Resupinatus, Gymnopus, Leucocoprinus, Galerina, 
Lepiota, Gerronema, Megacollybia, Collybia, Clitopilus, Agaricus) were detected. Furthermore, brown-rot genera 
of Polyporales such as Fomitopsis (Yoon et al. 2005) and Antrodia (Clausen & Green 2003) were also present, as 
well as typical brown-rot taxa of Dacrymycetes (Calocera) (Seifert, 1983) and hemicellulolytic taxa associated with 
saproxylic insects in the order Tremellales (Cryptococcus) (Urbina et al. 2013). Moreover, two genera (Meira and 
Malassezia) belonging to the subphylum Ustilaginomycotina, which are not directly related to wood decomposition, 
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were also retrieved. Meira is typically reported as an endophyte associated with mites (Rush & Aime 2013), and it 
has been detected in orchid roots (Huang et al. 2014). Malassezia has been detected in the gut of basidiomata-feeding 
beetles (Blackwell et al. 2007), in addition to occurring in the skin of animals as a commensal and facultative pathogen 
(Wang et al. 2014).
	 A total of 20% of the genera identified was unequivocally composed of lignin decomposers as the species of these 
genera possess high-oxidation potential peroxidases, such as LiP, MnP, and VP, based on genetic and/or biochemical 
evidence according to the CAZY (Lombard et al. 2013) and BRENDA (Schomburg et al. 2013) databases, as well 
as specialized literature. Moreover, the majority of the genera presented evidence of bearing hemicellulytic and/or 
cellulytic enzymes or causing brown and soft rot in wood, excluding some genera of typical “sugar fungi”, e.g., 
Mortierella and Umbelopsis. 
	 Nine studies have already specifically investigated the mycobiomes of decaying wood using targeted, amplicon-
based metagenomics, five in palearctic boreal forests in northern Europe (Ovaskainen et al. 2010, Kubartova et al. 
2012, Ovaskainen et al. 2013, Runnel et al. 2015) and four in palearctic temperate forests in Europe and Asia (Van 
der Wal et al. 2015, Hoppe et al. 2015, Jang et al. 2015, Yamashita et al. 2015). With the exception of Yamashita et 
al. (2015), which used the V9 region of 18S rDNA, all the other works used the complete ITS (Ovaskainen et al. 
2010, Kubartova et al. 2012, Ovaskainen et al. 2013, Hoppe et al. 2015, Otosson et al. 2015) or the ITS2 (Jang et 
al. 2015, Runnel et al. 2015, Van der Wal et al. 2015) as the targeted region. Furthermore, all the analyses of these 
studies were mainly focused on Basidiomycota, limiting a fully global comparison with our study. Nevertheless, some 
general patterns could be evidenced taking into account the Phylum Basidiomycota. Some genera were retrieved in 
all forest types (boreal, temperate and tropical) such as Resinicium, Pluteus, Ganoderma, Calocera, Cryptococcus, 
Phanerochaete, Galerina, Phlebia, Megacollybia, Fomitopsis and Antrodia, while other genera, such as Asterostroma, 
Flavodon, Resupinatus, Gymnopus, Leucocoprinus, Lepiota, Meira, Gerronema, Collybia, Grammothele and Agaricus 
were only identified in our study in the tropical sites and were not reported in any of the other aforementioned studies 
based on large-scale DNA sequencing in boreal or temperate forests. The fungal genera identified in all forest types 
have a wide geographic distribution, occurring in all major climatic zones (Ryvarden 1993), whereas some of the 
genera detected only in the neotropical forests usually have known geographic distribution restricted to or mainly in 
tropical and subtropical regions (Suhara et al. 2010, Velinga 2004, Johnson & Vilgalys 1998).
	 There are at least twice as many Ascomycota than Basidiomycota taxa (Hibbett, 2014), and this pattern was also 
retrieved in our work. In a recent and comprehensive review of the diversity of Brazilian fungi, Maia et al. (2015) 
reported that almost half of the fungal taxa recorded in Brazil was Basidiomycota (47.9%), followed by Ascomycota 
(32.9%). The same authors suggested that this inverted ratio could be explained by the low number of experts in 
Ascomycota taxonomy in Brazil. 
	 The number of fungal genera retrieved in our work was little more than half of the fungal genera presented in the 
continuously updated list of Plants and Fungi of Brazil (Canhos et al. 2015) when we filtered this general database for 
the parameters: Atlantic forest biome and dead wood. Furthermore, approximately 77% of the fungal genera retrieved 
in our work were not recorded in this trimmed dataset. Nevertheless, some of them are yeasts or microfungi that could 
not be represented in this database. 

Conclusion

This is the first study using NGS to uncover the diversity of wood-decaying fungi in tropical forests. The higher 
diversity of trees and lower disturbance in the tropical rainforest site could explain the higher number of fungal genera 
obtained in the tropical rainforest site when compared with the seasonal tropical forest. All genera belonging to the 
ecological functional groups of saproxylic fungi, except for mycorrhizal fungi, were retrieved. Most prevalent genera 
were ligninolytic and/or cellulolytic Ascomycota (Sordariomycetes) and Basidiomycota (Agaricomycetes) but plant 
pathogens, endophytes and facultative or obligatory animal pathogenic fungi were also found. Moreover, the great 
majority of Basidiomycota genera are white-rotters as expected for tropical regions. As the metabarcoding approach 
is not dependent on collection, direct observation and/or culturing, this methodology theoretically permits the most 
thorough access to the diversity of the mycobiome of any kind of substrate. Thus, the metabarcoding as a rapid, large-
scale, and theoretically taxonomically unbiased strategy, proved useful to perform comprehensive surveys, however, 
the clustering and taxonomic identification steps are still challenging. We recommend to test different percentage 
values for these steps and compare the results with a comprehensive and reliable database. 



VAZ ET AL.18   •   Phytotaxa 295 (1) © 2017 Magnolia Press

Acknowledgments

We thank all individuals who contributed directly or indirectly to this work, especially the authorities of RDSP (Rio 
Doce State Park) and SCSP (Serra do Conduru State Park), CNPq (Conselho Nacional de Desenvolvimento Científico 
e Tecnológico), FIOCRUZ-MG (Fundação Oswaldo Cruz, Minas Gerais) and the Graduate Programs of Microbiology 
(PPG Microbiologia) and Bioinformatics (PPG Bioinformatics) of the Federal University of Minas Gerais (UFMG). A. 
Góes-Neto is supported by CNPq (contract n. 308148/2013-4). Our research group is part of the Brazilian Microbiome 
Project (BMP): http://www.brmicrobiome.org/.

References

Bazzicalupo, A.L., Bálint, M. & Schmitt, I. (2013) Comparison of ITS1 and ITS2 rDNA in 454 sequencing of hyperdiverse fungal 
communities. Fungal Ecology 6: 102–109.

Berg, B. & McClaugherty, C. (2008) Decomposition of fine root and woody litter. In: Berg, B. & McClaugherty, C. (Eds.) Plant litter: 
Decomposition, Humus formation, carbon sequestration. Springer, Berlin, pp. 171–199.

Blaalid, R., Kumar, S., Nilsson, R.H., Abarenkov, K., Kirk, P.M. & Kauserud, H. (2013) ITS1 versus ITS2 as DNA metabarcodes for fungi. 
Molecular Ecology Resources 13: 218–224.

Blackwell, M., Suh, S.O. & Nardi, J.B. (2007) Fungi in the hidden environment: the gut of beetles. In: Gadd, G.M., Watkinson, S.C. & 
Dyer, P.S. (Eds.) Fungi in the Environment. British Mycological Society Symposia, Cambridge, pp. 357–370.

Boddy, L. (2001) Fungal community ecology and wood decomposition processes in angiosperms: from standing trees to complete decayes 
coarse woody debris. Ecological Bulletins 49: 43–56.

Calderon, O. & Berkov, A. (2012) Midgut and fat body bacteriocytes in neotropical cerambycid beetles (Coleoptera: Cerambycidae). 
Environmental Entomology 41: 108–117.

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K. & Madden, T.L. (2008) BLAST+: architecture and 
applications. BMC Bioinformatics 10: 421.

Cannon, P. & Sutton, B. (2004) Microfungi on wood and plant debris. In: Mueller, G., Bills, G. & Foster, M. (Eds.) Biodiversity of fungi: 
inventory and monitoring methods. Elsevier Academic Press, Burlington, pp. 217–239.

Cannon, P.F. & Kirk, P.M. (2007) Fungal families of the world. CABI, United Kingdom, 456 pp.
Canhos, D.A.L., Sousa-Baena, M.S., Souza, S. de, Maia, L.C., Stehmann, J.R., Canhos, V.P., Giovanni, R. De., Bonacelli, M.B.M., Los, W. 

& Peterson, A.T. (2015) The importance of biodiversity E-infrastructures for megadiverse countries. PLoS Biology 13.7: e1002204.
Clausen, C.A. & Green, F. (2003) Oxalic acid overproduction by copper-tolerant brown-rot basidiomycetes on southern yellow pine 

treated with copper-based preservatives. International Biodeterioration & Biodegradation 51 (2): 139–144.
Cuadros-Orellana, S., Leite, L.R., Smith, A., Medeiros, J.D., Badotti, F., Fonseca, P.L.C., Vaz, A.B.M., Oliveira, G. & Góes-Neto, A. 

(2013) Assessment of Fungal Diversity in the Environment using Metagenomics: a Decade in Review. Fungal Genomics & Biology 
3: 110.

Davis, T.S. (2014) The ecology of yeasts in the bark beetle holobiont: A century of research revisited. Microbial Ecology 69: 723.
Edgar, R.C. (2010) Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26: 2460–2461.
Eichlerová, I., Homolka, L., Žifčáková, L., Lisá, L., Dobiášová, P. & Baldrian, P. (2015) Enzymatic systems involved in decomposition 

reflects the ecology and taxonomy of saprotrophic fungi. Fungal Ecology 13: 10–22.
Evert, R.F. & Eichorn, S.E. (2013) Raven Biology of Plants. W.H. Freeman and Company, New York, USA, 880 pp.
Goodwin, S., McPherson, J.D. & McCombie, W.R. (2016) Coming of age: ten years of next-generation sequencing technologies. Nature 

Reviews Genetics 17: 333–351.
Góes-Neto, A., Loguercio-Leite, C. & Guerrero, R.T. (2005) DNA extraction from frozen field collected and dehydrated herbarium fungal 

basidiomata: performance of SDS and CTAB-based methods. Biotemas 18: 19–32.
Hatakka, A. (2001) Biodegradation of lignin. In: Hofrichter, M. & Steinbüchel, A. (Eds.) Lignin, Humic Substances and Coal (Biopolymers 

Vol. 1.). Wiley-VCH, Weinheim, Germany, pp. 129–180.
Hibbett, D.S. (2014) Major events in the evolution of the Fungi. In: Losos, J. (Ed.) Princeton Guide to Evolution. Princeton University 

Press.
Hoppe, B., Purahong, W., Wubet, T., Kahl, T., Bauhus, J., Arnstadt, T., Hofrinchter, M., Buscot, F. & Krüger, D. (2015) Linking molecular 

deadwood-inhabiting fungal diversity and community dynamics to ecosystem functions and processes in Central European forests. 
Fungal Diversity 77: 1–13. 



UNCOVER DIVERSITY OF WOOD-DECAYING FUNGI Phytotaxa 295 (1) © 2017 Magnolia Press   •   19

Huang, C.L., Jian, F.Y., Huang, H.J., Chang, W.C., Wu, W.L., Hwang, C.C., Lee, R.H. & Chiang, T.Y.  (2014) Deciphering mycorrhizal 
fungi in cultivated Phanaelopsis microbiome with next-generation sequencing of multiple barcodes. Fungal Diversity 66: 77–88.

Jang, Y., Jang, S., Min, M., Hong, J.H., Lee, H., Lee, H., Lim, Y.W. & Kim, J.J. (2015) Comparison of the Diversity of Basidiomycetes 
from Dead Wood of the Manchurian fir (Abies holophylla) as Evaluated by Fruiting Body Collection, Mycelial Isolation, and 454 
Sequencing. Microbial ecology 70 (3): 634–645.

Johnson, J. & Vilgalys, R. (1998) Phylogenetic systematics of Lepiota sensu lato based on nuclear large subunit rDNA evidence. Mycologia: 
971–979.

Koljalg, U., Nilsson, R.H., Abarenkov, K., Tedersoo, L., Taylor, A.F.S., Bahram, M., Bates, S.T., Bruns, T.D., Bengtsson-Palme, J., 
Callaghan, T.M., Douglas, B., Drenkhan, T., Eberhardt, U., Dueñas, M., Grebenc, T., Griffith, Hartmann, M., Kirk, P.M., Kohout, 
P., Larsson, E., Lindahl, B.D., Lücking, R., Martín, M.P., Matheny, P.B., Hguyen, N.H., Niskanen, T., Oja, J., Peay, K.G., Peintner, 
U., Peterson, M., Põldmaa, K., Saag, L., Saar, I., Schüßler, A., Scott, J.A., Senés, C., Smith, M.E., Suija, A., Taylor, D.L., Telleria, 
M.T., Weiss, M. & Larsson, K.H. (2013) Towards a unified paradigm for sequence-based identification of fungi. Molecular Ecology 
22: 5271–5277.

Keller, M., Palace, M., Asner, G.P., Pereira, R. & Silva, J.N.M. (2004) Coarse woody debris in undisturbed and logged forests in the 
eastern Brazilian Amazon. Global Change Biology 10: 784–795.

Kubartova, A., Ottosson, E., Dahlberg, A. & Stenlid, J. (2012) Patterns of fungal communities among and within decaying logs, revealed 
by 454 sequencing. Molecular Ecology 21: 4514–4532.

Lindahl, B.D., Nilsson, R.H., Tedersoo, L., Abarenkov, K., Carlsen, T., Kjøller, R., Kõljalg, U., Pennanen, T., Rosendahl, S., Stenlid, J. 
& Kauserud, H. (2013). Fungal community analysis by high-throughput sequencing of amplified markers – a user’s guide. New 
Phytologist 199: 288–299.

Lindner, D.L., Carlsen, T., Henrik, N.R., Davey, M., Schumacher, T. & Kauserud, H. (2013) Employing 454 amplicon pyrosequencing to 
reveal intragenomic divergence in the internal transcribed spacer rDNA region in fungi. Ecology and Evolution 3: 1751–1764.

Lombard, V., Ramulu, H.G., Drula, E., Coutinho, P.M. & Henrissat, B. (2014) The carbohydrate-active enzymes database (CAZy) in 
2013. Nucleic acids research 42 (D1): D490–D495.

Lopes, W. de P., da Silva, A.F., de Souza, A.L. & Neto, J.A.A.M. (2002) Estrutura fitossociológica de um trecho de vegetação arbórea no 
Parque Estadual do Rio Doce-Minas Gerais, Brasil. Acta Botanica Brasilica 16: 443–456.

Maia, L.C., Carvalho Júnior, A.A.D., Cavalcanti, L.D.H., Gugliotta, A.D.M., Drechsler-Santos, E.R., Santiago, A.L.D.A., Cáceres, 
M.E.D.A., Gibertoni, T.B., Aptroot, A., Giachini, A.J., Soares, A.M.D.S., Silva, A.C.G., Magnago, A.C., Goto, B.T., Lira, C.R.S. 
de, Montoya, C.A.S., Pires-Zottarelli, C.L.A., Silva, D.K.A. de, Soares, D.J., Rezende, D.H.C., Luz, E.D.M.N., Gumboski, E.L., 
Wartchow, F., Karstedt, F., Freire, F.M., Coutinho, F.P., Melo, G.S.N. de, Sotão, H.M.P., Baseia, I.G., Pereira, J., Oliveira, J.J.S. de, 
Souza, J.F., Bezerra, J.L., Neta, L.S.A., Pfenning, L.H., Gusmão, L.F.P., Neves, M.A., Capelari, M., Jaeger, M.C.W., Pulgarín, M.P., 
Menolli, N. Jr., Medeiros, P.S. de, Friedrich, R.C.S., Chikowski, R. dos S., Pires, R.M., Melo, R.F., Silveira, R.M.B. da, Urrea-
Valencia, S., Cortez, V.G. & Soares, A.M.D.S. (2015) Diversity of Brazilian Fungi. Rodriguésia 66 (4): 1033–1045.

Martin, K.J. & Rygiewicz, P.T. (2005) Fungal-specific PCR primers developed for analysis of the ITS region of environmental DNA 
extracts. BMC Microbiology 5: 28.

Martini, A.M.Z., Fiaschi, P., Amorim, A.M. & da Paixão, J.L. (2007) A hot-point within a hot-spot: a high diversity site in Brazil’s Atlantic 
Forest. Biodiversity and Conservation 16: 3111–3128.

Meyer, E.M., De Beer, Z.W., Summerbell, R.C., Moharram, A.M., de Hoog, G.S., Vismer, H.F. & Wingfield, M.J. (2008) Taxonomy 
and phylogeny of new wood-and soil-inhabiting Sporothrix species in the Ophiostoma stenoceras-Sporothrix schenckii complex. 
Mycologia 100: 647–661.

Morgenstern, I., Klopman, S. & Hibbett, D.S. (2008) Molecular evolution and diversity of lignin degrading heme Peroxidase in the 
Agaricomycetes. Journal of Molecular Evolution 66: 243–257.

Nilsson, R.H., Kristiansson, E., Ryberg, M., Hallenberg, N. & Larsson, K.-H. (2008) Intraspecific ITS variability in the kingdom 
Fungi as expressed in the international sequence databases and its implications for molecular species identification. Evolutionary 
Bioinformatics 4: 193–201.

Nilsson, R.H., Veldre, V., Hartmann, M., Unterseher, M., Amend, A., Bergsten, J., Kristiansson, E., Ryberg, M., Jumpponen, A. & 
Abarenkov, K. (2010) An open source software package for automated extraction of ITS1 and ITS2 from fungal ITS sequences for 
use in high-throughput community assays and molecular ecology. Fungal Ecology 3: 284–287.

Ottosson, E., Kubartová, A., Edman, M., Jönsson, M., Lindhe, A., Stenlid, J., & Dahlberg, A. (2015) Diverse ecological roles within fungal 
communities in decomposing logs of Picea abies. FEMS Microbiology Ecology 91 (3).

Ovaskainen, O., Nokso-Koivisto, J., Hottola, J., Rajala, T., Pennanen, T., Ali-Kovero, H., Miettinen, O., Oinnonen, P., Auvinen, P., Paulin, 
L., Larsson, K.H. & Mäkipää, R. (2010) Identifying wood-inhabiting fungi with 454 sequencing–what is the probability that BLAST 
gives the correct species? Fungal Ecology 3: 274–283.

Ovaskainen, O., Schigel, D., Ali-Kovero, H., Auvinen, P., Paulin, L., Nordén, B. & Nordén, J. (2013) Combining high-throughput 



VAZ ET AL.20   •   Phytotaxa 295 (1) © 2017 Magnolia Press

sequencing with fruit body surveys reveals contrasting life-history strategies in fungi. ISME Journal 7: 1696–1709.
Pointing, S.B., Parungao, M.M. & Hyde, K.D. (2003) Production of wood-decay enzymes, mass loss and lignin solubilization in wood by 

tropical Xylariaceae. Mycological Research 107: 231–235.
Porras-Alfaro, A., Liu, K.L., Kuske, C.R. & Xiec, G. (2014) From Genus to Phylum: Large-Subunit and Internal Transcribed Spacer rRNA 

Operon Regions Show Similar Classification Accuracies Influenced by Database Composition. Applied Environmental Microbiology 
80: 829.

Pylro, V.S. (2013) Brazilian Microbiome Project: Revealing the Unexplored Microbial Diversity—Challenges and Prospects. Microbial 
Ecology.

R Development Core Team (2016) R: a Language and Environment for Statistical Computing. Available from: http://www.rproject.org. 
(acessed 10 July 2016)

Ribeiro, M.C., Metzger, J.P., Martensen, A.C., Ponzoni, F.J. & Hirota, M.M. (2009) The Brazilian Atlantic Forest: How much is left, and 
how is the remaining forest distributed? Implications for conservation. Biological Conservation 142: 1141–1153.

Riley, R., Salamov, A.A., Brown, D.W., Nagy, L.G., Floudas, D., Held, B.W., Levasseur, A., Lombard, V., Morin, E., Otilar, R., Lindquist, 
E.A., Sun, H., LaButti, K.M., Schmutz, J., Jabbour, D., Luo, H., Baker, S.E., Pisabarro, A.G., Walton, J.D., Blanchette, R.A., Henrissat, 
B., Martin, F., Cullen, D., Hibbett, D.S. & Grigoriev, I.V. (2014) Extensive sampling of basidiomycete genomes demonstrates 
inadequacy of the white-rot/brown-rot paradigm for wood decay fungi. Proceedings of the National Academy of Sciences 111: 
9923–9928.

Rothberg, J.M., Hinz, W., Rearick, T.M., Schultz, J., Mileski, W., Davey, M., Leamon, J.H., Johnson, K., Milgrew, M.J., Edwards, M., 
Hoon, J., Simons, J.F., Marran, D., Myers, J.W., Davidson, J.F., Branting, A., Nobile, J.R., Puc, B.P., Light, D., Clark, T.A., Huber, 
M., Branciforte, J.T., Stoner, I.B., Cawley, S.E., Lyons, M., Fu, Y., Homer, N., Sedova, M., Miao, X., Reed, B., Sabina, J., Feierstein, 
E., Schorn, M., Alanjary, M., Dimalanta, E., Dressman, D., Kasinskas, R., Sokolsky, T., Fidanza, J.A., Namsaraev, E., McKernan, 
K.J., Williams, A., Roth, G.T. & Bustillo, J. (2011) An integrated semiconductor device enabling non-optical genome sequencing. 
Nature 475: 348–352.

Runnel, K., Tamm, H. & Lõhmus, A. (2015) Surveying wood-inhabiting fungi: most molecularly detected polypore species form fruit-
bodies within short distances. Fungal Ecology 18: 93–99.

Rush, T.A. & Aime, M.C. (2013) The genus Meira: phylogenetic placement and description of a new species. Antonie van Leeuwenhoek 
103: 1097–1106.

Ryvarden, L. (1991) Genera of Polypores: Nomenclature and Taxonomy (Synopsis Fungorum Ser, n5). Lubrecht & Cramer Ltd, 373 pp.
Ryvarden, L. (1993) Tropical polypores. In: British Mycological Society Symposium Series (Vol. 19). Cambridge University Press, pp. 

149–149.
Schwarze, F.W.  (2007) Wood decay under the microscope. Fungal Biology Reviews 21: 133–170.
Schwarze, F.W.M.R., Engels, J. & Mattheck, C. (2000) Fungal strategies of wood decay in trees. Springer, Berlin, 183 pp.
Schoch, C.L., Seifert, K.A., Huhndorf, S., Robert, V., Spouge, J.L., Levesque, C.A., Chen, W. & Fungal Barcoding Consortium (2012)  

Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode marker for Fungi. Proceedings of the National 
Academy of Sciences USA 109: 6241–6246.

Schomburg, I., Chang, A., Placzek, S., Söhngen, C., Rother, M., Lang, M. & Scheer, M. (2012) BRENDA in 2013: integrated reactions, 
kinetic data, enzyme function data, improved disease classification: new options and contents in BRENDA. Nucleic acids research: 
gks1049.

Seifert, K.A. (1983) Decay of wood by the Dacrymycetales. Mycologia 75: 1011–1018.
Stokland, J.N., Siitonen, J. & Jonsson, B.G. (2012) Biodiversity in dead wood. Cambridge University Press, London, 521 pp.
Suhara, H., Maekawa, N., Ushijima, S., Kinjo, K. & Hoshi, Y. (2010) Asterostroma species (Basidiomycota) from mangrove forests in 

Japan. Mycoscience 51 (1): 75–80.
Tedersoo, L., Bahram, M., Põlme, S., Kõljalg, U., Yorou, N.S., Wijesundera, R., Villarreal, R.L., Vasco-Palacios, A.M., Thu, P.Q., Suija, 

A., Smith, M.E., Sharp, C., Saluveer, E., Saitta, A., Rosas, M., riit, T. & Abarenkov, K. (2014) Fungal biogeography. Global diversity 
and geography of soil fungi. Science 346: 1256688.

Urbina, H., Schuster, J. & Blackwell, M. (2013) The gut of Guatemalan passalid beetles: a habitat colonized by cellobiose-and xylose-
fermenting yeasts. Fungal Ecology 6: 339–355.

Van der Wal, A., Ottosson, E. & de Boer, W. (2015) Neglected role of fungal community composition in explaining variation in wood 
decay rates. Ecology 96 (1): 124–133.

Vellinga, E.C. (2004) Ecology and distribution of Lepiotaceous fungi (Agaricaceae)–A Review. Nova Hedwigia 78 (3–4): 273–299.
Wang, Q.M., Theelen, B., Groenewald, M. & Bai, F.Y. (2014) Boekhout T. Moniliellomycetes and Malasseziomycetes, two new classes in 

Ustilaginomycotina. Persoonia 33: 41–47.
Yamashita, S., Masuya, H., Abe, S., Masaki, T. & Okabe, K. (2015) Relationship between the Decomposition Process of Coarse Woody 

Debris and Fungal Community Structure as Detected by High-Throughput Sequencing in a Deciduous Broad-Leaved Forest in 



UNCOVER DIVERSITY OF WOOD-DECAYING FUNGI Phytotaxa 295 (1) © 2017 Magnolia Press   •   21

Japan. PLoS ONE 10 (6): e0131510. 
Yoon, J. & Kim, Y. (2005) Degradation of crystalline cellulose by the brown-rot basidiomycete Fomitopsis palustris. The Journal of 

Microbiology 43 (6): 487.
Zhao, Z., Liu, H., Wang, C. & Xu, J.R. (2013) Correction: Comparative analysis of fungal genomes reveals different plant cell wall 

degrading capacity in fungi. BMC Genomics 15: 6.
Zhou, S. & Ingram, L.O. (2000) Synergistic hydrolysis of carboxymethyl cellulose and acid-swollen cellulose by two endoglucanases 

(CelZ and CelY) from Erwinia chrysanthemi. Journal of Bacteriology 82: 5676–5682.


