1

AN ABSTRACT OF THE DISSERTATION OF
Paola Andrea Torres-Andrade for the degree of Doctor of Philosophy in Wood Science
presented on December 5, 2017.
Title: Characterization of Fungal Communities in Selected Wood Species by Field
Exposure Tests

Abstract approved: ______________________________________________________
Jeffrey J. Morrell

Fungi are the primary biological agents of wood deterioration and cause major
economic losses of wood products globally. Wood in outdoor applications tends to
remain wet for extended time periods, making it susceptible to fungal attack.
Understanding the factors involved in fungal colonization of wood is important for
developing improved methods for preventing decay, but the process is complicated.
Several fungal species can occur simultaneously on the substrate, and many of these
fungi cannot be isolated by traditional culturing methods. There is the need to use
multiple approaches to study fungal communities in exposure conditions that simulate
real life scenarios.
Red alder (Alnus rubra Bong.), Douglas-fir (Pseudotsuga menziesii) (Mirb.)
Franco) heartwood/sapwood, and western red cedar (Thuja plicata Donn ex D. Don.)
field stakes were used to assess fungal colonization in ground contact exposure. Red
alder and Douglas-fir sapwood lap-joints were used to assess the incidence of woodinhabiting fungi in above-ground exposure. Samples were installed at the Starker Post
Farm (Corvallis, Oregon, USA), and then collected at various time points over a twoyear period. Fungal identification was conducted using culture-based isolation followed
by sequencing of the Internal Transcribed Spacer (ITS) region of ribosomal DNA of the
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isolated fungi, and culture-independent high-throughput Illumina sequencing of the ITS
of rDNA.
Community composition of fungi colonizing wood at the site changed with the
exposure conditions. Time of sampling, wood types and moisture content appeared to
be related to the incidence of molds, white-rot, and soft-rot fungi in lap-joints, whereas
location of lap-joint member or joint surface had no effect on fungal community
composition. Pirex concentricus and Coniochaeta canina were the most common
species in the lap-joint test.
The main factors influencing fungal communities of wood in ground contact
were exposure duration, seasonal environmental changes, and wood species. Fungal
abundance was higher in the below-ground zone than in above-ground and groundline
zones of stakes. White rot fungi tended to dominate over brown rot fungi, and only a
few soft-rot fungi were found in the ground-contact exposure test. Ascomycetes were
more frequent in the culture-based sequencing method, whereas basidiomycetes
dominated in the high-throughput Illumina sequencing. The methodologies extracted
very different major fungal taxa at the phylum and genus level with only minimal
overlap for the most abundant taxa across the stakes using the two identification
methods.
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CHARACTERIZATION OF FUNGAL COMMUNITIES IN
SELECTED WOOD SPECIES BY FIELD EXPOSURE TESTS
CHAPTER 1.
1.1.

INTRODUCTION

Background
Wood is one of the most important raw materials worldwide. It is the material of

choice for buildings, fuel, furniture, tools, railroad ties, poles, posts and decorative
objects. Under proper conditions of use and maintenance, wood is a very durable
material. However, wood is susceptible to biological degradation that can reduce its
strength (mechanical) and physical properties. Fungi are the major biological agents
causing deterioration and economic losses of wood products in temperate zones. Woodinhabiting fungi can be grouped into decay and non-decay (Zabel and Morrell 1992).
Non-decay fungi have a major impact on the appearance of a wood and through surface
molding and sapwood discolorations. Decay fungi cause structural damage and eventual
disintegration of wood products. The main types of decay fungi cause white, brown and
soft rots of wood. These degradation types are mainly based on the characteristics of the
decayed wood further described in following sections.
Growth and establishment of fungi on wooden materials depends mainly on the
available moisture, temperature and nutrients. Some conditions of exposure or wood use
such as constant wetting, allow rapid invasion and occupancy of wood-inhabiting fungi.
Wood exposed in outdoor applications tends to remain wet for extended periods of time,
although the moisture level can vary depending on climatic conditions. Untreated wood
in ground contact can maintain favorable moisture conditions that allow fungal
colonization for long time periods. Wood properties also have a significant effect on the
occurrence of the fungal species, particularly the presence of toxic compound or
extractives (Pouska et al. 2016). Variations in temperature, moisture content, oxygen
and carbon dioxide all influence on the growth of fungi and decay rates (Lebow and
Highley 2008; Kirker and Winandy 2014). Fluctuations in environmental conditions can
also affect diversity and growth of fungi. Therefore, it is important to understand effects
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of varying environmental conditions on the development of fungal communities during
the decay process under natural conditions.
Historical utilization of wood is often affected by its biodegradability. Ancient
civilizations were aware of the susceptibility of wood to decay and recognized the need
for methods such as soaking wood in cedar oil to reduce decay to limit its progression
long before the development of any scientific knowledge in the decay process itself
(Zabel and Morrell 1992). The effects of decay on wood and methods for improving the
service life of wood products have been extensively studied (Markstrom and Clark
1975; Morrell et al. 1996; Militz and Stevens 1999; Brischke and Rapp 2008; Larsson,
Brelid et al. 2011). However, there is still little information on the native fungal
communities and how they impact wood service life (Kirker and Winandy 2014).
Community assembly in wood over time is an important factor in the wood decay since
fungi exploit different resources, and substantially change the wood substrate and
interact with other fungi during the decay process.
International efforts to provide more effective methods for predicting service life
of wood aim to understand fungal agents that participate in the decay process and how
they differ with region and latitude (Kirker and Winandy 2014). Additionally, global
concerns about climate change suggest the need to incorporate ecological data into the
predictions of service life as well as for understanding the fungal agents participating in
the decay process.
Field evaluations are used to evaluate the performance of wood products and
wood preservatives. These tests expose the wood with a wide range of natural
organisms (Bergman et al. 2010). Field tests provide practical information on the
expected service life of wood products. However, changes in fungal community
composition over the course of decay in natural conditions are complex and remain
poorly understood. Development of data on fungal communities on decaying wood can
help to explain colonization sequences and possible microbial interactions. This can be
particularly important at field sites. Most studies of fungal colonization using field
stakes of wood in ground-contact have been primarily based on culturing techniques
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(Butcher 1968; Carll and Highley 1999; Kang and Morrell 2000). These techniques are
limited by the ability to culture fungi on artificial media, and the taxonomical skills
required to quickly identify them. They are often unsuitable for large-scale studies to
understand fungal colonization patterns of wood in simulated service conditions
because of the large numbers of isolates obtained. These methods may be problematic
because the fungal isolation patterns are highly dependent on the procedures employed,
especially the isolation media (Rayner and Boddy 1988; Carey and Hull 1989).
Development of molecular techniques based on the fungal DNA or RNA from pure
cultures or environmental samples may be especially useful for these efforts.
Next-generation techniques rely on the ability to sequence DNA or RNA with
relatively rapid turnaround and low cost. Development of these techniques has greatly
increased the number of fungal community studies (Amend et al. 2010). Illumina
sequencing is currently the most widely used NGS platform in microbial ecology
research. The technique relies on the detection of fluorescently labeled nucleotides.
DNA templates are immobilized to an acrylamide coating on the surface of a glass
flowcell, followed by surface PCR amplification, which results in clusters of identical
DNA fragments (Quail et al. 2012; Torsten et al. 2012). The increased read lengths of
Illumina sequencing (~300 base pairs) (Li et al. 2015) has allowed detection of
polymorphisms in the Internal transcribed spacer (ITS) region of the rDNA. This region
is widely accepted as the universal genetic barcode for fungi (Schoch et al. 2012).
Longer sequence reads allow a more reliable delimitation of species or operational
taxonomic units (OTUs) using sequencing methods. The use of NGS techniques in
standardized wood performance tests may help reveal many previously undetected
wood-inhabiting fungi, and expand our understanding of the wood decay process.
Since 1928, the College of Forestry the Oregon State University has maintained.
The Starker Post Farm at Peavy Arboretum to collect data on natural durability of native
woods and the effectiveness wood preservative systems (Morrell et al. 1996). Research
conducted at the post-farm has mainly focused on chemical treatments, application
methods and description of failures to estimate wood service life. Decay producing
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fungi have been systematically reported as the main cause of deterioration of wood at
the site (70-77% of the wood failures) (Miller 1986). Most studies conducted at the
post-farm seek to identify specific wood decay fungi causing wood failures, but ignore
other species that may play a significant role in early stages of the decay process. The
research at the site has provided significant information on the overall performance of
wood available to the industry and researchers. However, little is known about other
wood-inhabiting fungi and the ecology of fungal communities.
The fungi colonizing western redcedar, red alder and Douglas-fir samples
exposed in stake and lap-joint tests at the Peavy Arboretum test site were monitored
over a 24-month period. Stakes represented the most severe exposure because the soil
environment has abundant moisture, available nutrients, and an active soil microflora.
Lap-joint samples exposed on racks out of direct soil allow more moisture cycling, and
a reduced microflora. Fungal identification was assessed using two DNA-based
techniques: culture-based (sequencing of the Internal Transcribed Spacer (ITS) region
of ribosomal DNA), and culture-independent (high-throughput Illumina sequencing of
the ITS of rDNA).

1.2.

Objectives
The main objective of this study was to characterize fungal communities

colonizing western red cedar, red alder and Douglas-fir exposed in stake and lap-joint
field tests at the early stages of exposure. The specific objectives of this study were (1)
to determine incidence of wood-inhabiting fungi isolated from wood exposed in aboveground contact by culture-based DNA sequencing methods, (2) to assess diversity of
wood-inhabiting fungi determined by Illumina sequencing, and (3) to compare the
ability of culture-based ITS of rDNA and high-throughput-Illumina sequencing to
detect wood-inhabiting fungi from wood in ground contact exposure.
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1.3.

Thesis organization
This dissertation is divided into seven chapters. Chapter 1 contains the

introduction and objectives. Relevant literature is reviewed in Chapter 2. Chapter 3
assesses the incidence of fungal colonization on untreated wood in above-ground
exposure using a Lap-joint test. Chapter 4 assesses the colonization of wood in ground
contact exposure determined by culture-dependent methods. Chapter 5 assesses the
diversity of wood-inhabiting fungi in ground contact exposure determined by Illumina
sequencing. Chapter 6 compares high-throughput-Illumina sequencing and culturebased ITS rDNA sequencing to detect fungal communities in wood in ground contact.
These chapters are followed by an overall conclusion in Chapter 7.
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CHAPTER 2.
2.1.

LITERATURE REVIEW

Wood Biodegradation
The susceptibility of wood to biological degradation has always been a major

human concern (Zabel and Morrell 1992; Schmidt 2006). Biodegradation of wood
applies to negative changes in properties caused by living organisms (Zabel and Morrell
1992). Wood biodegradation occurs under conditions that allow the development of
organisms including fungi, insects, bacteria, and marine borers (Clausen, 2010; Zabel
and Morrell, 1992). Fungi are generally the most important wood degrading organisms.
Some fungi are specialized organisms capable of degrading wood polymers, but
other wood-inhabiting fungi include molds and stains that use stored components in
parenchyma, but do not appreciably damage the wood cell wall (Clausen 2010). While
wood biodegradation is a disadvantage for wood products, it is a positive feature for
recycling nutrients and providing habitats in natural ecosystems.
Despite the potential for degradation, wood is still a very durable material when
properly used and maintained (Zabel and Morrell 1992). Many protective measures
have been designed to delay wood biodegradation and decrease the economic costs of
replacing wood products in service (Clausen 2010). These developments have been
made possible, in part, by developing a better understanding of the organisms and
conditions that cause wood degradation.

2.2. Historical aspects and overview of research on wood-inhabiting
fungi
Fundamental knowledge about wood-inhabiting fungi colonizing wood was
closely related to the emerging understanding of diseases observed in living trees or
freshly harvested timber. Early studies were dedicated to better understanding the
degradation process. These results led to studies about the effects of fungi on wood, and
ultimately, the establishment of institutions specifically dedicated to conducting
research on wood as a material. Institutional research favored the development of
methods to isolate wood colonizing fungi, which improved the understanding of
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functional and morphological aspects of both fungi and the decay process. The
introduction of molecular methods to identify organisms has exponentially increased the
ability to rapidly identify wood-inhabiting fungi and have greatly expanded our
knowledge of fungal ecology. An overview of these historical aspects is presented in the
following sections.

2.2.1. Initial understanding of decaying wood and wood-inhabiting fungi
Studies of wood inhabiting fungi date back to 1833 when the German forester,
Theodor Hartig, first reported the presence of fungal hyphae on decayed wood (Hartig
1833). This publication, on the effects of fungal mycelium on wood, suggested that
fungi were the result rather than the cause of wood decay. Four decades later, Robert
Hartig, showed that fungi were the causal agents of wood decay and not the
consequence of it (Hartig 1874). The experimental evidence provided by Hartig,
supported the “tree decay concept” whereby observed sporocarps and the hyphae
associated for decaying wood were the same fungus causing the wood decay (Hartig
1874; Shigo 1979). This concept set the stage for a new era of understanding in both the
decay process and the fungal species inhabiting decaying wood. The knowledge gained
indicated that the most frequently observed fungi in decaying wood were Polyporus sp.,
Stereum hirsutum, Trametes pini, and Fomes applanatus, among others (Mayr 1884;
Ward 1897; White 1919).

2.2.2. Preliminary studies on the effect of fungi on wood
The studies on descriptive mycology encouraged research on the role of fungi in
wood degradation. However, preliminary research was limited mostly to fungal
identification and morphological characterization of fungi producing large reproductive
structures or macrofungi (Von Schrenk 1903; Shigo 1967). Knowledge about fungal
morphology influenced research on applied mycology to better understand the practical
significance of wood-associated fungi. The establishment of the United States
Department of Agriculture (USDA) in 1862, which had the primary objective of
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collecting and publishing practical information for the agricultural sector, and extended
its interest to wood utilization.
Initial contributions on wood decay and timber protection started in late 1899
with research on fungal species in forest trees, timber and wood products (Von Schrenk
1903). The main goal of these studies was to better understand the effects of fungi on
wood, with special application to forest management and the wood products industry.
Public interest in controlling tree diseases at the beginning of the 20th century,
showed the necessity of performing more research on forest pathology (Peterson and
Griffith 1999). In 1901, the USDA published a comprehensive summary of existing
mycological studies in the United States. Von Schrenk presented an overview on the
current knowledge on wood-inhabiting fungi, describing common decay fungi and
provided a list of wood species attacked by fungi (Von Schrenk 1900). Other studies on
the effects of fungi on wood were mainly focused on understanding and controlling
fungal stain of sapwood (Von Schrenk 1903; Hedgcock 1906).
The Wood Preservers Association, currently known as American Wood
Protection Association (AWPA), was established in 1904 to develop standardized wood
treatments for species used were there was a high risk of decay or discoloration (Zabel
and Morrell 1992). The AWPA is the primary body for specifying wood protection
treatments in the United States. Research on wood protection was also enhanced by the
creation of the U.S Forest Service's Forest Products Laboratory (FPL) in 1910, which is
the most important institution in the United States dedicated to studying wood
properties, wood degradation and protection.

2.2.3. Development of cultural studies of fungi
Methods for isolating wood-inhabiting fungi in various culture media improved
the understanding of morphological features of fungi. Attempts to cultivate woodinhabiting fungi and reproduce their sporocarps under laboratory conditions have been
carried out since 1889 (Brefeld 1889; Costantin and Matruchot 1894; Ward 1897).
Ward successfully transferred pure cultures of fungi to wood blocks, allowing the
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fungal mycelia to grow on them and providing procedures for tracking penetration of
fungal hyphae into wood. These methods were particularly critical for identifying
wood-inhabiting fungi unable to produce visible the sporocarps (Van der Westhuizen
1958). The first cultural studies of wood-inhabiting fungi were carried out with both
stain and decay fungi (Hedgcock 1906). Studies were also performed to use cultural
characters of fungi for identification of wood-inhabiting fungi without sporophores
(Long and Harsch 1918; Fritz 1923). Culturing expanded wood-decay research beyond
studying only features of decay fungi producing sporocarps.
Researchers quickly recognized the necessity for standard procedures in cultural
studies (Long and Harsch 1918; Nobles 1948; Van der Westhuizen 1958). For instance,
Long and Harsh (1918) published a comprehensive study on aseptic techniques,
procedures to inoculate wood pieces in agar, descriptions of cultural characters of fungi,
and the effect of temperature and sunlight exposure on fungal cultures. Nobles (1948)
reviewed various existing studies and developed standard procedures for using cultural
characteristics, oxidation reactions and enzymatic reactions to identify wood-inhabiting
fungi. The latter study, along with additional research on the use of extracellular
oxidase reactions to differentiate white and brown rot fungi became the standard system
for cultural identification of wood decay fungi for over 60 years (Nobles 1948, 1958).
The ability to isolate and identify wood-inhabiting fungi based on the identity of their
vegetative or cultural characteristics set the stage for development of more detailed
fungal ecology research (Zabel and Morrell 1992).

2.2.4. Ecological studies of wood-inhabiting fungi
The ecology of wood-inhabiting fungi has been the subject of extensive studies
(Butcher 1968; Rayner and Todd 1979, 1982; Clubbe 1983; Rayner and Boddy 1988).
Initial studies suggested that conditions in wood continuously change during the
colonization process (Rayner and Todd 1979). The need for more detailed studies of
fungal communities was also recognized as means to better understand ecological and
evolutionary aspects related to fungal propagation, dispersal, and colonization (Rayner
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and Todd 1982). Fungal colonization patterns of wood in ground contact were described
in several studies (Corbett 1965; Merrill and French 1966; Käärik 1968, 1974; Butcher
1968; Greaves 1972). These studies suggested an initial colonization of wood by
pioneer microfungi, followed by decay fungi. Butcher (1968) found that the occurrence
of wood-inhabiting fungi varied with distance from the ground. He differentiated
ecological zones for fungal development in wooden poles: below ground, groundline,
above ground-contact, and the top of the pole. This study also suggested that fungal
succession at the groundline started with molds and soft rot fungi, shifting to secondary
molds and white rot fungi. Käärik (1967), found that fungal communities changed with
the type of soil, environmental conditions, and with the distance from the ground.
Käärik (1974) found that, while colonization of wood by basidiomycetes increased with
time, the number of species decreased. She also found that other fungal groups persisted
until late stages of wood decay. Rayner and Todd (1982) focused on understanding the
ecology of basidiomycetes including aspects of their structure and composition.
Basidiomycetes have been the most extensively studied group of fungi, primarily
because many of them produce visible sporocarps associated with decaying wood.
However, sporocarp producing fungi are a small fraction of the total fungal diversity in
an ecosystem. Development of culture-based techniques allowed the study of fungal
species that do not produce sporocarps. Fungal ecology research provided new
understandings into the succession and interaction of fungi during the wood decay
process. The effects of fungal species on wood degradation, extractives and preservative
treatment have been reported in numerous other studies (Molnar 1997; Cabrera-Orozco
2010; Kirker et al. 2010, 2014b; Prewitt et al. 2014).

2.3.

Wood structure and composition
The development of organisms in wood is closely related to its unique structure

and composition, which varies across species. Wood is a tridimensional material
composed primarily of an axial system of cells and associated radial cells. The axial
cells are responsible for wood strength, while the radial cells transport and store
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nutrients (Eaton and Hale 1993). The major components of the wood cell-wall are
lignin, cellulose and hemicellulose (Panshin and De Zeeuw 1980). Cellulose content is
between 40-50% of the wood mass, whereas hemicelluloses comprise approximately
25-40%, and lignin is proximately 18-33% (Eaton and Hale 1993). The distribution of
these constituents varies by wood types and between hardwoods and softwoods (Zabel
and Morrell 1992). Cellulose contributes to the strength of wood while lignin provides
compressive strength and stiffness (Panshin and De Zeeuw 1980; Eaton and Hale 1993).
The storage cells in the rays contain sugars, starches, proteins, oils, resins and gums.
These chemical components can be readily utilized by diverse wood-inhabiting fungi.
Cell wall structure and function are common to all wood types. The cell wall is
composed of various layers. The outermost layer of cell wall material between two or
more cells which is mostly composed of lignin. The next layer is the primary wall,
which is inside to the middle lamella with random orientation of cellulose microfibrils.
The secondary wall is deposited on the primary wall and contains primarily cellulose,
and a lower percentage of hemicelluloses and lignin. The secondary wall consists of
three layers designated as S1 (outer), S2 (middle) and S3 (inner) (Eaton and Hale 1993).
Most of the tensile strength of wood originates in the secondary wood cell wall.
Wood cells have capillaries that may affect the access of enzymes into the wood
(Zabel and Morrell 1992). The characteristics of these zones has been extensively
studied but not completely defined (Cowling and Brown 1969; Nicholas 1973; Zabel
and Morrell 1992). The large capillaries consist of cell lumens, pit chambers, pit pores
and pit apertures which allow easy penetration of fungal enzymes due to their large
dimension (length, 200-1000 nm; diameter, 5 nm) (Zabel and Morrell 1992). Most
lignocellulolytic enzymes produced by fungi can access the gross capillaries. The cell
capillaries between the crystalline portions of the microfibrils are considerably smaller
(1 nm) and generally limit access of fungal enzymes. Nicholas (1973), suggested that
size of these openings must be greater than their original size to allow access of fungal
enzymes.
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Wood cells conduct fluids and provide structural support. The conduction cells
in conifers are tracheids, which also are responsible for support. In hardwoods, the
vessels are the conduction cells and have little or no structural role while fibers provide
strength. Parenchyma in the ray cells store starch, oils, resins and gums. Pits are
structures in the secondary wall that interconnect adjacent wood cells, allowing fluid
exchange. The parenchyma cells and the lumens of other cells may also store chemical
compounds known as extractives that affect wood properties such as susceptibility to
wood decay. For example extractives of western redcedar (Thuja plicata) are wellknown for their activity against many decay fungi (Scheffer 1957; Scheffer and
Cowling 1966).

2.4.

Wood-inhabiting fungi
The total number of fungal species worldwide has been estimated to be around

1.5 million, of which less than 10% have been described (Hawksworth 2001). The
debate remains as to whether or not these estimates reflect the actual global number of
fungal species richness (Schmit and Mueller 2007; Blackwell 2011; Hawksworth 2012).
Many fungal species are associated with different forms of wood substrates, such as
woody debris, branches, twigs or logs, and this could lead to over-estimates.
Wood-inhabiting fungi produce a vegetative mycelium consisting of thread-like
structures (hyphae) that penetrate into the wood substrate under various environmental
conditions (Zmitrovich et al. 2015). These fungi play key roles in wood breakdown and
nutrient recycling. Fungi colonizing wood also contribute to the formation of new
habitats and resources for other wood-inhabiting organisms such as bacteria, algae and
insects. Conversely, fungi are also the main cause of wood discoloration and decay that
result in significant economic losses.
Not all wood-inhabiting fungi are capable of wood decay wood (Huhndorf et al.
2004). Some species, known as “non-decay fungi”, only use non-structural components
present in wood such as carbohydrates, while “wood-decay fungi” are closely connected
to degradation of wood-cell wall polymers such as lignin, cellulose and hemicelluloses
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(Zabel and Morrell 1992; Zmitrovich et al. 2015). Fungi colonizing wood affect a
variety of wood properties such as physical appearance, permeability, dimensions,
strength, and weight (Zabel and Morrell 1992).

2.4.1. Main groups of wood-inhabiting fungi
Fungal classification systems are constantly changing with advances in
systematics and phylogeny. These changes have led to continuous revision and
modification of the classification systems and nomenclature of wood-inhabiting fungi
(Käärik 1978; Larsen and Rentmeester 1992; Schmidt 2006). While traditional
classification systems of fungi are based on morphological characters (Käärik 1978;
Larsen and Rentmeester 1992; Schmidt 2006). Developments in molecular systematics
have resulted in the introduction of modern systems of classification based on
phylogenetic relationships among fungal taxa (Blackwell et al. 2012). Thus, fungal taxa
initially classified together based on their morphological characters may be regrouped
among their closest relatives based on sequence homologies. The existing classification
criteria for wood inhabiting fungi could potentially change as molecular systematics
research progresses. Currently, morphological features and the type of decay remain
widely used as major criteria for classifying wood-inhabiting fungi.
Wood-inhabiting fungi usually fall into two overlapping classification systems,
morphological and functional. Morphology uses reproductive structures to separate
fungi within phyla including Ascomycetes, Basidiomycota, and Mucoromycota. The
second criterion is based on the effect of the fungus on the wood substrate. These
effects include non-decay and decay fungi. This criterion helps determine the type of
utilization of the wood substrate between decay and non-decay. Both classification
criteria frequently overlap because fungal function in wood can be associated with
either basidiomycetes or some ascomycetes, whereas morphology can be used to
identify the wood-inhabiting fungus is based on its dispersal structures. The general
characteristics of each classification system are further described in the following
sections.
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2.4.2. Wood-inhabiting fungi and dispersal structures
Fungal species produce a variety of sexual or asexual reproductive structures
called spores. Spores play an important role in success of most fungi since they are
involved in dispersal and survival. Most fungal species can produce sexual or asexual
spores. The asexually produced spores commonly known as conidia are more frequent
in ascomycetes and basidiomycetes (Webster and Weber 2007). A limited number of
fungal species produce asexual spores called chlamydospores that tend to be thick
walled and more resistant to environmental extremes. Asexual spores allow fungi to
rapidly reproduce, thereby increasing their capability of dispersal on the substrate.
Many asexual spores are resistant to extreme conditions, such as desiccation, UV-light,
and high or low temperatures.
Fungal species produce spores that can be dispersed by wind, water or animals
and may land on wood during storage, processing or use (Zmitrovich et al. 2015). The
various morphological adaptations of spores not only contribute to fungal dispersal, but
also allow them to adapt to changing conditions in the wood substrate.
Spores are the main character used for identification and classification of many
fungal species (Webster and Weber 2007). Each fungal species has distinct spores with
unique morphologies that are useful for classification. The most prominent woodinhabiting fungal phyla are the Ascomycota, Basidiomycota, and Mucoromycota.
The largest wood-inhabiting phylum is the Ascomycota with more than 64,000
species (Kirk et al. 2008). The sexual spores characteristic of this phylum are called
ascospores, and are contained within sac-shaped cells (ascus) (Blackwell and Spatafora
2004; Webster and Weber 2007). Ascomycetes have a number of roles including
endophytes, mycorrhizae, plant pathogens, parasites and saprobes that degrade various
organic substrates including wood (Blackwell and Spatafora 2004; Huhndorf et al.
2004). Although ascomycetes are frequent wood-inhabiting fungi, only a few species
are known to decay wood (Schwarze et al. 2000). These fungi may also occupy
different environmental niches. For instance wood colonized by ascomycetes such as
Xylaria hypoxylon can be drier than that colonized by basidiomycete fungi (Boddy et al.
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1989). A number of studies have addressed the potential role of ascomycetes in the
wood decay process (Boddy et al. 1989; Van der Wal et al. 2015); however, their role
merits further study.
The Basidiomycota contains approximately 23,000 species (Hawksworth et al.
1995). The spores of Basidiomycota fungi (basidiospores) are produced on club-shaped
cells (basidia) (Blackwell and Spatafora 2004). This group contains the most well
adapted decay fungi which occur mainly in the subphylum Agaricomycotina (Webster
and Weber 2007; Floudas et al. 2012; Zmitrovich et al. 2015), although some are tree
pathogens such as Heterobasidion annosum, H. occientale or H. irregular which cause
serious damage in conifer plantations (Webster and Weber 2007). Basidiomycota are
one of the most studied phyla of the kingdom fungi, in part because many species
produce reproductive structures (sporocarps) and several species in this phylum have
been associated with wood decay. The Mucoromycota includes nearly 1000 species of
fungi (Blackwell and Spatafora 2004) that are defined by asexual reproduction through
aplanospores and sporangiospores, coupled with sexual reproduction to produce
zygospores (Webster and Weber 2007). Most fungi within this group are terrestrial, but
they are also common on decaying plants. Their role in wood remains poorly defined.

2.4.3. Wood-inhabiting fungi and utilization of the wood substrate
Wood-inhabiting fungi can be broadly defined as decay fungi and non-decay
(Panshin and De Zeeuw 1980; Zabel and Morrell 1992; Eaton and Hale 1993) based on
the utilization of structural and non-structural cell-wall components.

2.4.3.1.

Non-decay fungi

Non-decay fungi are predominantly Ascomycota that utilize easily accessible
carbohydrates in the parenchyma cells without causing significant degradation of the
wood substance (Schmidt 2006). These fungi mainly cause superficial discoloration
almost exclusively in the sapwood that affect wood appearance. This group include
molds and true sap-stain fungi (Panshin and De Zeeuw 1980). Molds grow into the
wood but cause discolorations at the wood surface, whereas true sap-stain fungi can
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penetrate sapwood and cause deeper discolorations (Panshin and De Zeeuw 1980; Zabel
and Morrell 1992). In most cases mold can be easily removed, while sapstains are much
more difficult to eliminate.
Non-decay fungi are frequently the first to colonize freshly cut timber and their
occurrence is mainly associated with high moisture levels and mild temperatures
(Panshin and De Zeeuw 1980). They modify the wood through destruction of the
parenchyma. Non-decay fungi move from cell to cell through simple pits (Panshin and
De Zeeuw 1980). The main characteristic of non-decay fungi in wood is the formation
of threadlike hyphal filaments called penetration pegs (Zabel and Morrell 1992).
Hyphae of stain fungi are usually larger than those of decay fungi (Panshin and De
Zeeuw 1980). The occurrence of non-decay fungi in wood produces degradation of
parenchyma cells, destruction of pits, detoxification of extractives, production of
antibiotics and antagonism against other fungi.

2.4.3.2.

Wood decay fungi

Decay fungi have the ability to break down the structural components of the
wood cell-wall. These fungi can cause significant weight and/or strength losses and
hyphal growth through cell walls increases wood permeability (Zabel and Morrell
1992). Moisture content levels in wood above the fiber saturation point of 30% up to
80% favor the occurrence of decay fungi, while dry wood is protected from wood decay
fungi (Nicholas 1973; Zabel and Morrell 1992; Eaton and Hale 1993). The growth of
most decay fungi is optimum between 24°C and 34°C, is relatively slow at temperatures
between 2°C and10°C, and significantly declines above 40°C (Lebow and Highley
2008). Most fungi within Agaricomycotina have been defined as decay fungi, but some
ascomycetes are also known to cause decay. Penetration of hyphae into the cell wall
occurs by enzymatic reactions. The hyphal tip releases enzymes capable of dissolving
the bore holes in the cell wall (Panshin and De Zeeuw 1980). The hyphae then recover
their original dimensions in the lumen (Panshin and De Zeeuw 1980).
Decay fungi have been further divided into three subgroups based on the
characteristics of the decayed wood, including white-rot, brown-rot and soft-rot fungi.
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The terms white rot and brown-rot were introduced by Hartig (1874), whereas the term
soft-rot was formally coined by Savory (1954) (Hartig 1874; Savory 1954; Eaton and
Hale 1993). White-rot damage is typified by the wood taking on a white, bleached
appearance because the residual material of crystalline cellulose. Brown-rot fungi turn
the wood brown as a result of oxidized lignin. Similarly, the term soft-rot is associated
with the fact that the decayed wood becomes “softened” (Panshin and De Zeeuw 1980).
The capacity of white, brown and soft-rot fungi to degrade wood follows a
continuum. Some brown rot fungi have wood degrading capabilities that approach those
of white rot fungi. White-rot fungi are commonly associated with hardwoods, while
brown-rot fungi are more frequent in softwoods. The white rot fungi in the
Agaricomycetes are the only organisms capable of substantial lignin decay (Floudas et
al. 2012). The Agaricomycetes group also comprises non–lignin-degrading brown rot
and ectomycorrhizal fungi. A better understanding of the enzymatic mechanisms
employed by the decay groups may lead to more suitable classification criteria (Rayner
and Boddy 1988). Developments in molecular techniques may improve the
understanding of degradation modes used by wood-inhabiting fungi and the
phylogenetic relationships between them. However, more research is needed to better
describe and classify wood decay fungi.
The white-rot fungi are mainly Agaricomycetes with a few ascomycetes. The
ancestral agaromycete was a white rot fungus (Floudas et al. 2012). White rot fungi
can degrade all cell wall polymers. Lignin degradation by fungi is partially understood
primarily for white rot fungi (Zabel and Morrell 1992). The enzymatic breakdown of
lignin occurs due to action of peroxidases such as peroxidase (LiP), manganese
peroxidase (MnP), and versatile peroxidase (VP) (Zabel and Morrell 1992; Floudas et
al. 2012). The appearance of the decayed wood becomes white or grayish, softened and
fibrous. White-rot fungi can cause the formation of dark zone lines that result from the
interaction of different species of fungi or vegetative incompatibility within individuals
of the same species (Rayner and Boddy 1988). White rot fungi can penetrate the cell
wall directly through both small holes and pits (Panshin and De Zeeuw 1980). White rot
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fungi generally initiate enzymatic attack through the S3 cell-wall layer, followed by the
S1 and S2 (Wilcox 1968; Panshin and De Zeeuw 1980).
Brown-rot fungi are also predominantly agaricomycetes that mainly attack
cellulose and hemicelluloses. Brown-rot fungi are believed to have evolved from the
white-rot group (Floudas et al. 2012). While brown-rot fungi still modify lignin, they
have lost the ability to utilize it as carbon source (Zabel and Morrell 1992). The wood
attacked by brown-rot fungi becomes brownish and develops a characteristic cubic
pattern (Panshin and De Zeeuw 1980). These fungi can cause significant strength
reduction in wood before high mass losses occur. Brown rot fungi penetrate the cell
wall exclusively through pits (Panshin and De Zeeuw 1980). Enzymes secreted by
brown rot fungi can diffuse from the cell lumen through the cell wall, and preferentially
attack the S2 layer of the cell wall first, then spread to the S1 followed by the S3 layer
(Wilcox 1968; Panshin and De Zeeuw 1980).
The soft-rot fungi are primarily ascomycetes (Rayner and Boddy 1988;
Schwarze 2007). These fungi are frequently associated with high wood moisture content
and warm, humid conditions that are limiting to other decay fungi (Panshin and De
Zeeuw 1980; Rayner and Boddy 1988). Soft-rot fungi are common in wood placed in
contact with water or the ground such as posts, fence posts, or cooling towers.
(Schwarze 2007). Soft-rot fungi typically cause softening of the wood surface, a spongy
appearance and eventually the wood develops cracks. The colonization of wood by softrot fungi can start through the rays and vessels elements (Eaton and Hale 1993). Soft-rot
fungi usually attack the S2 layer of the wood-cell wall forming cavities (Wilcox 1968;
Panshin and De Zeeuw 1980).

2.5.

Methods for studying wood-inhabiting fungi
Direct and indirect methods are used to study wood-inhabiting fungi. These

methods have been directly connected to proper identification of fungi present in
decaying wood, as well as understanding their spatial distribution and mode of action
(Rayner and Boddy 1988). Direct methods for studying fungi include identification of
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fungal sporocarps or conidiophoressporocarps, observation of discoloration patterns and
microscopy techniques. Indirect methods for studying wood-inhabiting fungi involve
isolating fungi from wood.

2.5.1. Collection and identification of sporocarps
The relationships between sporocarps and specific types of wood decay were
used as the first method to study wood-inhabiting fungi (Hartig 1874; Merrill and
French 1966). The method involves comparing morphological features of the
sporocarps with taxonomic keys (Rayner and Boddy 1988). This technique has been
used since preliminary histological studies showed connections between fungal hyphae
and sporocarps present on decaying wood (Hartig 1874). Simple occurrence of
sporocarps on wood does not indicate the extent of the decay nor that this fungus was
the cause of decay (Rayner and Boddy 1988; Schwarze et al. 2000). Another limitation
of this method is that many fungi inhabiting decaying wood do not produce sporocarps
visible to the naked eye, therefore it can be difficult to collect the possible causal fungi.

2.5.2. Observation of physical changes of wood
Visual diagnosis of fungal presence on wood requires the ability to distinguish
physical and morphological features of sound wood as well as features of decay types
through the degradation process. For instance, development of mycelial fans and
appearance of black lines or zone lines on the wood surface are major visual indicators
of fungal presence (Zabel and Morrell 1992). Observations of decay and discoloration
patterns include examination of the decaying wood connected with sporocarps. This
technique is primarily descriptive since it employs drawing, photography or
computerized techniques to describe specific features of fungal presence in wood such
as zone lines and discolorations (Rayner and Boddy 1988).
Changes in normal color patterns, brashness or breakability and abnormal
shrinkage of the wood indicate early stages of wood degradation. Sound wood has a
solid fibrous structure and splinters when cut across the grain, whereas decayed wood
breaks easily into small particles (Graham and Helsing 1979). However, visual
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appearance of wood is not conclusive evidence of fungal presence. Visual observations
must be complemented with more definite techniques including observation of the
wood structure under the microscope.

2.5.3. Microscopy
Microscopic techniques allow the identification of important features of the
interaction between fungi and wood ultrastructure that are not visible to the naked eye
(Schwarze 2007). These techniques can be used to describe changes in the cell-wall
structure caused by fungi such as formation of bore holes, cavities, erosion of the cellwall or ray parenchyma destruction. Microscopy also permits observation of hyphal
distribution in the wood structure. Microscopic study is advised to achieve definitive
identification of fungal species (Kleist and Schmitt 2001). Typical features of fungi can
be seen by using microscopy. Most decay fungi produce hyphae with clamp
connections, while non-decay fungi lack these structures (Zabel and Morrell 1992).
Likewise, differences between the types of decay can be observed under the
microscope. For instance, brown rot decay of wood cause that crystalline cellulose
appears bright using polarized light, whereas soft-rot fungi produce diamond shaped
cavities within the S2 cell wall layer (Wilcox 1968). Some species classified in a
particular wood-decay group can be placed into a different group based on microscopic
features of the decayed wood (Schwarze 2007).

2.5.4. Culturing
Isolation of fungi associated with decaying wood is a useful method for
diagnosing the presence of decay (Zabel and Morrell 1992). The value of culturing
fungi from decaying wood as an aid for diagnosing wood-decay was first noticed at the
beginning of the 19th Century (Costantin and Matruchot 1894). Cultural studies for
determining the occurrence of fungi in decaying wood have been used since the 1920’s.
Identification for diagnosis of wood decay by wood-destroying fungi, and isolation of
fungi from wood products in use made significant contribution to cultural studies
(Harsh 1918; Fritz 1923; Hubert 1924, Davidson, Campbell and Vaugh, 1942). These
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studies provided the foundation for developing diagnostic keys based on cultural
characteristic of wood-inhabiting fungi, primarily those in the Agaricomycete family
Polyporaceae (Stalpers 1955; Nobles 1958); however, culturable microorganisms
represent a small fraction (0.1-10%) of the total microbial diversity in a given substrate
(Head et al. 1998). The main factors limiting the growth of fungi in laboratory may
include: lack of suitable culture techniques, fast-growing fungi outcompeting slowgrowing species and failure to replicate the precise natural conditions required for
growth.

2.5.5. Wood sampling
Successful isolation depends on the techniques used for collecting the sample
and the type of culture media employed (Rayner and Boddy 1988). Samples can be
collected from areas with visual signs of fungal presence such as discoloration or decay,
but also areas where decay is difficult to detect visually. Rayner and Boddy (1988)
suggested that solid pieces of wood were useful for studying the early stages of decay,
while collection of ground material was was better for characterizing fungal species in
very decomposed wood. Wood in advanced stages of decay includes a wide diversity of
fungi with fast-growing species that can overgrow more slow-growing types. One way
of isolating fungi from ground wood is to use a reduction method which consists of
passing the wood sawdust through a nylon mesh with various pore sizes prior to agar
plating (Rayner and Boddy 1988).
Limitations remain concerning the proper culture media to grow all woodinhabiting fungi. Selective media can be used to either stimulate or prevent the growth
of specific groups of fungi and can also help increase the isolation rates of slowgrowing over fast-growing fungal species. Surface sterilization of the wood sample
minimizes contamination without affecting the viability of the fungi inhabiting the
interior wood. Surface sterilization using a brief dip in 1% bleach or flame sterilization
are the most common methods for reducing surface contamination. It is advisable to
surface sterilize the entire wood sample before sectioning it to avoid bleach penetration
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into the wood. Despite sterilization, contamination is a frequent problem in culturebased studies of wood-inhabiting fungi. Contaminant fungi tend to be fast growing
Ascomycetes that inhibit slower growing species. Therefore, aseptic techniques to
collect wood samples, prepare media, as well as sterilization of tools and the work area
are essential for minimizing contamination.

2.5.6. Molecular techniques
Molecular methods have been used to identify, characterize and classify woodinhabiting fungi since the 1980s (Schmidt 2006). These methods are based on the
information obtained from biomolecules such as proteins and nucleic acids of
organisms to determine their inherent phylogenetic, physiological, and ecological traits.
These techniques have been increasingly incorporated in taxonomic research to
differentiate species of wood-inhabiting fungi growing in culture media (Wadekar et al.
1995; Clausen and Kartal 2003; Magalhaes et al. 2006; Katoch 2011). Unlike classical
identification methods, DNA-based identification techniques make it possible to more
rapidly identify fungal species without the need for substantial taxonomic skills by
using nucleotide sequences. These methods are based on the information obtained from
biomolecules such as proteins and nucleic acids of organisms to determine their
inherent phylogenetical, physiological, and ecological traits. These techniques have
been increasingly incorporated in taxonomic research to differentiate species of woodinhabiting fungi growing in culture media (Wadekar et al. 1995; Clausen and Kartal
2003; Magalhaes et al. 2006; Katoch 2011). Unlike classical identification methods,
DNA-based identification techniques make it possible to more rapidly identify fungal
species using nucleotide sequences without substantial taxonomic skills (Råberg et al.
2005). Molecular methods applied to identify wood-inhabiting fungi can be expensive,
but they have the potential for providing highly-accurate, rapid results. DNA-based
identification can also be used to support morphological identification of woodinhabiting fungi. Several molecular methods have been used to identify fungi on wood
in service including polymerase chain reaction (PCR), internal transcribed spacer-
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fragment restriction length polymorphism (ITS-FRLP), randomly amplified
polymorphic DNA (RAPD) analysis, amplified fragment length polymorphism (AFLP)
(Schmidt and Moreth 2000, 2002; Jellison and Jasalavich 2000; Diehl et al. 2004;
Kirker et al. 2012). Molecular identification of fungi to date has primarily relied on
amplification internal transcribed spacer (ITS) of the nuclear ribosomal DNA (rDNA).
The ITS sequences of several wood-decay fungi are known . Molecular methods
applied to identify wood-inhabiting fungi can be expensive, but they have the potential
for providing highly-accurate, rapid results. DNA-based identification can also be used
to support morphological identification of wood-inhabiting fungi. Several molecular
methods have been used to identify fungi on wood in service including polymerase
chain reaction (PCR), internal transcribed spacer-fragment restriction length
polymorphism (ITS-FRLP), randomly amplified polymorphic DNA (RAPD) analysis,
and amplified fragment length polymorphism (AFLP) (Schmidt and Moreth 2000,
2002; Jellison and Jasalavich 2000; Diehl et al. 2004; Kirker et al. 2012). Molecular
identification of fungi relies primarily on the amplification of the internal transcribed
spacer (ITS) of the nuclear ribosomal DNA (rDNA). The ITS sequences of several
wood-decay fungi are known (Schmidt 2006). This region is comprised of two highly
variable spacers, ITS1 and ITS2, and the intercalary 5.8S gene. The ITS region was
recently selected as the universal genetic barcode for fungi (Schoch et al. 2012).
Currently, approximately 172,000 full-length ITS sequences derived from scientific
research are deposited in public sequences database such as GenBank (Schoch et al.
2012). The ITS region was recently selected as the universal genetic barcode for fungi
(Schoch et al. 2012). This region is variable enough to distinguish among species, and it
is relatively easy to amplify from fresh and old materials, or when the DNA
concentrations are low (Hyde et al. 2013; Lindahl et al. 2013). However, it is not
suitable for differentiating species in all fungal groups. For instance, the barcode for
some fungal genera such as Penicillium is a region of the mitochondrial gene encoding
the cytochrome c oxidase subunit 1 (CO1) (Schoch et al. 2012).
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The application of next-generation sequencing (NGS) technologies has
significantly affected the field of microbial community analysis. There is an increasing
interest in amplicon sequencing on Illumina as DNA sequencing costs continue to
decline (Schoch et al. 2012). NGS techniques detect fungal species from environmental
samples to generate profiles of microbial community composition and structure
(Tedersoo et al. 2010). Extraction of total DNA from environmental samples may
contain genetic material from dormant and dead organism, whereas extraction of the
transcribed messenger RNA (mRNA) contains information of functional genes that
indicate relative activity of the living organism (Lindahl et al. 2013). Of these, DNA
has higher phylogenic resolution than RNA. NGS technologies are also known as highthroughput sequencing, and include a number of sequencing platforms such as Illumina
(Solexa) sequencing, Roche 454 sequencing, Ion torrent: Proton / PGM sequencing, and
SOLiD sequencing (Shendure and Ji 2008). The ability to sequence DNA or RNA with
relatively rapid turnaround and low cost as compared with previous sequencing
methods has greatly increased the number of fungal community studies (Amend et al.
2010). Illumina sequencing is currently the most widely used NGS platform in
microbial ecology research. The technique relies on the detection of fluorescently
labeled nucleotides. DNA templates are immobilized to an acrylamide coating on the
surface of a glass flowcell, followed by surface PCR amplification, which results in
clusters of identical DNA fragments (Quail et al. 2012; Torsten et al. 2012). The
increased read lengths of Illumina sequencing (~300 base pairs) has allowed detection
of polymorphisms in the Internal transcribed spacer (ITS) region of the rDNA (Li et al.
2015). Longer sequence reads allow a more reliable delimitation of species or
operational taxonomic units (OTUs) using sequencing methods. Definition of OTUs is
based on clustering of sequences into meaningful bins to simplify the complexity of
large datasets generated with microbial community analyses. OTUs are used to compare
the diversity between different samples, allowing the characterization of the microbial
communities associated with diverse environments (Westcott and Schloss 2015).
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CHAPTER 3.
INCIDENCE OF FUNGAL COLONIZATION ON
UNTREATED WOOD IN ABOVE-GROUND EXPOSURE USING A
LAP-JOINT TEST
Abstract
The incidence of wood-inhabiting fungi was studied on untreated red alder and
Douglas-fir sapwood lap-joints in an above-ground exposure at the Starker Post Farm
(Corvallis, Oregon, USA). The most common fungal species identified using culturebased DNA identification were Pirex concentricus and Coniochaeta canina. Time of
sampling, wood types and moisture content appeared to be related to the incidence of
molds, white-rot and soft-rot fungi whereas location of lap-joint member or joint
surface had no effect on fungal community composition. Alder lap-joints contained
more isolates compared with Douglas-fir sapwood. Higher species richness and fungal
community diversity were observed after 12-months of exposure as compared to the 24month period. Specimens collected after 24-months had average moisture contents
below 20% compared to those at 12-months (>28%). The results suggest that fungal
colonization of lap-joints at the site depends on the substrate and environmental
conditions.
Keywords: lap-joint, fungi, culture, DNA, above, wood

3.1.

Introduction
Wood materials have been used for decades in above-ground applications such

as exterior joinery, millwork, decks, and fences, among other applications. More
recently, wood-based products developed for structural applications that require
durability in above-ground exposure have gained popularity in North America (Gagnon
et al. 2013). Wood products are protected against weathering and biological degradation
in most exterior applications. However, wood-inhabiting fungi can occur in outdoor
exposures under conducive environmental conditions, affecting wood service life.
Prolonged exposure of wood to these conditions can provide favorable moisture
conditions for wood-inhabiting fungi that could lead to significant deterioration.
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Understanding fungal development on wood-based products can be used to improve
wood service life out of ground contact.
Field test methods focusing on above-ground contact have been developed and
standardized to evaluate protective treatments and natural durability of wood in
simulated out of ground contact applications (CEN 1996; Råberg et al. 2005; AWPA
2012a). Most field tests for above-ground exposure use lap-joint and L-joint specimens
that consist of two overlapping parts held together mechanically. Design of aboveground tests creates water traps and favorable conditions for fungal development in
outdoor exposure (Carll and Highley 1999; Clausen and Lindner 2011). These tests are
usually carried out using treated and untreated wood specimens to assess the relative
effectiveness of wood treatments and service life of wood species (Highley 1995;
Råberg et al. 2005; Clausen and Lindner 2011).
Above-ground tests also include a rating system for visual assessment of fungal
attack on the external surfaces and within the joint areas (CEN 1996; Råberg et al.
2005; AWPA 2012a). Several studies have documented fungal species occurring in
untreated lap-joints exposed out of soil contact (Eslyn et al. 1985; Freitag et al. 1995;
Molnar 1997). Incidence of wood inhabiting fungi at different locations on untreated
lap-joints has been studied using culture-based morphological identification (Molnar
1997). However, few studies have attempted to use DNA-based techniques and
community analysis tools such as ordination methods, or diversity indices to describe
fungal colonization patterns of wood in above-ground exposure (Cabrera-Orozco 2010;
Kirker et al. 2014a; Kirker and Winandy 2014). These approaches are needed because
performance in these tests depends on variations of temperature, precipitation,
geographic location, wood durability, joint type, and exposure length (De Groot and
Highley 1995). For instance, tropical locations represent a severe exposure for aboveground tests due to high microbial activity, precipitation and warm temperatures
(Freitag et al. 1995; Preston et al. 2011). In contrast, decay rates are relatively slow in
temperate exposures, increasing the exposure time required for evaluation (Freitag et al.
1995; Highley 1995). Therefore, most previous work on fungal colonization of above-
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ground specimens has been conducted in severe decay zones, including tropical regions
(Freitag et al. 1995; Molnar 1997; Cabrera-Orozco 2010; Preston et al. 2011). The
increasing number of wood products used in above-ground applications in temperate
zones requires incorporation of fungal ecological data to develop effective treatments
for these particular conditions.
The objective of this study was to conduct a preliminary evaluation of the
fungal diversity and community composition on red alder and Douglas-fir sapwood in
an above-ground exposure at the Starker Post Farm in the McDonald-Dunn Research
Forest located in Corvallis, Oregon, USA. Test specimens at this site were installed and
inspected for fungal colonization annually over two years. The main hypothesis was
that fungal communities differed between wood species and lap-joint zones in
aboveground exposure. Patterns of fungal colonization of wood-inhabiting fungi were
determined using culture-based DNA sequencing.

3.2.

Materials and Methods

3.2.1. Study site
The study was performed at the Starker Post Farm, located on a south-facing
slope of the McDonald-Dunn Research Forest, about 12 km north of Corvallis, Oregon,
USA. The site has been used for long-term research on the durability of fence posts and
utility poles since 1925. The site has a Scheffer climate index of 45 for above-ground
decay (Scheffer 1971). The climate is Mediterranean, with warm dry summers and wet,
cool winters. The site has a mean annual precipitation of 1050 mm and an average daily
temperature between 4°C and 12°C. There is a pronounced rainy season from October
to March and the driest months are July and August. The dominant tree species at the
site are Douglas-fir (Pseudotsuga menziesii), grand fir (Abies grandis), and bigleaf
maple (Acer macrophyllum).
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3.2.2. Sampling design
Red alder and Douglas-fir sapwood were used to prepare lap-joint samples (38 x
87 x 400 mm3) in accordance with American Wood Protection Association (AWPA)
Standard E-16-09 (AWPA 2012a). Lap-joint exposure creates the potential for
colonization by wood-inhabiting fungi through aerial spores or hyphal fragments
without the benefit of soil contact. Single lap-joints consisted of two pieces (upper and
lower member), both 190 mm long, held together by a plastic cable tie. Six lap-joints of
each wood type were exposed on metallic racks out of direct soil contact at the Starker
Post Farm in March 2014 (Figure 3.1). Matched sets of 3 lap-joints per wood species
were removed from the racks after 12 and 24-months of exposure.

3.2.3. Processing of samples
Lap-joints removed after a given exposure time were placed in individual sealed
bags and returned to Oregon State University (Corvallis, OR) for immediate processing.
Specimens were kept at 4°C to limit moisture content changes between processing
steps. Lap-joint processing consisted of culturing two wood sections from
predetermined zones of each lap-joint (Figure 3.2). Field specimens were compared at
two zones as follows: (a) the internal and external surfaces, and (b) upper and lower
members of each lap-joint (Figure 3.2a). Wood sections of 19 x 19 x 0.5 mm long were
cut from four positions at the external and internal surfaces of each upper and lower
member of a lap-joint. The sections were then subjected to: a) direct fungal DNA
extraction from wood (these samples remain to be sequenced and results are not
presented in this document), b) fungal isolation, or c) wood moisture content
determination (Figure 3.2b). The purpose of sampling predetermined positions was to
obtain repeated sampling of the same spatial unit to compare attributes at similar
positions across lap-joint specimens. The final experimental design for this test was as
follows: 2 (wood types) x 2 (time points) x 2 (lap-joint surfaces).
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3.2.4. Environmental variables
Daily precipitation and temperature data were obtained for each month from
February 2014 to February 2016. Average monthly precipitation and monthly
temperature were used to examine the relationships between fungal colonization and
climatic conditions. Weather data were obtained from the National Climatic Data
Center (NCDC) for Oregon State University Hyslop Farm, about 8.3 km southeast of
the Starker Post Farm.

3.2.5. Wood moisture content
Moisture content was determined immediately after processing the stakes. Each
wood section obtained for moisture content was labeled with a marker and immediately
weighed. These samples were oven-dried at 103°C for 24-hours, then weighed.
Moisture content (MC) was calculated using the following equation:

!" % =
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3.2.6. Fungal isolation and culturing
The 19 x 19 x 0.5 mm long sections for fungal culturing were cut into sixths,
flame-sterilized to remove contaminating surface microorganisms, and placed into
Petri-dishes containing 1.5% malt extract agar (MEA) or 1.5% MEA with 1.0%
benomyl added (BMEA). Benomyl was incorporated to suppress fast-growing
ascomycetes and enhance the basidiomycete isolation (Bollen and Fuchs 1970). The
plates were incubated at 23 °C for 29 days. Any fungi growing from the wood were
transferred to new MEA plates to obtain pure cultures. These cultures were grouped into
morphological taxa based upon cultural characteristics and microscopic examination.
To reduce sampling bias, morpho-taxa grouping was limited to each isolate obtained
after a given exposure time, and several isolates from each morpho-taxa were subjected
to molecular analyses. Representative isolates of morpho-taxa thought to be
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ascomycetes were examined for conidiophores and conidial characteristics, and confirm
the genera (courtesy of Dr. Jeff Stone at Oregon State University). When necessary,
fungi were subcultured on potato dextrose agar (1.5%) or plain extract agar to induce
formation of reproductive structures for microscopic identification.

3.2.7. Molecular methods
3.2.7.1 DNA extraction
Fungal DNA was extracted from vegetative mycelium excised from
representatives of each morphological taxon. The extraction was performed using the
Cetyl Trimethylammonium Bromide (CTAB) extraction protocol (Jasalavich et al.
2000). The CTAB extraction buffer consisted of 2% [wt/vol]; 100 mM Tris HCl, pH
8.0; 1.4 M NaCl; and 20 mM EDTA. Briefly, mycelium was collected from
representative isolates of each morphological taxon. The mycelium was suspended in
CTAB buffer and freeze-thawed (twice) to disrupt fungal cell walls. Sterile plastic
micro-pestles were used to further grind the tissue. The resulting solution was incubated
at room temperature (65°C) for 40 minutes. Chloroform was then added to the solution
to help separate proteins and polysaccharides from nucleic acids in the fungal cell walls.
Centrifugation was performed successively at 13,000 rpm for 15 minutes, and the upper
aqueous phase was transferred to a new, sterile microfuge tube while avoiding the
interphase. Isopropanol (-20°C) was added to precipitate nucleic acids, and then
centrifuged at 13,000 rpm for 8 minutes to obtain DNA pellets. Remnant salts were
removed by washing the pellets with 70% ethanol. The residual alcohol was allowed to
dry for 1 hour in the laminar hood. The nucleic acid pellet was dissolved in 50uL of TE
(10 mM Tris: 1mM EDTA) buffer.

3.2.7.2 PCR amplification and ITS sequencing
The Internal Transcribed Spacer (ITS) region of the fungal rDNA was amplified
using the polymerase chain reaction (PCR). The 35 µL PCR reactions contained 13.6
µL of water, 0.10 µL of 5x Taq buffer, 5.6 µL of bovine serum albumen (BSA), 4.2 of
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MgCl2, 0.4 µL of each primer (50 µM), 2.8 µL dNTP’s (10 µM), 0.1 µL of Promega
Hot Start GoTaq, and 1.0 µL of fungal DNA template. The primers used were the
forward fungal-specific ITS1-F primer (5’- CTT GGT CAT TTA GAG GAA GTA A 3’) (Gardes and Bruns 1993), and the reverse universal eukaryotic ITS4 primer (5’-TCC
TCC GCT TAT TGA TAT GC-3’) (White et al. 1990). PCR conditions were as
follows: initial heating cycle at 95°C for 2 min, denaturing at 94°C for 30 sec, annealing
at 50°C for 1 min and extension at 72°C for 1 min and 30 sec; 30 cycles of denaturing at
94°C for 30 sec, and final extension at 72°C for 10 min. Samples were amplified in a
BIORAD® Thermocycler Model PTC-100. All amplified DNA was checked for
successful amplification with 1% agarose gel electrophoresis stained with the Nucleic
Acid Staining Solution RedSafe™. DNA samples that consistently yielded no PCR
products were subjected to a second DNA extraction process.
Amplified PCR products were used for Restriction Fragment Length
Polymorphism (RFLP) analyses using the BioLabs® restriction enzymes HinfI and
DpnII. Each restriction enzyme cuts the ITS rDNA into fragments of different lengths.
Unique patterns of ITS rDNA fragments occur with closely-related species, allowing
determination of identical taxonomic sample groups. Briefly, separate reactions with
each enzyme contained 5.3 µL distilled water, 1.5 µL buffer, and 0.25 µL of restriction
enzyme. The reaction mix was added to 8uL of PCR product and incubated for 3 hours
at 37°C in a BIORAD ® Thermocycler Model PTC-100. RFLP digests were separated
with 2% agarose gel electrophoresis and stained with the Nucleic Acid Staining
Solution RedSafe™. Patterns of DNA fragments were visually compared using a
BIORAD® imager Gel Doc™ EZ. The PCR products were grouped into PCR sample
representatives based upon unique RFLP patterns. These PCR samples were used for
sequencing.
PCR products were further purified using ExoSAP-IT enzyme to remove
dNTP’s and primers remaining in the PCR product that could inhibit DNA sequencing
(Affymetrix, Santa Clara, CA, USA). The cleaned PCR products were submitted to the
Center for Genome Research and Biocomputing (CGRB) at Oregon State University for
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unidirectional Sanger sequencing. Fungal sequences were compared to sequences
available at the National Center of Bioscience Informatics (NCBI) database using the
sequence similarity search program Basic Local Alignment Search Tool (BLAST)
(Altschul et al. 1990) for identification to the nearest taxonomic group. Sequence data
were viewed, manually trimmed, and assessed for quality base call using 4Peaks
software version 1.8 (Mekentosj Inc, Amsterdam, The Netherlands). Sequences were
aligned using the multiple sequence alignment program MAFFT (Multiple Alignment
using Fast Fourier Transform) (Katoh et al. 2002) to determine molecular species. A
sequence similarity of 97% was used to define separate species. BLAST percent
identity was used to define the final taxonomy as follows: 97% at the species level, 95%
at the genus level, 90% at the family level and 80% at the phylum level (Ong et al.
2013). Sequence taxonomies were confirmed using the UNITE database for molecular
identification of fungi. The UNITE database contains curated sequences of the ITS
region of fungal cultures and sporocarp voucher specimens that have been identified by
experts (Kõljalg et al. 2005). FUNGuild was used as a guideline to annotate the guilds
of the fungal taxa (Nguyen et al. 2016).

3.2.8. Data analysis
Fungal community patterns among and between time points, wood types, and
lap-joint surfaces were studied using a series of multivariate ecological approaches in
PC-ORD 7.29 (MjM Software Design, Gleneden Beach, OR) (McCune and Mefford
2016). The initial species matrix consisted of 64 sample units (sample points) by
absence-presence of 21 species at a sample point. The environmental matrix consisted
of 64 sample units (sample points) examined by (a) four categorical variables: time
point, wood type, lap-joint member, and lap-joint surface (internal or external), and (b)
three quantitative variables including average wood moisture content (%), average
monthly precipitation (mm), and average monthly high temperature (ºC). Monthly
variables were calculated using the average of the one-month period immediately
preceding sample harvest. An outlier analysis was conducted on the dataset to detect
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sample units with extreme values that could have affected the outcomes. An outlier was
considered significant when the mean Sørensen distance to other sample units was three
standard deviations above the mean of inter-sample units for Sorensen distance
(McCune and Grace 2002). No significant outliers were identified.
Multi-Response Permutation Procedures (MRPP) (Mielke et al. 1976) were used
to determine fungal compositional differences using time points, wood types, and lapjoint surfaces as grouping variables. MRPP does not require distributional assumptions
such as normality and homogeneity of variances, which are seldom met with ecological
data (McCune and Grace 2002). Furthermore, MRPP can be used to test differences
between pre-existing groups of sample units of unequal size such as those in this study.
MRPP provides an A-value, the within group agreement (effect size), as well as a pvalue establishing the level of test significance. The A-value=1 when all items are
identical within groups, while the A-value=0 when heterogeneity within groups equals
expectation by chance (McCune and Grace 2002). A Type I error rate of α<0.05 (pvalue<0.05) was used to determine significant comparisons between groups.
Non-metric Multidimensional Scaling (NMS) (Kruskal 1964; Mather 1976) was
used to visualize fungal community structure and determine prominent gradients in
fungal species composition among grouping variables. The NMS method creates
ordination plots of sample units in species space where distances between sample units
on the graph reflect ecological differences (McCune and Grace 2002). Therefore,
similar sample units should be closer in ordination space. NMS is widely used for
graphical representation in community ecology because it preserves the distance
properties among sample units, is based on ranked distances, avoids assumptions of
linear relationships among the variables, and is suitable for non-normal data (Clarke
1993; McCune and Grace 2002). The NMS analyses were conducted using Sørensen
distances in the slow and through autopilot mode using random starting configurations,
Kruskal’s primary approach in PC-ORD 7.29 (McCune and Mefford 2016). The
solution with the best dimensionality was chosen based on: a) reduction in stress as
dimensions were added and, b) proportion of variance represented. The NMS analysis
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in PC-ORD included a Monte Carlo test that compared real and randomized data to
evaluate whether NMS extracted axes (p-value<0.05) were greater than expected by
chance. NMS ordinations were performed for all grouping variables to visualize fungal
community patterns.
Indicator Species Analyses (ISA) (Dufrêne and Legendre 1997) were conducted
to contrast fungal species relationships across time point, wood type, lap-joint member,
and lap-joint surfaces (internal or external) grouping variables. ISA calculates the
percentage of group indication for each species using abundance and similarity concepts
(McCune and Grace 2002). Species occurring in all sample units of a group and never
occurring in other groups receive a maximum importance value (IV) of 100% (perfect
indication). The NMS analysis in PC-ORD includes a Monte Carlo test to determine the
statistical significance of the observed maximum IV. A Type I error rate of α<0.05 (pvalue<0.05) was used to determine significant indicator species between groups.

3.2.9. Diversity analyses
Diversity patterns among and between time point, wood type, lap-joint member,
and lap-joint section (joint or external) were studied using a series of multivariate
ecological approaches in PC-ORD 7.29 (MjM Software Design, Gleneden Beach, OR)
(McCune and Mefford 2016) and PAST 3.16 (Hammer et al. 2001). Species richness
was calculated as the count of species present. The Shannon-Wiener diversity index was
used to calculate alpha diversity. Simpson's Index of Diversity 1 – D which ranges
between 0 and 1 was used to measure the probability that two individuals randomly
selected from a sample will belong to different species, and the Whittaker beta diversity
index was used to calculate the change in species diversity between time points.

3.3.

Results

3.3.1. Fungal community
A total of 187 isolates were recovered from red alder and Douglas-fir sapwood
lap-joints and grouped into 21 species (Table 3.1). Eleven species were Ascomycota,
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eight were Basidiomycota, and two were Murcoromycota. Basidiomycete fungi were
more frequently isolated (64.7%) compared to ascomycetes (31.6%), and zygomycetes
(3.7%). The most frequent basidiomycete species was Pirex concentricus (46.5%),
while the most frequent ascomycete was Coniochaeta canina (13.5%). Three fungal
taxa could not be identified to the species level, but were considered as single molecular
species based on the dissimilarity results of multiple sequence alignment conducted
using MAFFT. These taxa included Basidiomycete sp. 1, Coniochaetaceae sp., and
Sordariomycetes sp. 1.

3.3.2. Isolates frequency
Four (19%) species grew exclusively on malt extract agar (MEA), seven fungal
species (33.5%) grew exclusively on benomyl malt extract agar (BMEA), and the
remaining species grew on both media (Table 3.2). The basidiomycetes Crustoderma
resinosum, Phlebia rufa, and Trametes versicolor were exclusively isolated in BMEA.
The number of fungal isolates was similar at 12 and 24-months of exposure
(Table 3.2). However, the frequency of ascomycete and basidiomycete species varied
across time points. For instance, isolates recovered at 12-months included
agaricomycete species such as P. concentricus and S. brinkmannii, as well as the
ascomycete Sordariomycetes sp. 1 (Figure 3.3a). In contrast, isolates at 24-months were
represented by P. concentricus or C. canina (Figure 3.3a). Fungal isolates were more
frequent in red alder lap-joints compared to those recovered from Douglas-fir samples.
Species such as Togninia sp. and Coniochaetaceae sp. were exclusively recovered from
red alder samples, while Sistotrema brinkmannii and Umbelopsis ramanniana were
exclusive to Douglas-fir (Figure 3.3b).
Isolate frequency was somewhat higher for the lower lap-joint members
compared to upper members (Figure 3.4a), while most fungal isolates were present on
both external and internal lap-joint surfaces (Table 3.3, Figure 3.4b). Some species were
exclusively isolated from one surface. For instance, basidiomycetes such as T.
versicolor, C. resinosum and P. rufa were only recovered from external surfaces, while
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Stereum rugosum was only isolated from the internal portion of the samples (Table 3.3).
Similarly, ascomycetes Hormonema dematioides, Togninia sp., and Trichoderma
gamsii were limited to exterior surfaces, whereas Arthrinium arundinis, Chaetomium
sp., and Paraphaeosphaeria michotii were only recovered from internal zones.
Fungal traits of 18 taxa were assigned using FUNGuild (Table 3.4). Molds
dominated with 8 species, followed by white rot, soft rot and brown rot fungi with 6, 3
and 1 species, respectively. Molds, white rot, and soft rot fungi predominated at 12months of exposure, while isolates after 24-months were mainly represented by molds
and the white rot fungus P. concentricus. The only brown rot fungus isolated was
Crustoderma resinosum, which was only recovered at 12-months. Some plantpathogens were also assigned to fungal taxa using FUNGuild, including species in the
genera Arthrinium, Paraphaeosphaeria, Penicillium, Phoma, and Togninia.

3.3.3. Moisture content
Moisture content of lap-joints at 12-months of exposure was significantly
different (t=5.82, p<0.05) than at 24-months (Table 3.5). Average sample moisture
contents at 12 and 24-months were between 32.12% and 17.72%, respectively (Table
3.5). The relationship between average moisture content and frequency of fungal
isolates was not clear. Most fungal isolates at 12 and 24-months clustered in zones of
the samples at MC’s between 30-37% and 16-18%, respectively (Figure 3.5). These
results were consistent with the levels of average monthly precipitation preceding
sample harvest, which was 4.4 at 12-months and 2.4 mm at 24-months. In contrast,
average monthly temperatures were similar (15.9 and 16.6) at both time points.
Average moisture contents showed reduced variation across wood types, joint
members and joint surfaces. Red alder lap-joints were slightly wetter (35.81%) than
Douglas-fir samples (28.37%) after 12-months. However, moisture contents for both
wood types were more similar after 24-months, when moisture contents were 17.07%
and 18.41% for red alder and Douglas-fir lap-joints, respectively. Moisture contents
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were similar for lower (25.36%) and upper (24.45%) lap-joint members. Likewise,
average MC was similar for external and internal lap-joint surfaces.

3.3.4. Diversity indices
Fungal diversity across lap-joints averaged 4 species. Species richness values
after 12-months and 24-months were 18 and 5, respectively. Alpha diversity measured
as Shannon’s diversity index (H) was higher (H=2.3) at 12-months as compared to 24months of exposure (H=0.82). Similar species richness was observed for red alder and
Douglas-fir samples collected within the same time point (Table 3.6). Generally, higher
diversity levels at 12-months and lower diversity at 24-months were observed across
wood type, and lap-joint members. These results were consistent with diversity levels
showed by Simpson's (1-D) index, which was two times higher at 12-months than at 24months (Table 3.6). A beta diversity of 0.89 half-changes between time points was
calculated using Whittaker’s species turnover index, which indicates the complete
replacement of fungal species by others over time.

3.3.5. Lap-joint community gradients
The NMS resulted in a 3-dimensional stable ordination (instability, 0.00001) and
final stress of 11.79, with all axes beating the randomization test (p<0.05). Axis 1, 2
and 3 accounted for 47.5%, 25.2% and 18.1% of the variation, respectively (Figure 3.6).
Axis 1 suggested a gradient of high and low water availability associated with monthly
variations in precipitation. Coniochaeta canina was positively associated with axis 1
whereas Sordariomycetes sp. 1 was negatively associated with this axis. Lap-joint
samples from both time points occupied different spaces in the NMS ordination, with
24-month samples strongly associated with a gradient of low moisture contents and high
temperatures (Figure 3.6). Coniochaeta canina, Coniochaetaceae sp. 1, Hormonema
dematioides, and Penicillium glabrum were associated with 24-months samples in the
ordination plot, whereas most basidiomycetes were associated with samples at the 12month point. These results were consistent with variation observed in the frequency of
isolates across moisture content ranges. For instance, most fungal isolates after 12-

45

months of exposure were recovered from samples with MC’s between 25 and 37%,
whereas fungal isolates at 24-months were related to MC’s between 15-20%. Overall,
variations in precipitation and temperature were the strongest environmental gradients
driving the lap-joint fungal communities.

3.3.6. Differences across time points, wood types, and lap-joint surfaces
MRPP analyses showed significant differences in community composition
among time points and wood types. Lap-joints sampled at 12 and 24-months
significantly differed in fungal community composition (A=0.22, p<0.05). Likewise,
fungal community composition differed significantly (A=0.08, p<0.05) between red
alder and Douglas-fir lap-joints. These differences were also visible in the NMS
ordination as separation of sample units of each grouping variable (time point or wood
type) (Figure 3.6 and 3.7). External and internal lap-joint surfaces shared similar fungal
communities (A=-0.009, p=0.72).
Indicator Species Analysis showed that some fungal species were significant
indicators of exposure time or wood types (Table 3.7). Three of the twenty-one fungal
taxa were significantly (p< 0.05) associated with a particular time point, whereas two
fungal taxa were associated with each wood type. Significant indicator species of lapjoints at 12-months included Sordariomycetes sp. 1 and Coniochaeta canina, whereas
Basidiomycota sp. 1 was the only significant indicator species at 24-months. Pirex
concentricus and Sistotrema brinkmannii were significant indicator species of red alder
and Douglas-fir lap-joints, respectively.

3.4.

Discussion
Species richness after 12 months (18 species on 6 lap-joints) was higher than

after 24-months (5 species on 6 lap-joints). Alpha diversity indices also showed similar
trends at both time points. These results were also consistent with precipitation levels
for both time points, which were also reflected in higher moisture contents for 12-month
lap-joints than lap-joints at 24-months. Differences between these time points implies
that diversity increased with water availability. This may also suggest an increased
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potential for moisture loss through the lap-joint exposure at the site with subsequent
reduction in fungal diversity. Furthermore, isolates recovered at each time point may be
limited to species persisting on the lap-joints under the given environmental conditions
rather than reflection of fungal succession over time.
Molds showed overall higher species richness (8 species) according to the
identifiable traits. This number could increase since two other taxa within the
Sordariomycetes (i.e. Sordariomycetes sp. 1 and Coniochaetaceae sp. 1) may end up
grouped together with the molds when further identification to genus level is conducted.
For instance, fungi within this class such as Trichoderma or Coniochaetae are
considered molds.
White rot fungi showed the second species richness maxima (6 species);
however, the number of isolates was higher as compared to molds. The latter was highly
influenced by over-representation of P. concentricus in red alder samples at 24-months
as confirmed in the indicator species analysis. This species seems to be a persistent
wood-inhabitant of the above-ground specimens, which was able to colonize the
internal surface of the samples even under drier conditions after 24-months. Previous
field trials have shown that white rot basidiomycetes were also found to be the most
abundant group colonizing above-ground specimens in different locations (Freitag et al.
1995; Molnar 1997; Clausen and Lindner 2011). These results may indicate a greater
dispersal effectiveness above-ground for white rot fungi. In contrast, the low incidence
of brown rot fungi may indicate that this group faced more physiological and/or
environmental challenges to colonize above-ground specimens. For instance, the only
brown rot fungus was C. resinosum which was only recovered once from the external
surface of red alder at 12-months. More frequent sampling may provide conclusive
evidence about colonization strategies of wood exposure above-ground by white and
brown rot fungi.
P. concentricus was the major wood decay fungus colonizing lap-joint samples.
This species has been previously found at the McDonald Forest colonizing hardwoods
and untreated, air-seasoned Douglas-fir utility poles (Hallenberg et al. 1985; Kropp and
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Nakasone 1985). It has been suggested that spores of P. concentricus may become
airborne and colonize exposed surfaces (Kropp and Nakasone 1985). Isolates of P.
concentricus have been shown to produce numerous chlamydospores (Hallenberg et al.
1985). Chlamydospores are thick walled spores known to allow fungi to survive under
extreme conditions (Webster and Weber 2007) such as those suggested in the present
study. These characteristics may explain the persistence of P. concentricus on the lapjoint specimens.
The presence of plant pathogens in the internal portions of the lap-joints could
be interpreted as an important effect of fungal communities in the surrounding
vegetation on the lap-joint specimens. These communities may have grown from fallen
leaves or plant debris on the surface of the lap-joints. Previous studies have indicated
that accumulation of detritus and leaf litter favors water trapping on test racks (Clausen
and Lindner 2011). These results are of interest because many above-ground tests are
established in the shade to accelerate decay and limit drying (Råberg et al. 2005;
Clausen and Lindner 2011). The relationships between plant-inhabiting fungi and
fungal colonization of above-ground specimens merits further attention.
The presence of soft rot fungi including Arthrinium, Chaetomium and Phoma
primarily on the interior of red alder samples after 12-months revealed a potential role
for these fungi on above-ground samples at the field site. Some of these species were
also recorded as plant pathogens that may indicate the influence of the surrounding
vegetation on the decay of above-ground specimens at the site. Soft rot fungi are
typically associated with soil contact, especially in wetter environments. The role of
these fungi in this environment also merits further study.
While the sample replication was small in the present study, a number of points
across each lap-joint were sampled. The purpose of sampling these points was to
provide an overview of fungal colonization patterns and moisture content distribution
across the lap-joints locations. Molnar (1997) conducted a similar study using six Scots
spine untreated lap-joints over 16-weeks in an above-ground exposure in Hilo, Hawaii,
USA. The study reported 67 fungal isolates grouped in 23 species, which contrasted
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with 21 species found in our 2-year study. Hawaii is located in a tropical region, where
conditions are more conducive for wood decay than the more temperate climate at the
Starker Post Farm (Scheffer 1971). Above-ground specimens exposed in tropical
regions have been found to fail in less than a year (Freitag et al. 1995; Molnar 1997;
Preston et al. 2011). Fungal colonization in the present study was expected to occur at a
slower rate and moisture content would be more dependent on seasonal variations.
These findings should be considered when establishing above-ground tests at this field
site because specimens treated with chemicals could be subject to much slower fungal
colonization.
Moisture contents in the present study were recorded at the time of sample
collection, which only provided a snapshot of lap-joint MC at each time point.
Therefore, MC data should be interpreted with caution when accessing overall
conditions for fungal colonization. Despite these limitations, lap-joint conditions at the
time of sampling may still provide insights on the fungal communities successfully
recovered. For instance, moisture contents of the lap-joints after 12-months were above
the fiber saturation point (average 30%), which is considered conducive for fungal
colonization (Hunt and Garratt 1938; Zabel and Morrell 1992). Additionally, moisture
content results and precipitation data suggested that environmental conditions were
much drier after 24-months. This could have limited colonization to more desiccation
tolerant fungal species like Coniochaeta canina, which was also a significant indicator
species at this time point. Some fungal spores and fungal species can survive on wood
under periodic drying conditions, and recovering once moisture conditions again reach
levels near fiber saturation (Viitanen 1997; Carll and Highley 1999; Schmidt 2006).
Members of the genus Coniochaeta are common inhabitants of dry environments, such
as dry valley soils or dry grass lands and can tolerate low moisture levels (Cantrell et al.
2011). These conditions may impact the performance of above-ground specimens in this
field site. The persistence of Coniochaeta spp. under varying environmental conditions
suggested that this group may play an important role in the fungal colonization process
of lap-joints exposed at this site or any above-ground wood in the region.
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The original hypothesis was that the interior of the lap-joints would retain more
moisture than external surfaces and would, therefore, host a higher diversity of woodinhabiting fungi. However, the overall results clearly showed that internal MC levels
tended to be similar to those of the exterior. These results are consistent with the similar
fungal community compositions observed across these sections. Molnar (1997),
observed a slight increase of fungal isolates and moisture content in the joint-area.
However, overall differences in the Molnar study were not statistically significant and
her test site was very wet with minimal moisture variations were likely small. Further
studies using lap-joints at this field site should include more frequent measurements of
moisture content and fungal colonization assessment to examine potential relationships
not observed in the present study.

3.5.

Conclusions
This study compared spatiotemporal patterns of fungal communities colonizing

untreated lap-joints of red alder and Douglas-fir sapwood in above-ground exposure at
two time points. The major wood decayer isolated from above-ground specimens at the
field site was the white rot fungus P. concentricus which was found to persist under
varying environmental conditions. The use of community analysis tools in this study
provided preliminary insights of the fungal colonization of above-ground specimens at
the field site. Time points and wood types represented the most significant factors
influencing above-ground fungal community composition. Single moisture content
measurements of the lap-joints in this study were related to precipitation levels, but the
single measurements did not provide definitive evidence for the effect of moisture
content on fungal community development above-ground. More frequent assessment of
moisture content and fungal colonization of the lap-joints is recommended to better
understand the colonization progress in lap-joints.
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3.7.

Tables

Table 3.1. Frequency, occurrence across samples, and number of fungal isolates
recovered from lap-joints in outdoor exposure for 24-months. Genus level was
called based upon 95-96% sequence similarity.
Taxa

Isolates

Occurrence
(n=12)

Frequency

MEA

BMEA

Ascomycota
Arthrinium arundinis

1

1

0.5

0

1

Chaetomium sp.

1

1

0.5

1

0

Coniochaeta canina

25

8

13.5

10

15

Coniochaetaceae sp. 1

4

2

2.1

4

0

Hormonema dematioides

1

1

0.5

0

1

Paraphaeosphaeria michotii

1

1

0.5

1

0

Penicillium glabrum

1

1

0.5

0

1

Phoma foliaceiphila

5

3

2.7

4

1

Sordariomycetes sp. 1

17

5

9.1

12

5

Togninia sp.

2

1

1.1

0

2

Trichoderma gamsii

1

1

0.5

1

0

Basidiomycota sp. 1

13

4

7

10

3

Crustoderma resinosum

1

1

0.5

0

1

Peniophora picea

5

4

2.7

4

1

Phlebia rufa

1

1

0.5

0

1

Pirex concentricus

87

10

46.5

49

38

Trametes versicolor

1

1

0.5

0

1

Sistotrema brinkmannii

11

2

5.9

6

5

Stereum rugosum

2

1

1.1

1

1

Mucor racemosus

2

2

1.1

1

1

Umbelopsis ramanniana

5

2

2.7

1

4

100

105

82

Basidiomycota

Mucoromycota

Grand Total

187
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Table 3.2. Summary of wood samples, fungal isolates, isolate frequency and fungal taxa identified from two wood types in
lap-joints in outdoor exposure for two years.
Time
point
12-months

24-months

Totals

Wood

Total Lapjoints
installed

Lapjoints
with
fungi

Isolates
recovered

Isolate
frequency

Ascomycota
isolates (%)

Basidiomycota
isolates (%)

Zygomycota
isolates (%)

Genera
count

Species
Richness

Red alder

3

3

54

29

12

17

0

12

12

Douglas-fir

3

3

41

22

4

14

4

11

11

Red alder

3

3

81

43

10

33

0

4

4

Douglas-fir

3

3

11

6

5

1

0

3

3

12

12

187

-

32

65

4

21

21
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Table 3.3. Presence of wood-inhabiting fungi with exposure times, wood types, and
lap-joint surface.

Taxa

Exposure
time
(months)
12

24

Wood species
Red
alder

Douglasfir
sapwood

Surface

External

Internal

Ascomycota
Arthrinium arundinis

X

X

X

Chaetomium sp.

X

X

X

Coniochaeta canina

X

X

X

Coniochaetaceae sp. 1

X

Hormonema dematioides
Paraphaeosphaeria
michotii
Penicillium glabrum

X

X

X

X

X

X

X

X

X

X

X
X

X

X

X

Phoma foliaceiphila

X

X

X

X

X

Sordariomycetes sp. 1

X

X

X

X

X

Togninia sp.

X

X

X

Trichoderma gamsii

X

X

X

Basidiomycota sp. 1

X

X

Crustoderma resinosum

X

X

Peniophora picea

X

X

Phlebia rufa

X

Pirex concentricus

X

Sistotrema brinkmannii

Basidiomycota
X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

Stereum rugosum

X

X

Trametes versicolor

X

X

X

X

X

X
X

Mucoromycota
Mucor racemosus

X

X

Umbelopsis ramanniana

X

X

X
X

X
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Table 3.4. Taxonomic assignment and ecology of wood-inhabiting fungi isolated from
red alder and Douglas-fir sapwood lap-joints in above-ground exposure across
two time points.
Ecology / Taxa
Brown Rot
Crustoderma resinosum

White Rot
Peniophora picea
Phlebia rufa
Pirex concentricus
Trametes versicolor
Sistotrema brinkmannii
Stereum rugosum

Soft Rot
Arthrinium arundinis
Chaetomium sp.
Phoma foliaceiphila

Mold
Coniochaeta canina
Hormonema dematioides
Paraphaeosphaeria michotii
Penicillium glabrum
Togninia sp.
Trichoderma gamsii
Mucor racemosus
Umbelopsis ramanniana

Unknown
Coniochaetaceae sp. 1
Sordariomycetes sp. 1
Basidiomycota sp. 1
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Table 3.5. Average moisture contents at 16 sampling points of red alder and Douglas-fir
sapwood exposed in a Lap-joint test at the Starker Post Farm for 12 or 24months.
Sample
point ID

Lap-joint
member

Lap-joint
surface

3

Lower

6

Moisture content (%)*
12-months

24-months

External

32.93 (6.90)

16.69 (0.56)

Lower

External

37.13 (10.37)

22.13 (13.72)

9

Lower

Internal

31.07 (5.64)

17.31 (0.78)

12

Lower

Internal

30.32 (6.03)

17.99 (1.38)

15

Lower

External

31.48 (5.89)

17.73 (2.47)

18

Lower

External

34.64 (9.23)

16.25 (0.98)

21
Lower
Internal
32.09 (5.88)
24
Lower
Internal
32.53 (4.76)
27
Upper
External
26.89 (11.09)
30
Upper
External
24.44 (3.19)
33
Upper
Internal
31.92 (16.95)
36
Upper
Internal
34.39 (13.61)
39
Upper
External
34.61 (13.79)
42
Upper
External
29.42 (7.15)
45
Upper
Internal
33.23 (14.98)
48
Upper
Internal
36.82 (9.88)
Average
32.12 (9.08)
*Values in parenthesis represent the standard deviation.

17.62 (0.85)
17.96 (1.18)
17.37 (1.32)
16.77 (1.23)
18.10 (0.88)
18.26 (0.63)
17.33 (0.53)
16.87 (0.88)
17.56 (1.38)
17.78 (1.22)
17.73 (1.88)
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Table 3.6. Summary of alpha diversity indices of wood-inhabiting fungi isolated from
red alder and Douglas-fir sapwood lap-joints in above-ground exposure across
two time points.
Time Point

12-months

24-months

Isolates

Species
Richness

Shannon

Dominance

Simpson

(count)

(S)

(H)

(D)

(1-D)

Red alder

54

12

2

0.2

0.8

Douglas-fir
sapwood

41

11

2.1

0.2

0.8

Red alder

81

4

0.7

0.6

0.4

Douglas-fir
sapwood

11

3

0.6

0.7

0.3

Wood type

59

Table 3.7. Significant indicator species by exposure months and wood types.
Taxa
Time points
Ascomycota
Sordariomycetes sp. 1
Coniochaeta canina
Basidiomycota
Basidiomycota sp. 1
Wood types
Basidiomycota
Pirex concentricus
Sistotrema brinkmannii

Time

Observed
Indicator
Value (IV)

p-value

12-months
24-months

57.1
31.5

<0.05
<0.05

12-months

38.1

<0.05

Red alder
Douglas-fir
sapwood

69.4

<0.05

31.5

<0.05
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3.8.

Figures

Figure 3.1. Lap-joints of red alder and Douglas-fir sapwood exposed in an aboveground test for 12 and 24-months at the Starker Post Farm (Corvallis, OR).
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Figure 3.2. Diagram showing lap-joint subsample locations for: (a) members and
surface areas sampled, and (b) positions for assessing culture-based fungal
species (F), uncultured fungal species (W) and wood moisture content (M).
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(a)

(b)

Figure 3.3. Frequency of fungal isolates recovered at (a) two time points (12 and 24months) of exposure in an above-ground lap-joint test using (b) red alder and
Douglas-fir sapwood at the Starker Post Farm (Corvallis, OR).
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(a)

(b)

Figure 3.4. Frequency of fungal isolates across (a) lap-joint members (upper and lower)
and (b) lap-joint surfaces (external and internal) recovered in above-ground
exposure of red alder and Douglas fir-sapwood at 12 and 24-monthsof exposure
at the Starker Post Farm (Corvallis, OR).
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(a)

(b)

Figure 3.5. Relationship between average moisture content (MC) and fungal isolates
from red alder and Douglas-fir sapwood exposed in an above-ground lap-joint
test for (a) 12 or (b) 24-months at the Starker Post Farm (Corvallis, OR).
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Figure 3.6. Three dimensional (3-D) NMS ordination of sample units by overlay of time
points. Environmental gradients were: average monthly precipitation (mm),
average monthly temperature (°C) and average moisture content (%) at sampling
date. Vectors represent the direction and strength of correlation with
environmental variables and time points.
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Figure 3.7. Three dimensional (3-D) NMS ordination of sample units by overlay of
wood types (red alder and Douglas-fir sapwood). Environmental gradients
were: average monthly precipitation (mm), average monthly temperature (°C)
and average moisture content (%) at sampling date. Vectors represent the
direction and strength of correlation with environmental variables and time
points.
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CHAPTER 4.
FUNGAL COLONIZATION OF WOOD IN
GROUND CONTACT EXPOSURE DETERMINED BY CULTUREDEPENDENT METHODS
Abstract
Field stakes of red alder (Alnus rubra), Douglas-fir (Pseudotsuga menziesii)
heartwood/sapwood, and western red cedar (Thuja plicata) were installed at the Starker
Post Farm (Corvallis, Oregon, USA) and subsamples were collected at various time
points over a two-year period. A total of 1149 fungal isolates were recovered and
identified from 131 stakes. Fifty-two ascomycete species were identified, with
Phialophora, Trichoderma, and Epicoccum occurring most frequently. Twenty-six
basidiomycete genera were identified with Trametes and Phanerochaete being the most
common. Patterns of fungal community composition and spatio-temporal distribution at
various ground contact distances on field stakes were identified via culturing and DNA
sequencing. Douglas-fir samples contained the highest levels of diversity. Fungal
abundance was higher in the below-ground zone than in above-ground and groundline
zones. The main factors influencing fungal communities were exposure length, seasonal
environmental changes, and wood species.
Keywords: stakes, ground contact, culture, DNA, ITS

4.1.

Introduction
Fungal colonization of wood during storage or use are major causes of

deterioration and can substantially reduce desirable wood properties (Zabel and Morrell
1992). Untreated wood in ground-contact generally has favorable moisture conditions
that allow fungal colonization, although moisture levels can vary depending on climatic
conditions. Requirements for fungal establishment on wood include available nutrients,
suitable moisture content, and adequate temperature. Abiotic factors such as climate, soil
type, and wood substrate may also regulate the temporal and spatial distribution of fungi
colonizing wood in ground-contact. However, the effects of these spatiotemporal patterns
on colonization remain poorly understood (Ottosson et al. 2014).
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Standardized field stake tests are designed to study fungal effects on wood
properties, providing practical information on the expected service life of wood products.
However, most field tests tend to identify only signs of fungal presence, rather than
developing systematic information on the identity and ecology of the associated
microflora. Combining field test data with site characteristics, exposure conditions, and
associated microflora can improve our understanding of the fungal colonization process
of wood in ground-contact. Ecological data have become increasingly incorporated into
standardized wood performance tests (Kirker et al. 2010, 2012; Pilgård et al. 2011;
Mathieu et al. 2013; Kirker 2014).
Standard field tests combined with DNA-based techniques have excellent
potential for studying fungal colonization patterns in wood. Using controlled substrates,
such as a specific wood species, may allow the impact of pioneer species to be studied as
part of fungal community development (Song et al. 2012; Seibold et al. 2015). Relative
frequencies of fungal species in field samples can be used to compare samples with
similar dimensions (Schmit and Lodge 2005). Unlike classical identification methods,
DNA-based identification techniques make it possible to identify fungal species using
nucleotide sequences without substantial taxonomic skill (Råberg et al. 2005). Molecular
methods applied to identify wood-inhabiting fungi can be expensive, but they have the
potential for providing highly accurate, rapid results. DNA-based identification can also
be used to support traditional morphological identification of wood-inhabiting fungi
which is an intrinsically time-consuming process. Studying fungal communities in this
fashion allows fungal species identification based on wood type, treatment, groundcontact zone, and/or associated environmental conditions, markedly expanding our ability
to better understand microbial colonization.
The Starker Post Farm, Corvallis, Oregon, USA, is one of the oldest continuously
operated research sites in the United Sates dedicated to identifying wood-decay related
issues and developing information on wood durability. The long history of this site makes
it ideal to study naturally occurring fungi colonizing wood and their variation under
changing environmental conditions. While information on the damage caused by decay
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fungi has been gathered over the years at the post farm, data on the composition and
ecology of the associated microflora is largely lacking. Data collected at the site may have
applications for improving wood protection in ground-contact and wood performance in
outdoor exposures.
This study combined DNA-based identification techniques and ground-contact
field stake tests in a long-term exposure and replacement exposures to assess changes in
diversity and community composition of wood-inhabiting fungi. Red alder (Alnus rubra),
Douglas-fir (Pseudotsuga menziesii) heartwood/sapwood, and western red cedar (Thuja
plicata) heartwood stakes were exposed between 2014 and 2015. The four wood types
were used to capture differences in fungal composition between wood species with
differing susceptibilities to decay. Stakes represent a severe exposure situation because
the soil environment has abundant moisture, available nutrients, and an active microflora.
The research questions were: 1) Do fungal diversity and community composition differ
over time in wood in ground-contact, 2) Does fungal community composition differ
between wood species and ground-contact distance, and 3) What environmental and
substrate-associated gradients influence fungal diversity and community composition of
wood in ground-contact.

4.2.

Materials and Methods

4.2.1. Study site
The study was performed at the Starker Post Farm, located on a south facing slope
of the McDonald-Dunn Research Forest, about 12 km north of Corvallis, Oregon, USA.
The site has been used for long-term research on the durability of fence posts and utility
poles since 1925. The site has a Scheffer climate index of 45 for above-ground decay
(Scheffer 1971). The climate is Mediterranean, with warm dry summers and wet, cool
winters. The site has a mean annual precipitation of 1050 mm and an average daily
temperature is between 4°C and 12 °C. There is a pronounced rainy season from October
to March and the driest months are July and August. The dominant tree species at the site
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are Douglas-fir (Pseudotsuga menziesii), grand fir (Abies grandis), and bigleaf maple
(Acer macrophyllum).

4.2.2. Sampling design
Red alder (Alnus rubra Bong.), Douglas-fir (Pseudotsuga menziesii) (Mirb.)
Franco) heartwood/sapwood, and western red cedar (Thuja plicata Donn ex D. Don. were
used to prepare field stakes (19 x 19 x 450 mm long) in accordance with American Wood
Protection Association Standard E7-09 (AWPA, 2012). Stakes create a severe exposure
situation because the soil environment has abundant moisture, available nutrients and
active microflora. Two field stake trials were used to assess differences in microflora
colonizing the stakes over-time.
In the first exposure test (hereafter, Test 1), four wood types were selected to
assess long-term differences in fungi invading wood at various levels of natural decay
resistance between species and within the same species. The wood types used in this field
test were: red alder (ALD), Douglas-fir heartwood (DFH), Douglas-fir sapwood (DFS),
and western redcedar (WRC). A total of ninety-six stakes were installed in the ground to
half their length in February 2014. Matched sets of 3 stakes per wood species were
randomly removed from the ground after 3, 6, 9, 12, 15, 18, 21, and 24 months of
exposure (Table 4.1).
In the second exposure test (hereafter, Test 2), three wood types were selected to
assess semi-annual differences in fungi invading fresh wood at various levels of natural
decay resistance between species. Wood types used in this field test were: red alder,
Douglas-fir sapwood and western redcedar. A total of seventy-two stakes were installed
and removed from the ground as follows: six stakes per wood type were installed in May
2014 and removed after 6 months of exposure and replaced with a new set of 6 stakes.
This process was repeated 4 times per wood species (Table 4.1).

4.2.3. Processing of samples
Stakes removed after a given exposure time were placed in individual sealed bags
and returned to Oregon State University (Corvallis, OR) for immediate processing.
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Specimens were kept at 4 °C to limit moisture content changes between processing steps.
Stake processing consisted of culturing two wood sections from predetermined zones of
each stake. The predetermined zones were: above-ground, groundline, and below-ground.
Three positions at above-ground, two at groundline, and three below-ground were
sampled to obtain 19 x 19 x 0.5 mm long wood sections for fungal culturing and isolation.
Two positions at each zone were subsampled to obtain 19 x 19 x 0.5 mm long wood
sections for determination of moisture content (Figure 4.1). The purpose of sampling
predetermined positions was to obtain repeated sampling of the same spatial unit to
compare attributes at similar positions across specimens.
The final experimental design for Test 1 was as follows: 4 wood types x 8 time
points x 3 ground contact zones. The final experimental design for Test 2 was the
following: 3 wood types x 4 time points x 3 stake zones (Table 4.2).

4.2.4. Environmental variables
Daily precipitation and temperature data were obtained for each month from
February 2014 to February 2016. Average monthly precipitation and monthly
temperature were used to examine the relationships between fungal colonization and
climatic conditions. Weather data were obtained from the National Climatic Data Center
(NCDC) for Oregon State University Hyslop Farm, about 8.3 km southeast of the Starker
Post Farm.

4.2.5. Wood moisture content
Moisture content was determined immediately after processing the stakes. Each
wood section obtained for moisture content was labeled with a marker and immediately
weighed. These samples were oven-dried at 103°C for 24-hours, then weighed. Moisture
content (MC) was calculated using the following equation:
!" % =
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4.2.6. Fungal isolations and culturing
The 19 x 19 x 0.5 mm long sections for fungal culturing were cut into sixths,
flame-sterilized to remove contaminating surface microorganisms, and placed into petridishes containing 1.5% malt extract agar (MEA) or 1.5% MEA with 1.0% benomyl added
(BMEA). Benomyl was incorporated to suppress fast-growing ascomycetes and enhance
basidiomycete isolation (Bollen and Fuchs 1970). The plates were incubated at 23 °C for
29 days. Any fungi growing from the wood were transferred to new MEA plates to obtain
pure cultures. These cultures were grouped into morphological taxa based upon cultural
characteristics and microscopic examination. To reduce sampling bias, morpho-taxa
grouping was limited to each isolate obtained after a given exposure time, and several
isolates from each morpho-taxa were subjected to molecular analyses. Representative
isolates of morpho-taxa thought to be ascomycetes were used to examine conidiophores
and conidial characteristics, and confirm the genera (courtesy of Dr. Jeff Stone at Oregon
State University). When necessary, fungi were subcultured on potato dextrose agar
(1.5%) or plain extract agar to induce formation of reproductive structures for
microscopic identification.

4.2.7. DNA extraction
Fungal DNA was extracted from vegetative mycelium excised from
representatives of each morphological taxon. The extraction was performed using the
Cetyl Trimethylammonium Bromide (CTAB) extraction protocol (Jasalavich et al. 2000).
The CTAB extraction buffer consisted of 2% [wt/vol]; 100 mM Tris HCl, pH 8.0; 1.4 M
NaCl; and 20 mM EDTA. Briefly, mycelium was collected from representative isolates
of each morphological taxon. The mycelium was suspended in CTAB buffer and freezethawed (twice) to disrupt fungal cell walls. Sterile plastic micro-pestles were used to
further grind the tissue. The resulting solution was incubated at room temperature (65°C)
for 40 minutes. Chloroform was then added to the solution to help separate proteins and
polysaccharides from nucleic acids in the fungal cell walls. Centrifugation was performed
at 13,000 rpm for 15 minutes, and the upper aqueous phase was transferred to a new,
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sterile microfuge tube while avoiding the interphase. Isopropanol (-20°C) was added to
precipitate nucleic acids, and then centrifuged at 13,000 rpm for 8 minutes to obtain DNA
pellets. Remnant salts were removed by washing the pellets with 70% ethanol. The
residual alcohol was allowed to dry for 1 hour in the laminar hood. The nucleic acid pellet
was dissolved in 50uL of TE (10 mM Tris: 1mM EDTA) buffer.

4.2.8. PCR amplification and ITS sequencing
The Internal Transcribed Spacer (ITS) region of the fungal rDNA was amplified
using the polymerase chain reaction (PCR). The 35 µL PCR reactions contained 13.6 µL
of water, 0.10 µL of 5x Taq buffer, 5.6 µL of bovine serum albumen (BSA), 4.2 of MgCl2,
0.4 µL of each primer (50 µM), 2.8 µL dNTP’s (10 µM), 0.1 µL of Promega Hot Start
GoTaq, and 1.0 µL of fungal DNA template. The primers used were the forward fungalspecific ITS1-F primer (5’- CTT GGT CAT TTA GAG GAA GTA A -3’) (Gardes and
Bruns 1993), and the reverse universal eukaryotic ITS4 primer (5’-TCC TCC GCT TAT
TGA TAT GC-3’)(White et al. 1990). PCR conditions were as follows: initial heating
cycle at 95°C for 2 min, denaturing at 94°C for 30 sec, annealing at 50°C for 1 min and
extension at 72°C for 1 min and 30 sec; 30 cycles at 94°C for 30 sec, and final extension
at 72°C for 10 min. Samples were amplified in a BIORAD® Thermocycler Model PTC100. All amplified DNA was checked for successful amplification with 1% agarose gel
electrophoresis stained with the Nucleic Acid Staining Solution RedSafe™. DNA
samples that consistently yielded no PCR products were subjected to a second DNA
extraction process.
Amplified PCR products were used for Restriction Fragment Length
Polymorphism (RFLP) analyses using the BioLabs® restriction enzymes HinfI and
DpnII. Each restriction enzyme cuts the ITS rDNA into fragments of different lengths.
Unique patterns of ITS rDNA fragments occur with closely-related species, allowing
determination of identical taxonomic sample groups. Briefly, separate reactions with each
enzyme contained 5.3 µL distilled water, 1.5 µL buffer, and 0.25 µL of restriction
enzyme. The reaction mix was added to 8uL of PCR product and incubated for 3 hours
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at 37°C in a BIORAD ® Thermocycler Model PTC-100. RFLP digests were separated
with 2% agarose gel electrophoresis and stained with the Nucleic Acid Staining Solution
RedSafe™. Patterns of DNA fragments were visually compared using a BIORAD®
imager Gel Doc™ EZ. The PCR products were grouped into PCR sample representatives
based upon unique RFLP patterns. These PCR samples were used for sequencing.
PCR products were further purified using ExoSAP-IT enzyme to remove dNTP’s
and primers remaining in the PCR product that could inhibit DNA sequencing
(Affymetrix, Santa Clara, CA, USA). The cleaned PCR products were submitted to the
Center for Genome Research and Biocomputing (CGRB) at Oregon State University for
unidirectional Sanger sequencing. Fungal sequences were compared to sequences
available at the National Center of Bioscience Informatics (NCBI) database using the
sequence similarity search program Basic Local Alignment Search Tool (BLAST)
(Altschul et al. 1990) for identification to the nearest taxonomic group. Sequence data
were viewed, manually trimmed, and assessed for quality base call using 4Peaks software
version 1.8 (Mekentosj Inc, Amsterdam, The Netherlands). Sequences were aligned using
the multiple sequence alignment program MAFFT (Multiple Alignment using Fast
Fourier Transform) (Katoh et al. 2002) to determine molecular species. A sequence
similarity of 97% was used to define separate species. BLAST percent identity was used
to define the final taxonomy as follows: 97% at the species level, 95% at the genus level,
90% at the family level and 80% at the phylum level (Ong et al. 2013). Sequence
taxonomies were confirmed using the UNITE database for molecular identification of
fungi. The UNITE database contains curated sequences of the ITS region of fungal
cultures and sporocarp voucher specimens that have been identified by experts (Kõljalg
et al. 2005).

4.2.9. Data analysis
Fungal community patterns among and between seasons, time points, wood types,
and stake zones were studied using a series of multivariate ecological approaches in PCORD 7.29 (MjM Software Design, Gleneden Beach, OR) (McCune and Mefford 2016).
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Two main matrices were created to perform statistical analyses, using Test 1 and Test 2
data to study diversity patterns at different levels. The first matrix consisted of a species
matrix of 98 sample units (stake zones pooled by wood type at each time point) by
presence/absence of 82 fungal species. The second matrix, including grouping and
environmental variables, was generated using: (a) four categorical variables: collection
season, time point, wood type, and ground-contact zone and (b) three quantitative
variables including average wood moisture content (%), average monthly precipitation
(mm) and average monthly high temperature (ºC). Monthly variables were calculated
using the average of the one-month period immediately preceding stake harvest.
Additional data matrices were created to perform separate analyses of Test 1 and
Test 2 data as follows: (a) species matrix of 74 sample units by presence/absence of 74
species of fungi and, (b) species matrix of 24 sample units (sampling times) by
presence/absence of 34 species of fungi. All multivariate analyses were conducted using
Sørensen (Bray-Curtis) distances.
An outlier analysis was conducted on the dataset to detect sample units with
extreme values that could have affected analyses. An outlier was considered significant
when the mean Sørensen distance to other sample units was three standard deviations
above the mean of inter-sample units for Sørensen distance (McCune and Grace 2002).
Multi-Response Permutation Procedures (MRPP) (Mielke et al. 1976) were used
to determine fungal compositional differences using field test type, harvesting season,
wood type, and stake zone as grouping variables. MRPP does not require distributional
assumptions such as normality and homogeneity of variances, which are seldom met with
ecological data (McCune and Grace 2002). Furthermore, MRPP can be used to test
differences between pre-existing groups of sample units of unequal size such as those
resulted from this study. MRPP provides an A-value, the within group agreement (effect
size), as well as a p-value establishing the level of test significance. The A-value=1 when
all items are identical within groups, while the A-value=0 when heterogeneity within
groups equals expectation by chance (McCune and Grace 2002). A Type I error rate of
α<0.05 (p-value<0.05) was used to determine significant comparisons between groups.
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Non-metric Multidimensional Scaling (NMS) (Kruskal 1964; Mather 1976) was
used to visualize fungal community structure and determine prominent gradients in fungal
species composition among grouping variables. The NMS method creates ordination
plots of sample units in species space where distances between sample units in the graph
reflect their ecological differences (McCune and Grace 2002). Therefore, similar sample
units should be closer in ordination space. NMS is widely used for graphical
representation in community ecology because it preserves the distance properties among
sample units, is based on ranked distances, avoids assumptions of linear relationships
among the variables, and is suitable for non-normal data (Clarke 1993; McCune and
Grace 2002). The NMS analyses were conducted using Sørensen distances in the slow
and through autopilot mode using random starting configurations, Kruskal’s primary
approach in PC-ORD 7.29 (McCune and Mefford 2016). The solution with the best
dimensionality was chosen based on: a) reduction in stress as dimensions were added and,
b) proportion of variance represented. The NMS analysis in PC-ORD included a Monte
Carlo test that compared real and randomized data to evaluate whether NMS extracted
axes (p-value<0.05) were greater than expected by chance. NMS ordinations were
performed for all grouping variables using combined and separate Test 1 and Test 2 data
to visualize fungal community patterns.
Indicator Species Analyses (ISA) (Dufrêne and Legendre 1997) were conducted
to contrast fungal species relationships across seasons, time points, wood types, and stake
zone grouping variables. ISA calculates the percentage of group indication for each
species using abundance and similarity concepts (McCune and Grace 2002). Species
occurring in all sample units of a group and never occurring in other groups receive a
maximum importance value (IV) of 100% (perfect indication). The NMS analysis in PCORD includes a Monte Carlo test to determine the statistical significance of the observed
maximum IV. A Type I error rate of α<0.05 (p-value<0.05) was used to determine
significant indicator species between groups.
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4.2.10.

Diversity analyses

Diversity patterns among and between time points, wood types, or stake zones
were studied using a series of multivariate ecological approaches in PC-ORD 7.29 (MjM
Software Design, Gleneden Beach, OR) (McCune and Mefford 2016) and PAST 3.16
(Hammer et al. 2001). Species richness was calculated as the count of species present.
The Shannon-Wiener diversity index was used to calculate alpha diversity and the
Whittaker beta diversity index was used to calculate the change in species diversity
between time points.

4.3.

Results

4.3.1. Fungal community
A total of 1149 isolates representing 202 unique ITS sequences were recovered
from 131 (78%) of 168 field stakes installed. These sequences clustered into 71 genera
and 82 unique species based upon 95-96% sequence similarity criterion for genus level
and 97-100% for species level (Table 4.3). One-hundred fifty sequences belonged to
Ascomycota and were clustered in 52 species. Forty-seven Basidiomycota sequences
resulted in 26 species and 4 sequences assigned to Zygomycota yielded 4 species. All
sequences were checked against the GenBank database and the curated reference database
UNITE was used to confirm taxonomic assignments. Current taxonomic nomenclature
was confirmed using the MycoBank database.
The most abundant genera were the ascomycetes Phialophora, Trichoderma, and
Epicoccum, representing 426 (37.1%), 136 (11.8%), and 122 (10.6%) isolates,
respectively (Table 4.4). Among the basidiomycetes, the most abundant species were
Trametes with 32 isolates (2.8%) and Phanerochaete with 26 isolates (2.3%) (Table 4.4).
Ascomycete genera were observed more times than basidiomycetes across the 131
stakes that showed fungal isolates (Table 4.4). For instance, the ascomycete genera
Phialophora, Trichoderma, and Epicoccum were observed in 117, 52, and 49 stakes,
respectively. The highest occurrence among basidiomycetes was observed for the genus
Trametes, which occurred in 22 stakes.
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Sixteen isolates (22.5%) grew exclusively on MEA and fifteen (21.1%) grew
exclusively on BMEA (Table 4.4). Crustoderma, and a Homobasidiomycete were the
only basidiomycetes genera detected exclusively on MEA, whereas Marchandiomyces,
Peniophora, Pirex, and Vararia were exclusive to BMEA. The ascomycetes Helotiales,
Mycosphaerella, Nectria, Phaeosphaeria, and Phialocephala, and the zygomycete genus
Umbelopsis were also recovered exclusively on BMEA.

4.3.2. Sampling effort
Rarefaction curves were generated to compare species richness as a function of
the sampling effort required to observe the estimated species richness present at the site
(Figure 4.4). Thirty percent of the total species recovered were singletons (species present
only once) among the samples. The rarefaction curve showed an asymptote of 100 species
(estimated number of species present) which suggested that the study recovered 82% of
the species present in the site.

4.3.3. Fungal community patterns
The following sections include descriptions of fungal community patterns at
different time points in Test 1 and Test 2. Abbreviations for each time point were used as
in Table 4.1 to facilitate description of the results across time points,. In brief, Test 1
included eight time points (T) numbered from T1 to T8 (i.e. T1, T2, T3, T4, T5, T6, T7,
or T8) that corresponded to the order of collection date, whereas Test 2 included four
time points numbered from T9 to T12 (i.e. T9, T10, T11, or T12) from the first harvesting
date to the last. Exact date of collection and date-overlapping collections among Test 1
and Test 2 are also found in Table 4.1.

4.3.3.1.

Number of isolations among tests

Overall, 78% of the stakes used in both tests had at least one fungal isolate (Table
4.5). Red alder stakes consistently showed high fungal isolations (98%) followed by
Dougas-fir heartwood (92%) and Douglas-fir sapwood (88%), whereas the lowest
number of isolates was observed in western redcedar (42%) stakes.
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The number of isolations for all fungal communities was consistently lower in
western redcedar samples as compared to red alder samples (Figure 4.5a). The latter
showed the highest overall number of isolations, particularly at T5. Within the same wood
species, Douglas-fir sapwood samples produced a higher average number of isolations
than Douglas-fir heartwood samples. The number of isolations was also found to be
similar between red alder and Douglas-fir sapwood samples, with an average of 13 and
11 isolations, respectively.
The higher number of isolations for red alder samples was observed at T5 but
quickly declined at T6, when isolations from Douglas-fir heartwood, Douglas-fir
sapwood, and western redcedar were particularly high (Figure 4.5a). The fungal species
Trichoderma gamsii predominated in all wood types at T6, while both T. gamsii and
Phialophora mustea were the most abundant fungi in red alder at T5.
The only isolate recovered from western redcedar samples at T1 was Talaromyces
ruber, whereas T. gamsii, and P. mustea were the only two isolates recovered at T3 (Table
4.5). The latter two species were also isolated from the other wood types at T2, which
corresponded to the time point where no isolations were recovered from western redcedar.
Isolations from western redcedar peaked at T6 due to high abundance of P. mustea,
Pachnocybe ferruginea and Epiccocum nigrum with 25%, 21%, and 21% of isolates
obtained from western redcedar samples at this time point, respectively.
Sixty percent of isolates recovered in Test 1 were represented by Phialophora,
Trichoderma, and Epicoccum (Table 4.5). These genera were present in all four wood
types. Phialophora was present at all eight time points, while Trichoderma and
Epicoccum were isolated at all time points except T6 and T7. The two most abundant
basidiomycetes in Test 1 were Phanerochaete and Trametes, which were mostly found
in red alder samples at T5 or T6.
Isolation numbers for all fungal communities in Test 2 were similar for red alder
and Douglas-fir sapwood samples, while western redcedar samples again showed the
lowest overall number of isolates. Isolates were recovered from red alder and Douglasfir sapwood at all-time points. However, isolations from western redcedar were only
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recovered at T9 and T10. Phialophora, Trichoderma, and a Eurotiomycetes were the most
frequent genera isolated in Test 2. Samples of red alder and Douglas-fir sapwood shared
46% of the fungal genera isolated, while only 6% of genera (Phialophora and
Gloeosporium) were shared between the three wood types. Some of the scarce fungal
genera isolated from western redcedar in Test 2 were Phialophora, Gloeosporium, and
Byssochlamys.

4.3.3.2.

Species Richness

Species richness of fungal communities varied between three and nine species per
stake, except for western redcedar samples that showed a species richness between one
and five species per stake (Table 4.5, Figure 4.5b). The highest species richness was
observed in red alder samples at T2, while no species were isolated from western redcedar
samples at this time. Species richness of fungal communities showed a less pronounced
variation for all wood types between T3 and T6. Overall, the species number was
particularly low for all wood species at T7 and T8.
Species richness patterns across wood types in Test 2 were consistent with those
observed in Test 1 (Figure 4.5b). The number of species was higher in red alder and
Douglas-fir sapwood samples compared to western redcedar samples. The highest
average richness in this test was four species per stake which was recorded for red alder
and Douglas-fir sapwood. Five species were recovered from western redcedar samples,
whereas the total species richness in red alder and Douglas-fir sapwood samples was
above 20 species each.

4.3.3.3.

Diversity indexes across time points

Alpha diversity measured as Shannon’s diversity changed over time among field
tests (Table 4.6). Moderate diversity variation was observed between T1 and T6 in Test
1. Then, diversity quickly declined at T7 and remained low at T8. Diversity in Test 2 did
not change between T9 and T10, but a significant drop occurred at T11 and T13. Overall
diversity presented a similar pattern of variation to that of richness. High species richness
in the first months of exposure for both tests were followed by significant reductions at
the end of the exposure.
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Diversity between time points or Beta diversity was calculated as 2.97 using
Whittaker’s species turnover index, which in this study estimated the complete
replacement of fungal species by others among time points.

4.3.3.4.

Variation of fungal taxa across sampling times and wood types

Ascomycete isolations
Ascomycete isolates from Douglas-fir heartwood and Douglas-fir sapwood
samples showed similar trends across sampling times for Test 1 (Figure 4.6). Douglas-fir
sapwood samples contained more isolates at all times. Ascomycetes increased from T1
throughout T2 and T3 in Douglas-fir heartwood and Douglas-fir sapwood samples, then
considerably declined at T4, and reached their maximum at T6. Ascomycetes isolated
from red alder samples slightly decreased over T2 and T3, but then reached a peak at T5,
and began to decline toward T8.
Western redcedar samples contained ascomycete isolates at T1; however, no
ascomycetes were recovered at T2. Isolations of ascomycetes from the western redcedar
samples at T1, T2, and T3 were 1, 0, and 2, respectively, while isolations at subsequent
periods increased above 5 isolations per sampling time. The trend of ascomycete isolates
in western redcedar was similar to that of Douglas-fir heartwood from T4 onwards.

Basidiomycete isolations
Basidiomycete isolations from stakes in Test 1 were highly variable across wood
types and sampling points (Figure 4.6). The peak of basidiomycete isolations from both
Douglas-fir heartwood and Douglas-fir sapwood was recorded at T2, with Douglas-fir
heartwood samples showing twice the number of isolations than Douglas-fir sapwood.
Isolations of basidiomycete in Douglas-fir heartwood samples strongly declined between
T3 and T4 compared to a gradual drop of isolations in Douglas-fir sapwood towards T5.
Basidiomycetes isolated from red alder samples increased over T2, T3, and T4, and
reached a peak at T5. There were no recorded basidiomycete isolations at T7, T11 or T12
from any of the wood types. This trend remained until T8 for red alder and Douglas-fir
heartwood, whereas only a few basidiomycetes were recovered from western redcedar
and Douglas-fir sapwood at this sampling time.
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Mucoromycete isolations
Zygomycetes were infrequently isolated from the four wood types evaluated in
Tests 1 and 2 over the sampling time periods. Two zygomycete isolates were recovered
from Douglas-fir heartwood samples at T3, while one isolate was recorded from Douglasfir sapwood samples at T4. Red alder samples contained two mucoromycetes isolates at
T10 in Test 2.

4.3.3.5.
Differences in fungal communities between seasons, time
points, wood types, and stake zones
Overall, MRPP analyses showed significant differences in community structure
with season, exposure time, wood type, and stake zones (Table 4.7). Results of separate
MRPP analyses for Tests 1 and 2 highlighted differences inherent to each exposure test.
Pairwise comparisons of these analyses are presented in Tables 4.8 and 4.9. Prominent
differences in community composition across tests were visually inspected using NMS
ordination plots (Figures 4.7, 4.8, and 4.9).

Times
Fungal community composition differed between time points in separate analyses
of Tests 1 and 2 data (Table 4.7). The most definite compositional differences in Test 1
were observed for time points 5 and 7. Species compositions differed between T5 and all
other time points. There were also significant differences for T7 compared to T2, T3, and
T6. However, there were no significant differences between the final two exposure time
points (T7 and T8) in Test 1. Comparison of community differences between time points
in Test 2 showed significant differences for T12 against T9 and T10, and T9 and T10
differed significantly from one another. Communities at T11 were similar to those at T9
and T12.

Season
Seasonal differences in fungal communities were only studied using Test 1 data,
since communities in Test 2 were only sampled in Fall and Spring seasons (Table 4.9a).
MRPP showed differences in fungal community composition between seasons. However,
pairwise comparisons showed similarities in community composition between Summer
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and Fall communities (A=0.007, p=0.16) and between Fall and Winter (A=0.20, p=0.05).
Other pairwise comparisons among seasons showed significant differences in community
composition (Table 4.9a).

4.3.4. Indicator species
Results of ISA identified strong indicator species among seasons, time points, and
stake zones. There were thirteen, eleven, two, and three indicator species of time point in
Test 1, season, wood type, and ground zone, respectively (Table 4.10, 4.11). Test 2 was
found to have two indicator species for time point, three for season, and two for groundcontact zone, whereas no indicator species were identified for wood type (Table 4.12).
Although Test 2 showed a smaller number of significant indicator species than Test 1,
most of them had indicator values higher than fifty.
The highest number of indicator species in Test 1 was found for T5, which
included species such as T. versicolor, Stemphylium sp., and Gloeosporium sp. These
species also had high indicator values (IV=60, p<0.05). These species were also the
strongest indicators (IV=30, p<0.05) of Spring season, which showed the highest number
of indicator species across seasons. One indicator species was found for red alder and
western redcedar represented by Cladosporium cladosporioides (IV=19, p<0.05) and
Pachnocybe ferruginea (IV=20 p<0.05), respectively. Three indicator species were found
for stake zone, with P. mustea (IV=58, p<0.05) as the strongest indicator for the the
below-ground zone and Hyphodermella corrugata (IV=15, p<0.05) the best indicator for
the above-ground zone.
The indicator species in Test 2 across time points were only observed at T9 and
T10, whereas no indicator species were found for T11 and T12. Indicator species were
exclusive for the Spring season in Test 2, whereas no indicator species for the Fall season.
Epicocum sp 2 (IV=69, p<0.05) was the strongest indicator of the Spring season in this
test, while Phialophora mustea (IV=19, p<0.05) was found as strong indicator for the
below-ground zone.
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4.3.5. Prominent gradients influencing fungal diversity and community
composition
The NMS analysis of time points using combined data from both tests, yielded a
two-dimensional ordination (final stress=10.9, final instability=0.00, 72 iterations),
representing a total of 85.1% of the variation in the data (Figure 4.7). Axis one represented
53.6% and axis two represented 31.5% of the variation in fungal community composition.
Average moisture content at harvest date, average monthly high temperature, and
precipitation were all prominent environmental gradients. Axis one suggested a gradient
of communities associated with dry and wet conditions, whereas axis two appeared to
contrast species arriving early and late in the exposure period.
The NMS ordination showed fungal communities present after the first twelve
months of exposure (time points T1, T2, T3, and T4) in Test 1 tended to form clusters
(Figure 4.10). Fungal communities between Fall 2015 and Spring 2016 (T7 and T8 in
Test 1; T11 and T12 in Test 2) tended to occupy the same ordination space regardless of
harvest season, indicating similarity. Likewise, communities at T3 and T5 in Test 1 and
communities at T9 and T3 in Test 2, which were sampled at the same date also remained
close to each other in the ordination space. These trends were observed for the pair T3
and T9 sampled in Fall 2014 and also for T5 and T10 sampled in spring 2015.

4.4.

Discussion
The fungal community was characterized by a few dominant species and many

rare species, which is a common occurrence in community ecology (McCune and Grace
2002; Magurran 2004). The most frequently isolated fungi belonged to the genera
Phialophora, Trichoderma, and Epicoccum. Species in the genera Phialophora and
Epicoccum are soft-rot fungi commonly found in treated and untreated wood in groundcontact (Zabel et al. 1991). These species are also common soil-borne fungi, which
suggests, in part, permanent interactions with the wood substrate in ground-contact. The
specific role of these species within fungal communities inhabiting wood in ground
contact needs to be better understood. Previous studies showed that Epicoccum species
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are capable of causing severe cell-wall erosion (type 2 soft rot), while Phialophora
species can cause longitudinal bore holes in the secondary wood cell-wall (type 1 soft rot)
on Douglas-fir utility poles (Zabel et al. 1991; Eaton and Hale 1993).
While wood samples were flame sterilized before plating on agar, one of the main
issues of isolating fungi from wood in ground contact is to completely remove soil that
may harbor fungi. Although efforts were made to remove soil, it is possible that some
isolations occurred from soil adhering to the wood. To assess this possibility, the
frequently isolated species Phialophora mustea was removed from some MRPP and ISA
analyses using wood type or time point as grouping variables to test the effect of this step
on the significance level of the results. There were no observed significant differences
between the MRPP analyses with or without P. mustea. In contrast, ISA showed that at
least 2 species became significant indicators of wood type or time point. Therefore,
abundant soil-borne fungi may not affect the level of differences between a priori groups,
but may influence the level of importance or indicator value among species.
The dominance of ascomycetes in this study suggests they play a significant role
in the fungal community assemblage early in the colonization process. The prominent
role of ascomycetes in wood decay merits further study (Van der Wal et al. 2015), as they
may affect subsequent fungal colonization of wood by decay fungi. These fungi tend to
be dominant over wood decay basidiomycetes under specific environmental conditions
such as high wood moisture content, low oxygen levels, elevated temperatures, or the
presence of wood extractives/metabolites (Eaton and Hale 1993).
While basidiomycetes represented a small proportion of wood-inhabiting fungi.
Species isolated at most time points suggest differences in the ability to adapt to changing
conditions. For instance, the largest number (46.4%) of basidiomycetes in Test 1 was
found above-ground, which may reflect variations in environmental conditions that
influence spore dispersal and subsequent landing on the stakes. These results were
particularly evident in the Spring season when temperatures increase and the spore count
is significantly higher.
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Low isolation numbers of ascomycetes at T1, T2, and T3 suggests the challenge
that ascomycete fungi may face to initiate colonization of western redcedar due to the
high concentration of toxic extractive compounds (Barton and MacDonald 1971; Kim et
al. 2005). Overall, the results of ascomycete isolations recovered in Test 1 clearly showed
the effects of wood type and sampling time-point on isolations (Figure 4.6). Samples of
the same species (Douglas-fir heartwood and Douglas-fir sapwood) showed similar
trends of decay susceptibility for ascomycetes at all sampling times. Ascomycete
isolations recovered from wood species nonresistant to decay (Douglas-fir sapwood and
red alder) were higher than those from moderately decay resistant (Douglas-fir
heartwood) or highly decay resistant (western redcedar) wood.
Field stake tests in the present study were conducted at the McDonald Forest on
the Starker Post Farm, largely used for research on the effectiveness of various wood
protection treatments including pentachlorophenol, chromated copper arsenate (CCA),
and creosote (Miller 1986; Morrell et al. 2005). Some of the changes observed in the
fungal communities may be influenced by the long-term experiments developed at the
site.
Fungal species consistently isolated from field stakes in this study have also been
reported from treated wood (Greaves 1972; Zabel et al. 1991; Kim et al. 2007). Previous
studies identified a number of soft-rot fungi including Phialophora and Epicoccum
species, as frequent inhabitants of CCA-treated Douglas-fir poles, particularly at the
groundline zone (Zabel et al. 1991). Other fungal genera found in this study, such as
Absidia, Trichoderma, and Penicillium were also reported colonizing CCA-treated stakes
of Pinus radiata and Eucalyptus regnans (Greaves 1972; Zabel et al. 1991). The
basidiomycete Pachnocybe ferruginea has also been reported in pentachlorophenol
treated Douglas-fir poles (Zabel et al. 1991); however, this species was only recovered
from western redcedar stakes. These habitat-specific fungal adaptations may significantly
influence fungal communities in this study. It is possible that environmental conditions
and management at this site, may favor fungal species that may have evolved and adapted
to abiotic stresses such as heavy metal toxicity. For instance, previous studies have
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detected copper tolerant fungi associated to soils from wood preservative test sites using
Illumina sequencing techniques (Kirker et al. 2017).
The low number of isolations from western redcedar samples between T1 and T5
may indicate that original extractive content of these samples remained constant at early
exposure periods, limiting fungal development. Untreated western redcedar products in
exterior applications are usually durable due to presence of toxic extractive compounds
with antifungal activity (Barton and MacDonald 1971). Discolorations have been
observed in western redcedar lumber with low extractive content (Jin et al. 1988).
Extractives of western redcedar may be prone to photo-degradation by UV light and
leaching from precipitation. Weathering and presence of detoxifying species significantly
influence development of fungal communities in western redcedar (Coombs and Trust
1973; Lim et al. 2007).
Western redcedar samples were dominated by P. ferruginea, Epicoccum nigrum,
and Phialophora mustea at 18-months of exposure (T6). These fungi are known for their
ability to metabolize toxic compounds (Jin et al. 1988; Lim et al. 2005, 2007).
Detoxifying fungi that can remove wood secondary metabolites without causing decay
have been frequently isolated from western redcedar products (Jin et al. 1988). P.
ferruginea has been commonly isolated from western redcedar products in groundcontact and described as a pioneer species on western redcedar due to its ability to tolerate
thujaplicin (Lim et al. 2005). Species in the genera Phialophora have also been isolated
from discolored western redcedar heartwood, and are suggested to play a significant role
in reducing the toxicity of water-soluble phenolic extractives present in western redcedar
(Lim et al. 2005). The presence of P. ferruginea and Phialophora mustea at the 18months exposure period may indicate initiation of fungal community development in
western redcedar stakes.
Seasonal similarities in community composition between Summer and Fall or
between Fall and Winter, may indicate a transition period exclusive for these seasons. It
is likely that some fungal communities from one season remain in the wood substrate in
the following season when they may be replaced by new fungal communities. This
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transition phase could start in Summer and last until Winter. Spring season separation
from the other seasons suggests the influence of prevalent environmental conditions that
favor greater spore dispersion that allows the arrival of distinct fungal communities. Air
temperatures slowly increased (>15 °C) during the Spring and wood moisture content
(20-30%) became more favorable for wood inhabiting fungi.
Overall MRPP results for combined test data among wood types may reflect the
differences extracted by Test 1. The sample size for Test 1 was bigger (n=74) than Test
2 (n=24), which may have influenced comparisons of combined data from tests. However,
separate analyses clearly showed that conditions for prolonged ground-contact exposure
in Test 1 were able to filter the fungal communities by wood type, compared to exposure
conditions in Test 2 that did not show wood indicator species or significant differences
in fungal colonization. This could indicate that wood-inhabiting fungi responded to
constant availability of wood substrate, which may provide stable conditions for
development of substrate-specific fungal communities in long-term exposures.

4.5.

Conclusions
Wood inhabiting fungi at the Starker Post farm were dominated by Ascomycota.

The long-term exposure test (Test 1) held the highest levels of diversity in ground-contact
examined in this study. Fungal compositional differences between seasons, time points,
wood types, and stake zone exposure were demonstrated using MRPP and NMS analyses.
Among the various times examined in this study, the end of Summer (August) samples
contained the greatest diversity. Fungal communities in the Spring were remarkably
different from those found in other seasons of the year. Fungal communities present in
Fall represented a transition period between Summer and Winter seasons. Wood species
allowed selective fungal colonization and supported diverse fungal communities. Among
the various wood species examined in this study, Douglas-fir heartwood and Douglas-fir
sapwood samples contained the highest levels of diversity. The groundline and belowground stake zones had higher and similar diversity as compared to the above-ground
zone. Fungal abundance was higher at the below-ground zone than at above-ground and
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groundline zones. Soil-borne fungal communities maintain a constant interaction with the
wood substrate and other wood inhabiting fungi. Patterns of composition and spatiotemporal distribution of fungal communities at various ground contact distances not
previously described on field stakes were identified in this study via culturing and DNAbased identification. Fungal communities colonizing wood in ground-contact exposure
were sensitive to environmental change. Exposure length, seasonal environmental
changes, and wood substrate type were key factors shifting fungal communities at the test
site.
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4.7.

Tables

Table 4.1. Dates for installation and collection of stakes in long-term (Test 1) and semiannual (Test 2) ground-contact exposures conducted at the Starker Post Farm,
USA.
Installation
Test
Test 1

Test 2

Collection
No.
Stakes

Season

T1

12

Spring

Time 2

T2

12

Summer

11/13/14

Time 3

T3

12

Fall

2/16/15

Time 4

T4

12

Winter

5/27/15

Time 5

T5

12

Spring

8/18/15

Time 6

T6

12

Summer

11/19/15

Time 7

T7

12

Fall

2/29/16

Time 8

T8

12

Winter

Date

Number
of Stakes

Date

Time point

2/20/14

96

5/29/14

Time 1

8/25/14

Time point
(T)

5/29/14

18

11/13/14

Time 9

T9

18

Fall

11/13/14

18

5/27/15

Time 10

T10

18

Spring

5/27/15

18

11/19/15

Time 11

T11

18

Fall

11/19/15

18

5/26/16

Time 12

T12

18

Spring

94

Table 4.2. Treatment levels for installation and collection of stakes in long-term (Test
1) and semi-annual (Test 2) ground-contact exposures conducted at the Starker
Post Farm, Corvallis, USA.
Treatment

Wood
Exposure length
(months)
Isolates location

Moisture content
location
Environmental
variables

Levels
Test 1
Red alder
Douglas-fir heartwood
Douglas-fir sapwood
Western redcedar

Levels
Test 2
Red alder
Douglas-fir sapwood
Western redcedar

3, 6, 9, 12, 15, 18, 21,24

6, 6, 6, 6

Above-ground
Groundline
Below-ground
Above-ground
Groundline
Below-ground
Average monthly precipitation
Average monthly temperature
Average wood moisture content

Above-ground
Groundline
Below-ground
Above-ground
Groundline
Below-ground
Average monthly precipitation
Average monthly temperature
Average wood moisture content
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Table 4.3. Classification of wood-inhabiting fungi recovered from red alder, Douglas-fir
heartwood, Douglas-fir sapwood and western redcedar stakes using culturedependent Sanger sequencing. Unique genus were based upon 95-96% sequence
similarity criterion.
Number of representative
*Taxa identification
morphotaxa
sequenced
Ascomycota
Aspergillus
3
Aureobasidium
12
Byssochlamys
2
Cadophora
1
Chalara
1
Cladosporium
1
Coniochaeta
4
Coniochaetaceae sp. 1
4
Dothideomycete 1
1
Dothideomycete 2
1
Dothioraceae
2
Drechslera
2
Epicoccum
26
Eurotiomycetes 1
1
Exophiala
1
Gloeosporium
2
Hamigera
1
Helotiales 2
2
Hormonema
5
Hypocrea
1
Lecythophora
2
Leptodontidium
2
Leucostoma
4
Macrophomina
1
Meyerozyma
4
Mycosphaerella
1
Nectria
1
Neosartorya
1
Nigrospora
1
Penicillium
1
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Pezizomycotina 1
Phaeosphaeria
Phaeosphaeriaceae 1
Phialocephala
Phialophora
Phoma
Sarocladium
Scytalidium
Sordariomycetes sp. 1
Stemphylium
Sydowia
Talaromyces
Trichoderma
Xylogone
Helotiales 1
Pyrenophora
Basidiomycota
Acanthophysellum
Byssomerulius
Cantarellales 1
Ceriporiopsis
Crustoderma
Deconica
Gloeophyllum
Homobasidiomycete 1
Hyphodermella
Marchandiomyces
Pachnocybe
Peniophora
Phanerochaete
Phlebia
Pirex
Polyporales
Postia
Stereum
Trametes
Vararia

1
1
1
1
35
1
1
1
2
1
2
2
7
1
1
1
5
2
3
1
1
1
2
1
3
1
2
4
5
2
2
1
2
5
3
1
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Xylobolus
1
Mucoromycota
Absidia
1
Mucor
1
Umbelopsis
2
Grand Total
202
*Closest match in the National Center of Bioscience Informatics (NCBI) using the Basic
Local Alignment Search Tool (BLAST) and confirmed by the UNITE fungal database.
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Table 4.4 Number of isolates, frequency, occurrence of fungi recovered from red alder,
Douglas-fir heartwood, Douglas-fir sapwood and western redcedar stakes
exposed in ground-contact exposure for 24-months. Genus level was called
based upon 95-96% sequence similarity.
Culture media*

Isolates

Frequency

Occurrence
(by stakes, n=131)

MEA

BMEA

Aspergillus

22

1.9

18

1.5

0.4

Aureobasidium

30

2.6

17

2.3

0.3

Byssochlamys

10

0.9

8

0.9

0.0

Cadophora

2

0.2

2

0.2

0.0

Chalara

2

0.2

1

0.1

0.1

Cladosporium

6

0.5

4

0.4

0.1

Coniochaeta

4

0.3

4

0.2

0.2

Coniochaetaceae

5

0.4

5

0.3

0.1

Dothideomycete 1

1

0.1

1

0.1

0.0

Dothideomycete 2

1

0.1

1

0.1

0.0

Dothioraceae

3

0.3

3

0.3

0.0

Drechslera

6

0.5

4

0.3

0.3

Epicoccum

122

10.6

52

6.6

4.0

Eurotiomycetes 1

31

2.7

20

1.9

0.8

Exophiala

1

0.1

1

0.1

0.0

Gloeosporium

34

3.0

19

2.7

0.3

Hamigera

1

0.1

1

0.1

0.0

Helotiales 1

13

1.1

9

0.0

1.1

Helotiales 2

3

0.3

3

0.2

0.1

Hormonema

25

2.2

19

2.0

0.2

Hypocrea

7

0.6

6

0.1

0.5

Lecythophora

2

0.2

2

0.2

0.0

Leptodontidium

14

1.2

11

0.6

0.6

Leucostoma

13

1.1

7

1.0

0.1

Macrophomina

3

0.3

3

0.2

0.1

Meyerozyma

11

1.0

10

0.6

0.3

Mycosphaerella

1

0.1

1

0.0

0.1

Nectria

1

0.1

1

0.0

0.1

Neosartorya

1

0.1

1

0.0

0.1

Nigrospora

13

1.1

6

1.1

0.0

Taxa
Ascomycota
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Table 4.4. Continued…
Culture
media*
MEA MEA

Isolates

Frequency

Occurrence
(by stakes,
n=131)

Penicillium

9

0.8

6

0.5

0.3

Pezizomycotina 1

1

0.1

1

0.1

0.0

Phaeosphaeria

1

0.1

1

0.0

0.1

Phaeosphaeriaceae 1

2

0.2

2

0.0

0.2

Phialocephala

1

0.1

1

0.0

0.1

426

37.1

117

34.7

2.3

Phoma

4

0.3

3

0.3

0.1

Pyrenophora

1

0.1

1

0.0

0.1

Sarocladium

1

0.1

1

0.1

0.0

Scytalidium

1

0.1

1

0.1

0.0

Sordariomycetes sp. 1

9

0.8

7

0.3

0.5

Stemphylium

13

1.1

11

1.0

0.2

Sydowia

3

0.3

3

0.2

0.1

Talaromyces

2

0.2

2

0.0

0.2

Trichoderma

136

11.8

49

6.6

5.2

2

0.2

1

0.2

0.0

Acanthophysellum

5

0.4

4

0.3

0.2

Byssomerulius

3

0.3

3

0.1

0.2

Cantarellales 1

16

1.4

13

0.7

0.7

Ceriporiopsis

4

0.3

3

0.1

0.3

Crustoderma

1

0.1

1

0.1

0.0

Deconica

4

0.3

3

0.1

0.3

Gloeophyllum

2

0.2

2

0.1

0.1

Homobasidiomycete 1

1

0.1

1

0.1

0.0

Hyphodermella

4

0.3

3

0.3

0.1

Marchandiomyces

1

0.1

1

0.0

0.1

Pachnocybe

6

0.5

2

0.3

0.2

Peniophora

5

0.4

5

0.0

0.4

Phanerochaete

26

2.3

13

0.9

1.4

Phlebia

5

0.4

5

0.3

0.2

Pirex

3

0.3

2

0.0

0.3

Polyporales

1

0.1

1

0.0

0.1

Taxa

Phialophora

Xylogone
Basidiomycota
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Table 4.4. Continued…
Culture
media*
MEA MEA

Isolates

Frequency

Occurrence
(by stakes,
n=131)

Postia

12

1.0

3

0.3

0.7

Stereum

9

0.8

8

0.3

0.5

Trametes

32

2.8

22

1.4

14

Vararia

2

0.2

1

0.0

0.2

Xylobolus

2

0.2

2

0.1

0.1

Absidia

1

0.1

1

0.1

0.0

Mucor

2

0.2

2

0.1

0.1

Umbelopsis

2

0.2

2

0.0

0.2

1149

100

550

73.5

26.5

Taxa

Mucoromycota

Total

*Relative frequency was calculated based on the total isolates. Culture media were:
MEA=Malt extract agar, BMEA=Benomyl malt extract agar (BMEA).
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Table 4.5. Summary of wood samples, fungal isolates, isolation frequency, and fungal taxa identified from red alder (ALD),
Douglas-fir heartwood (DFH), Douglas-fir sapwood (DFS), and western redcedar (WRC) stakes exposed in groundcontact exposure across eight time points in Test 1 and four time points in Test 2.
Field
Test
Test 1

Time*
point
T1

T2

T3

T4

T5

ALD

Total
stakes
installed
3

Stakes
with
fungi
3

46

Isolation
frequency
(%)
4.0

DFH

3

3

13

1.1

1.0

0.1

0.0

6

6

DFS

3

3

28

2.4

2.3

0.2

0.0

9

8

WRC

3

1

1

0.1

0.1

0.0

0.0

2

1

ALD

3

3

42

3.7

3.4

0.3

0.0

11

12

DFH

3

3

40

3.5

2.0

1.5

0.0

17

17

DFS

3

3

47

4.1

3.3

0.8

0.0

15

15

WRC**

3

0

0

0.0

0

0

0

0

0

ALD

3

3

35

3.0

2.7

0.3

0.0

11

11

DFH

3

3

27

2.3

1.8

0.3

0.2

14

13

DFS

3

3

47

4.1

3.5

0.6

0.0

16

16

WRC

3

1

2

0.2

0.2

0.0

0.0

3

2

ALD

3

3

37

3.2

2.5

0.7

0.0

9

9

DFH

3

3

8

0.7

0.6

0.1

0.0

5

4

DFS

3

3

29

2.5

1.9

0.5

0.1

11

11

WRC

3

3

11

1.0

1.0

0.0

0.0

4

4

ALD

3

3

68

5.9

4.5

1.4

0.0

14

13

DFH

3

3

22

1.9

1.5

0.4

0.0

12

11

DFS

3

3

42

3.7

3.2

0.4

0.0

14

13

WRC

3

2

8

0.7

0.7

0.0

0.0

5

4

Wood

Isolates
recovered

Ascomycota
isolates (%)

Basidiomycota
isolates (%)

Zygomycota
isolates (%)

Genera
count

Species
Richness

3.8

0.2

0.0

10

10
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Table 4.5. (Continued)
Field
Test

Time
*
point
T6

T7

T8

Test 2

T9

T10

T11

ALD

Total
stakes
installed
3

Stakes
with
fungi
2

45

Isolation
frequency
(%)
3.9

DFH

3

3

31

2.7

2.1

0.6

0.0

14

14

DFS

3

3

53

4.6

4.1

0.5

0.0

14

13

WRC

3

3

28

2.4

1.9

0.5

0.0

10

10

ALD

3

3

17

1.5

1.5

0.0

0.0

4

4

DFH

3

1

6

0.5

0.5

0.0

0.0

3

3

DFS

3

3

20

1.7

1.7

0.0

0.0

5

4

WRC

3

3

10

0.9

0.9

0.0

0.0

3

2

ALD

3

3

12

1.0

1.0

0.1

0.0

4

4

DFH

3

3

14

1.2

1.2

0.0

0.0

5

5

DFS

3

2

9

0.8

0.7

0.1

0.0

5

4

WRC

3

3

16

1.4

1.2

0.2

0.0

3

3

ALD

6

6

52

4.5

4.4

0.2

0.0

12

11

DFS

6

6

86

7.5

7.0

0.4

0.0

16

16

WRC

6

2

5

0.4

0.4

0.0

0.0

4

3

ALD

6

6

70

6.1

5.1

0.8

0.2

16

16

DFS

6

6

49

4.3

4.0

0.3

0.0

14

14

WRC

6

2

5

0.4

0.4

0.0

0.0

4

3

ALD

6

6

25

2.2

2.2

0.0

0.0

3

3

DFS

6

5

14

1.2

1.2

0.0

0.0

10

9

WRC**

6

0

0

0.0

0.0

0.0

0.0

0

0

Wood

Isolates
recovered

Ascomycota
isolates (%)

Basidiomycota
isolates (%)

Zygomycota
isolates (%)

Genera
count

Species
Richness

2.9

1.0

0.0

15

14
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Table 4.5 (Continued)
Field Test

Time
*
point
T12

Total

Wood

Total
stakes
installed

Stakes
with
fungi

Isolates
recovered

Isolation
frequency
(%)

Ascomycota
isolates (%)

Basidiomycot
a isolates (%)

Zygomycota
isolates (%)

Genera
count

ALD

6

6

21

1.8

1.8

0.0

0.0

3

Speci
es
Richn
ess
3

DFS

6

2

8

0.7

0.7

0.0

0.0

2

1

WRC**

6

0

0

0.0

0.0

0.0

0.0

0

0

168

131

1149

87.0

12.5

0.4

72

82

*Time points in Test 1: T1=3-months, T2=6-months, T3=9-months, T4=12-months, T5=15-months, T6=18-months, T7=21months, T8=24-months of long-term exposure. **Time points in Test 2: T9 to T12 = 6-months of exposure.
*Wood samples without at least one fungal isolate.
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Table 4.6. Summary of alpha diversity indices of wood-inhabiting fungi isolated from red alder, Douglas-fir heartwood,
Douglas-fir sapwood, and western redcedar stakes exposed in ground-contact exposure across eight time points in Test
1 and four time points in Test 2.
Species
Shannon
Simpson’s
Isolates
Time point
richness
Index
Index
Test
Season
(T)*
(count)
(S)
(H’)
(1-D)
Test 1

T1
Spring
88
13
1.81
0.75
T2
Summer
129
24
2.63
0.89
T3
Fall
111
24
2.33
0.81
T4
Winter
85
17
1.96
0.72
T5
Spring
140
21
2.37
0.87
T6
Summer
157
32
2.66
0.87
T7
Fall
53
6
0.99
0.49
T8
Winter
51
7
1.38
0.67
Test 2
T9
Fall
143
19
2.31
0.86
T10
Spring
124
20
2.33
0.85
T11
Fall
39
11
1.61
0.65
T12
Spring
29
3
0.48
0.24
*Time points in Test 1: T1=3-months, T2=6-months, T3=9-months, T4=12-months, T5=15-months, T6=18-months, T7=21months, T8=24-months of long-term exposure. **Time points in Test 2: T9 to T12 = 6-months of exposure.
*Wood samples without at least one fungal isolate.
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Table 4.7. Summary of Multi Response Permutation Procedure (MRPP) analyses
conducted on separated and combined data of ground contact Test 1 and Test 2
Test 1 and Test 2
Test 1
Test 2
Grouping
combined
variable
A
p-value
A
p-value
A
p-value
Ground test
0.009
<0.05
Seasons
0.047
<0.05
0.009
<0.05
0.075
<0.05
Time
0.130
<0.05
0.120
<0.05
0.120
<0.05
Wood type
0.013
<0.05
0.013
<0.05
-0.013
0.65
Ground-Zone
0.082
<0.05
0.047
<0.05
0.097
<0.05
*p= significance level, p<0.05 indicates significant differences among groups; A=within
groups agreement statistic.
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Table 4.8. Pairwise comparisons of fungal communities between time points using
Multiresponse Permutation Procedure (MRPP) analyses on separated data of
ground contact Test 1 and Test 2.
Pairwise comparisons
Test 1
Time points
A
p-value
T1
vs.
T5
0.143 <0.05
T2
vs.
T5
0.119 <0.05
T2
vs.
T7
0.121 <0.05
T3
vs.
T5
0.103 <0.05
T3
vs.
T7
0.103 <0.05
T4
vs.
T5
0.128 <0.05
T5
vs.
T7
0.154 <0.05
T5
vs.
T8
0.131 <0.05
T6
vs.
T7
0.111 <0.05
Pairwise comparisons
Test 2
Time points
A
p-value
T9
vs.
T10
0.090 <0.05
T9
vs.
T11 -0.040
0.89
T9
vs.
T12
0.200 <0.05
T10
vs.
T11
0.020
0.20
T10
vs.
T12
0.130 <0.05
T11
vs.
T12
0.110
0.07
*p= significance level, p<0.05 indicates significant differences among groups; A=within
groups agreement statistic.
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Table 4.9. Pairwise comparisons of fungal communities between grouping variables
using Multiresponse Permutation Procedure (MRPP) analyses on separated data
of ground contact Test 1 and Test 2. (a) Pairwise comparisons for seasons, (b)
Pairwise comparisons for wood types and (c) Pairwise comparisons for stake
zones
(a)
Pairwise comparisons
Seasons
Spring
vs.
Summer
Spring
vs.
Fall
Spring
vs.
Winter
Summer
vs.
Fall
Summer
vs.
Winter
Fall
vs.
Winter

Test 1
A
p-value
0.034
<0.05
0.016
<0.05
0.059
<0.05
0.007
0.16
0.060
<0.05
0.020
0.05

Test 2
A
p-value
0.08
<0.05
-

(b)
Pairwise comparisons
Wood types
ALD
vs.
DFH
ALD
vs.
DFS
ALD
vs.
WRC
DFH
vs.
DFS
DFH
vs.
WRC
DFS
vs.
WRC

Test 1
Test 2
A
*p-value
A
*p-value
0.002
0.33
-0.001
0.47
-0.020
0.87
0.024
<0.05
0.000
0.50
-0.004
0.67
0.031
<0.05
0.025
<0.05
0.010
0.33

(c)
Pairwise comparisons
Test 1
Test 2
Stake zones
A
p-value
A
p-value
Above-ground vs.
Groundline
0.015
<0.05
0.010
0.25
Above-ground vs. Below-ground 0.070
<0.05
0.170
<0.05
Groundline
vs. Below-ground 0.020
<0.05
0.040
0.06
*p-value= significance level, p<0.05 indicates significant differences among groups;
A=within groups agreement statistic.
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Table 4.10. Indicator species analysis (ISA) of time points and seasons using Test 1 data
Observed
Species
Time
Indicator Value
p-value
(IV)
Time points
Ascomycota
Chalara clidemiae
Exophiala sp.
Hypocrea koningii
Dothideomycete sp. 2
Epicoccum nigrum
Gloeosporium sp
Stemphylium sp.
Helotiales sp. 1
Basidiomycota
Postia placenta
Cantarellales sp. 1
Deconica citrispora
Trametes versicolor
Ceriporiopsis rivulosa

T1
T2
T2
T5
T5
T5
T5
T7

40.0
25.6
25.6
30.0
32.6
60.0
60.0
60.0

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05

T2
T2
T3
T5
T8

15.8
32.3
30.0
60.0
33.3

<0.05
<0.05
<0.05
<0.05
<0.05

Seasons
Ascomycota
Helotiales sp. 1
Fall
20.0
Chalara clidemiae
Spring
20.0
Epicoccum nigrum
Spring
16.0
Gloeosporium sp
Spring
30.0
Stemphylium sp.
Spring
30.0
Coniochaeta canina
Summer
20.0
Hormonema dematioides
Summer
28.9
Trichoderma gamsii
Summer
31.5
Basidiomycota
Deconica citrispora
Fall
20.0
Trametes versicolor
Spring
30.0
Ceriporiopsis rivulosa
Winter
16.7
*p-value= significance level, p<0.05 indicates significant indicator species;
IV=maximum indicator value.

<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
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Table 4.11. Indicator species analysis (ISA) of wood types and ground-contact zone
using Test 1 data.
Observed
Species
Time
Indicator Value
p-value
(IV)
Wood type
Ascomycota
Cladosporium cladosporioides
Basidiomycota
Pachnocybe ferruginea

ALD

19.0

<0.05

WRC

20.0

<0.05

Ground-contact zone
Ascomycota
Aspergillus hiratsukae
Below-ground
22.9
Phialophora mustea
Below-ground
58.3
Basidiomycota
Hyphodermella corrugata
Above-ground
15.0
*p-value= significance level, p<0.05 indicates significant indicator species;
IV=maximum indicator value.

<0.05
<0.05
<0.05
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Table 4.12. Indicator species analysis (ISA) of time points, seasons and ground-contact
zone using Test 2 data
Observed
Species
Time
Indicator Value
p-value
(IV)
Time points
Ascomycota
Nigrospora sp.
Epicoccum nigrum
Seasons
Ascomycota
Aspergillus hiratsukae
Epicoccum sp 2.
Nigrospora sp.

T9
T10

52.9
50.0

<0.05
<0.05

Spring
Spring
Spring

36.4
68.9
54.5

<0.05
<0.05
<0.05

Ground-contact zone
Ascomycota
Drechslera erythrospila
Above-ground
64.1
Phialophora mustea
Below-ground
80.0
*p-value= significance level, p<0.05 indicates significant indicator species;
IV=maximum indicator value.

<0.05
<0.05
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4.8.

Figures

Figure 4.1. Diagram showing stake subsample locations for: a) fungal isolation (F) or,
b) assessing wood moisture content (M).
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(a)

(b)

Figure 4.2. Nine most common fungi recovered from red alder, Douglas-fir heartwood,
Douglas-fir sapwood and western redcedar stakes as measured by percentage of
isolates across wood types (a) and time points (b) in Test 1.
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(a)

(b)

Figure 4.3. Ten most common fungi recovered from red alder, Douglas-fir sapwood
and western redcedar stakes as measured by percentage of isolates across wood
types (a) and time points (b) in Test 2.
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(a)

(b)

04 Test 1

0.8

0.6
50
Species
Distance

30

0.4

Average Distance

Average number of species

70

0.2

10

-10

0.0
0

40
Number of stakes

80

(c)

Figure 4.4. Rarefaction curves with 95% confidence for fungal species recovered from
stakes in ground-contact exposure. Rarefaction curves shows the number of
time points sampled and expected species recovered. Rarefaction curve for
fungal species in (a) Test 1 and Test 2, (b) Test 1 and, (c) Test 2.
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(a)

(b)

Figure 4.5 (a) Number of isolates (no. isolates per wood type, mean ±SE) and (b)
Species richness (Total species richness, mean ±SE) of fungal communities in
red alder (ALD), Douglas-fir heartwood (DFH) Douglas-fir sapwood (DFS), and
western redcedar (WRC) stakes in ground-contact exposure.
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(a)

(b)

Figure 4.6 Isolation frequency of Ascomycota and Basidiomycota fungi recovered from red alder (ALD), Douglas-fir
heartwood (DFH), Douglas-fir sapwood (DFS) and western redcedar (WRC) stakes in ground contact across eight time
points in Test 1 (a) and four times in Test 2 (b).
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(a)

(b)
TEST1

TEST2

Axis 1 (25.0%)

Season
Fall
Spring

Axis 2 (32.6%)

Axis 2 (22.9%)

Season
Fall
Spring
Summer
Winter

Axis 1 (43.4%)

Figure 4.7. Three –dimensional (3-D) NMS ordination of sample units on fungal species space recovered from red alder
(ALD), Douglas-fir heartwood (DFH), Douglas-fir sapwood (DFS) and western redcedar (WRC) stakes in ground
contact. NMS plots conducted using Test 1 (a) and Test 2 (b) data by overlay of seasons.
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(a)

(b)
TEST1

TEST2

Axis 1 (25.0%)

Wood Species
ALD
DFS
WRC

Axis 2 (32.6%)

Axis 2 (22.9%)

Wood Species
ALD
DFH
DFS
WRC

Axis 1 (43.4%)

Figure 4.8. Three –dimensional (3-D) NMS ordination of sample units on fungal species space recovered from red alder
(ALD), Douglas-fir heartwood (DFH), Douglas-fir sapwood (DFS) and western redcedar (WRC) stakes in ground
contact. NMS plots conducted using Test 1 (a) and Test 2 (b) data by overlay of wood types.
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(a)

(b)
TEST1

TEST2
Ground zone
Above
Groundline
Below

Axis 2 (32.6%)

Axis 3 (23.3%)

Stake Ground
Above-ground
Groundline
Below-ground

Axis 1 (25.0%)

Axis 1 (43.4%)

Figure 4.9. Three –dimensional (3-D) NMS ordination of sample units on fungal species space recovered from red alder
(ALD), Douglas-fir heartwood (DFH), Douglas-fir sapwood (DFS) and western redcedar (WRC) stakes in ground
contact. NMS plots conducted using Test 1 (a) and Test 2 (b) data by overlay of ground contact zones.
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TEST1 & TEST 2
T6

Axis 2 (31.5%)

Season
Fall
Spring
Summer
Winter

T2
T3

T4
Temperature

T1

T9

T11

T10

Av Precipita

T5

T12
Av MC

T7

T8

Axis 1 (53.6%)
Figure 4.10. Three-dimensional (3-D) NMS ordination of time points on species space
conducted using combine Test 1 and Test 2 data by overlay of season.
Environmental gradients were: average monthly precipitation (mm), average
monthly temperature (°C) and average moisture content (%) at sampling date.
Vectors represent the direction and strength of correlation with environmental
variables and time points.
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CHAPTER 5.
DIVERSITY OF WOOD-INHABITING FUNGI IN
GROUND CONTACT EXPOSURE DETERMINED BY ILLUMINA
SEQUENCING
Abstract
High throughput Illumina sequencing was used to characterize naturally
occurring fungi present in wood in ground contact at the Starker Post Farm (Corvallis,
Oregon, USA). Field stakes of red alder (Alnus rubra), Douglas-fir (Pseudotsuga
menziesii) heartwood/sapwood, and western red cedar (Thuja plicata) were installed at
the site and subsamples were collected at various time points over a two-year period.
The results showed that fungal communities were dominated by a stable community of
basidiomycetes. The high diversity of fungal operational taxonomic units (OTUs)
recovered across stakes confirmed a great potential for decay of wood materials
exposed in ground contact at the site. White rot fungi tended to dominate over brown rot
fungi, and only a few soft-rot fungi were found. Spring season showed significant
effects on the fungal communities of wood in ground contact, with higher diversity,
abundance, and number of significant indicator OTUs in all stake zones. The results
showed the benefit of combining field-testing methodologies to evaluate wood
performance with high-throughput Illumina sequencing to understand the structure and
composition of fungal communities colonizing wood ground contact.

5.1.

Introduction
Wood in ground contact is exposed to a number of organisms including bacteria,

insects, and fungi. Fungal presence on wood may result in softening, discoloration, and
eventual disintegration or decay (Graham and Helsing 1979; Rayner and Boddy 1988).
Available moisture, temperature, nutrient availability, wood species, distance from the
ground, type of soil, and exposure conditions significantly affect the growth and
establishment of fungi on wood in ground contact (Zabel and Morrell 1992). Gound
contact exposes wood to a wide range of natural fungal organisms (Levy 1975;
Bergman et al. 2010). This is particularly important for applications such as fence posts
or utility poles (Graham and Helsing 1979). These applications keep wood wet for
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extended periods of time, although the moisture level can vary depending on climatic
conditions. The ability to understand the effect of the factors involved in fungal
colonization of wood used in these applications is difficult. Several fungal species can
occur simultaneously on the substrate, and many of them cannot be isolated by
traditional culturing methods (Rayner and Boddy 1988; Watkinson 2016). Thus, there is
the need to incorporate new methods for detecting decay fungi in exposure conditions
that simulate real life scenarios.
The Starker Post Farm of Oregon State University, established in 1928, is one of
the oldest research continuously operated sites in the United Sates dedicated to
identifying wood-decay related issues and developing information on protective
treatments for wood poles (Morrell et al. 1996). One method used to study wood
performance in ground contact is the standardized field stake test as described in the
American Wood Protection Association Standard E7-09 (AWPA 2012b). These tests
consist of placing wood stakes in direct contact with the soil to create accelerated decay
hazard conditions. Stakes are assessed for signs of decay and sometimes fungal
isolations are conducted. The test provides practical information on the expected service
life of the material under the conditions tested. Fungi occurring at this site cause
approximately 75% of the wood failures; however, they remain poorly studied (Miller
1986). The overall community structure of the wood-inhabiting fungi in the Starker Post
farm is also poorly understood.
Ecological data have become increasingly incorporated into standardized wood
performance tests (Kirker et al. 2010, 2012; Pilgård et al. 2011; Mathieu et al. 2013;
Kirker 2014). One of the first detailed studies on fungal colonization of untreated stakes
found that the occurrence of wood-inhabiting fungi varied with distance from the
ground and these differences were mainly due to changes in wood moisture content and
inoculum source (Butcher 1968). Fungal succession at the groundline started with
molds and soft rot fungi, shifting to secondary molds and white rot fungi. This, and
many other studies of fungal colonization using field stakes or wood in ground-contact
have been primarily based on culturing techniques. These techniques are limited by the
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ability to culture fungi on artificial media, and the taxonomical skills required to quickly
identify them. They are often unsuitable for large-scale studies to understand fungal
colonization patterns of wood in simulated service conditions because of the large
numbers of isolates obtained. They are also problematic because the isolation patterns
are highly dependent on the procedures employed, especially the isolation media. Nextgeneration DNA sequencing (NGS) techniques have been developed and may be
especially useful for these efforts.
NGS techniques detect fungal species from environmental samples to generate
profiles of microbial community composition and structure (Tedersoo et al. 2010). The
use of NGS techniques allows sequencing millions of DNA strands in parallel, which
produces more throughput and reduces the need of fragment-cloning methods used in
the previous sequencing techniques such as Sanger. NGS technologies are also known
as high-throughput sequencing, and include a number of sequencing platforms such as
Illumina (Solexa) sequencing, Roche 454 sequencing, Ion torrent: Proton / PGM
sequencing, and SOLiD sequencing (Shendure and Ji 2008). The ability to sequence
DNA or RNA with relatively rapid turnaround and low cost as compared with previous
sequencing methods has greatly increased the number of fungal community studies
(Amend et al. 2010). Illumina sequencing is currently the most widely used NGS
platform in microbial ecology research. The technique relies on the detection of
fluorescently labeled nucleotides. DNA templates are immobilized to an acrylamide
coating on the surface of a glass flowcell, followed by surface PCR amplification,
which results in clusters of identical DNA fragments (Quail et al. 2012; Torsten et al.
2012). The increased read lengths of Illumina sequencing (~300 base pairs) (Li et al.
2015) has allowed detection of polymorphisms in the Internal transcribed spacer (ITS)
region of the rDNA. This region is widely accepted as the universal genetic barcode for
fungi (Schoch et al. 2012). Longer sequence reads allow a more reliable delimitation of
species or operational taxonomic units (OTUs) using sequencing methods. The use of
these techniques in standardized wood performance tests may help reveal many
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previously undetected wood-inhabiting fungi, and expand our understanding of the
wood decay process.
The main objectives of this study were to characterize the diversity and
distribution patterns of naturally occurring fungi colonizing wood in ground contact at
the Starker Post Farm (Corvallis, Oregon, USA) using high-throughput Illumina
sequencing, and to gain a better understanding of how high-throughput sequencing can
be used to study fungal communities in standardized wood performance tests.

5.2.

Materials and Methods

5.2.1. Study site
The study was performed at the Starker Post Farm, located on a south-facing
slope of the McDonald-Dunn Research Forest, about 12 km north of Corvallis, Oregon,
USA. The site has been used for long-term research on the durability of fence posts and
utility poles since 1925. The site has a Scheffer climate index of 45 for above-ground
decay (Scheffer 1971). The climate is Mediterranean, with warm dry summers and wet,
cool winters. The site has a mean annual precipitation of 1050 mm and an average daily
temperature is between 4°C and 12 °C. There is a pronounced rainy season from
October to March and the driest months are July and August. The dominant tree species
at the site are Douglas-fir (Pseudotsuga menziesii), grand fir (Abies grandis), and
bigleaf maple (Acer macrophyllum).

5.2.2. Sampling design
Red alder (Alnus rubra Bong.), Douglas-fir (Pseudotsuga menziesii) (Mirb.)
Franco) heartwood/sapwood, and western red cedar (Thuja plicata Donn ex D. Don.
were used to prepare field stakes (19 x 19 x 450 mm long) in accordance with American
Wood Protection Association Standard E7-09 (AWPA, 2012). Stakes create a severe
exposure situation because the soil environment has abundant moisture, available
nutrients, and active microflora. Two field stake trials were used to assess differences in
fungi colonizing the stakes over-time.
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In the first exposure test (hereafter, Test 1), four wood types were selected to
assess long-term differences in fungi invading wood at various levels of natural decay
resistance between species and within the same species. The wood types used in this
field test were: red alder (ALD), Douglas-fir heartwood (DFH), Douglas-fir sapwood
(DFS), and western redcedar (WRC). A total of ninety-six stakes were installed in the
ground to half their length in February 2014. Matched sets of 3 stakes per wood species
were randomly removed from the ground after 3, 6, 9, 12, 15, 18, 21, and 24 months of
exposure (Table 1).
In the second exposure test (hereafter, Test 2), three wood types were selected to
assess semi-annual differences in fungi invading fresh wood at various levels of natural
decay resistance between species. Wood types used in this field test were: red alder,
Douglas-fir sapwood, and western redcedar. A total of seventy-two stakes were
installed and removed randomly from the ground. Six stakes per wood type were
installed in May 2014, removed after 6 months of exposure and then replaced with a
new set of 6 stakes. This process was repeated 4 times per wood species (Table 5.1).

5.2.3. Processing of samples
Stakes removed after a given exposure time were placed in individual sealed
bags and returned to Oregon State University (Corvallis, OR) for immediate processing.
Specimens were kept at 4°C to limit changes in moisture content between processing
steps. Stake processing consisted of culturing two wood sections from predetermined
zones of each stake. The predetermined zones were: above-ground, groundline and
below-ground. The sub-samples were used for moisture content determination and
direct fungal DNA extraction. Three positions at the above-ground, two at groundline,
and three below-ground zones were sampled to obtain 19 x 19 x 0.5 mm long wood
sections for fungal isolation. Two positions at each zone were subsampled to obtain 19
x 19 x 0.5 mm long wood sections for moisture content determination (Figure 5.1). One
position at each zone was subsampled to obtain 19 x 19 x 0.5 mm long wood sections
for direct fungal DNA extraction. The purpose of sampling predetermined positions was
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to obtain a repeated sampling of the same spatial unit to compare attributes at similar
positions across specimens. The final experimental design for Test 1 was as follows: 4
wood types x 8 time points x 3 ground contact zones. The final experimental design for
Test 2 was the following: 3 wood types x 4 time points x 3 stake zones (Table 5.2).
Samples for direct fungal DNA extraction consisted of sawdust collected at
predetermined position on each stake. Sawdust was removed by drilling through the
wood surface. Organic residues were removed from the sample surface prior drilling, by
scraping the surface with a spatula. Precautions were taken to minimize the risk of
cross-contamination between sample-positions: a) Gloves were worn for all processing
and, b) drill bits were washed with detergent, soaked in 95% ethanol, flamed sterilized
and changed between sampling positions. The resulting sawdust was transferred to a
sterile microcentrifuge tube, and stored at -20°C before DNA extraction.

5.2.4. Environmental variables
Daily precipitation and temperature data were obtained for each month from
February 2014 to February 2016. Average monthly precipitation and monthly
temperature were used to examine the relationships between fungal colonization and
climatic conditions. Weather data were obtained from the National Climatic Data
Center (NCDC) for Oregon State University Hyslop Farm, about 8.3 km southeast of
the Starker Post Farm.

5.2.5. Wood moisture content
Moisture content was determined immediately after processing the stakes. Each
wood section obtained for moisture content was labeled with a marker and immediately
weighed. These samples were oven-dried at 103°C for 24-hours, then weighed.
Moisture content (MC) was calculated using the following equation:
!" % =
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5.2.6. Molecular methods
5.2.6.1.

DNA extraction

Wood sawdust collected from predetermined stake positions was used for direct
fungal DNA isolation from wood. The extraction was performed using the Cetyl
Trimethylammonium Bromide (CTAB) extraction protocol (Jasalavich et al. 2000). The
drilled wood material (100 to 200µL) was placed in 300 mL of 1× CTAB consisting of
1% [wt/vol] CTAB; 100 mM Tris HCl, pH 8.0; 1.4 M NaCl; and 20 mM EDTA; and
0.2% [vol/vol] β-mercaptoethanol. Briefly, the wood sawdust suspended in CTAB
buffer was freeze-thawed (twice) to disrupt the wood cell walls, allowing the release of
fungal tissue. Sterile plastic micro pestles were then used to grind the tissue further. The
resulting solution was incubated at 65°C for 2 hours. Chloroform:isoamyl alcohol (24:1)
was then added to the solution to remove any remaining proteins and lipids. The
solution was centrifuged at 10,000 rpm for 10 minutes, and the upper aqueous phase
was transferred to a new microcentrifuge tube while avoiding the interphase. This
process was repeated for a total of three times. The aqueous solution was transferred to
a new microcentrifuge tube and CTAB+NaCl at 1/10th volume was added and
incubated at 65°C for 1 hour. Phenol:chloroform:isoamyl alcohol (25:24:1) was then
added to the solution to remove any remaining proteins and lipids. The microcentrifuge
tubes containing the solution were vortexed and centrifuged at 10,000 rpm for 10
minutes. The upper aqueous phase was pipetted off and transferred to a new
microcentrifuge tube. Isopropanol at -20°C was added to precipitate the nucleic acids
and then centrifuged at 12,000 rpm for 15 minutes to obtain the DNA pellet. Remnant
salts were removed by washing the pellets with ice-cold 70% ethanol. The residual
alcohol was allowed to dry for 1 hour in the laminar hood. The nucleic acid pellet was
dissolved in 50uL of TE (10 mM Tris: 1mM EDTA) buffer and stored at -20°C.

5.2.6.2.

PCR amplification and ITS sequencing

The Internal Transcribed Spacer (ITS) region of the fungal rDNA was amplified
using the polymerase chain reaction (PCR). Amplification of the ITS2 targeting sites in
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the 5.8S encoding gene was conducted in a two-step PCR protocol to generate amplicon
libraries for Illumina sequencing. The first PCR reaction (PCR1) was conducted to
amplify the ITS2 region of the fungal rDNA with specific primers flanked by a tail
sequence (Seitz et al. 2015). Products of these reactions were further amplified in the
second PCR reaction (PCR2) which introduced adaptor sequences required for Illumina
sequencing with primers complementary to the tail sequence of the amplification
primers introduced in PCR1 (Seitz et al. 2015). Unique sequences (indexes) were added
to each DNA fragment during library preparation using a dual-indexing approach
(Fadrosh et al. 2014).
PCR1 was carried out in 15 µL PCR reactions containing 4.9 µL of ultrapure
water, 7.8 µL of 5x Go Taq colorless Master mix (Promega, USA), 0.6 µL of bovine
serum albumin (BSA, 2mg/mL), 0.3 µL of each primer (10 µM), and 1.1 µL of DNA
template. The primers used in this study were the forward fITS7 primer (5'-ACT CGC
CGT TAC TGA GGC AAT-3') (Ihrmark et al. 2012), and the reverse ITS4 primer (5’TCC TCC GCT TAT TGA TAT GC-3’) (White et al. 1990). Combinations of these two
primers produce short amplicons that span exclusively the ITS2 region, which preserves
the quantitative relations between template genotypes in the amplicon community and
reduces the number of amplification cycles needed to achieve the desired product
concentration (Ihrmark et al. 2012). Each primer was marked with the 22-base pair long
CS1 or CS2 universal tags (Fluidigm Inc. San Francisco, CA, USA) which allow
binding of barcodes in PCR2. Samples were amplified in a BIORAD® Thermocycler
Model PTC-100. PCR1 conditions were as follows: 94°C for 2 minutes, 35 cycles at
94°C for 30 sec, 57°C for 30 sec, 72°C for 30 sec; and a final extension at 72°C for 5
min. All amplified DNA was checked for successful amplification with 1% agarose gel
electrophoresis with the Nucleic Acid Staining Solution RedSafe™.
PCR2 was performed to flank amplicons generated from PCR1 with barcodes
and Illumina flow cell adapters. PCR1 products were 15-fold diluted (2 µL of PCR1
product with 28 µL ultrapure water) to be used as templates for PCR2 reactions. PCR2
was conducted in 25.0 µL PCR reactions containing 9.0 µL of ultrapure water, 12.5 µL
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of 5x Go Taq colorless Master mix (Promega, USA), 0.5 µL of bovine serum albumin
(BSA, 2mg/mL), 0.5 µL of each P5-1 or P7-1 primer (10 µM), and 2 µL of PCR1
template. PCR2 conditions were as follows: 95°C for 1 min, 10 cycles at 95°C for 30
sec, 60°C for 30 sec, 68°C for 1.0 min and a final extension at 68°C for 5.0 min. PCR2
products were checked against PCR1 products for successful addition of illumina
adapters with 2% agarose gel electrophoresis. DNA present in PCR2 products were
quantified using a QuBit ® 3.0 Fluorimeter (Invitrogen, Carlsbad, CA, USA) at the
Forest Science Laboratory (FSL), Corvallis, Oregon. Purification and normalization of
PCR2 products was performed using the just-a-plateTM PCR-purification kit (Charm
Biotech, San Diego, CA, USA). The purification step allowed removal of primers, and
nucleotides while concentrating the DNA for further high-throughput sequencing.
Purified and normalized products were quantified using the QuBit ® 3.0 Fluorimeter
and pooled into equimolar volumes. Amplicon libraries were submitted to the Center
for Genome Research and Biocomputing (CGRB) at Oregon State University
(Corvallis, Oregon, USA) for MiSeq high-throughput DNA sequencing. The amplicon
libraries were sequenced using an Illumina MiSeq platform using 2 x 300bp paired-end
reads.

5.2.6.3.

Sequencing data analysis

Processing of the resulting Illumina sequencing data were performed using the
software QIIME (Quantitative Insights Into Microbial Ecology) version 1.9.0 (Caporaso
et al. 2010). The FASTQ-join tool was used to merge the forward and reverse reads
using the multiple_join_paired_ends.py command. Initial quality filtering was
conducted using the multiple_split_libraries_fastq.py command. Chimeric sequences
that could have been generated during PCR amplification were identified using
usearch61 (version v10.0.240) as a reference (Edgar 2010) via the
identify_chimeric_seqs.py command. Sequences identified as chimeric were removed
using the filter_fasta.py command. Similar sequences were clustered into operational
taxonomic units (OTUs) via pick_open_reference_otus.py using the usearch61
algorithm set to 97% similarity, and UNITE as the reference database. The latter
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command included: a) a taxonomy assignment approach to match representative
sequences for each OTU to the reference database using the Blast algorithm (Altschul et
al. 1990) and b) generation of a final OTU table annotated with read abundances and the
associated taxonomy. The OTU table was filtered to remove OTUs that occurred only
once (singletons) in the dataset and may have been produced from sequencing errors
using the filter_otus_from_otu_table.py command. The generated OTU table in biom
format was converted to a tab-separated file to enable further use in other programs.
The OTU filtration process consisted of a number of steps. OTUs that did not
match the fungal kingdom were removed. Samples that contained less than 100
sequences were removed. To avoid ecologically spurious results, a mock community
(known set of fungal species at known quantities) was used during the OTU filtration
threshold to determine whether different data adjustments caused significant differences
in the overall OTU abundance. The use of a mock community from quantified amounts
of DNA has been proven to be informative with respect to identifying and solving
biases during bioinformatics analyses (Caporaso et al. 2011; Taylor et al. 2016). The
final OTU table was parsed against the FUNGuild database (Nguyen et al. 2016) to
annotate the ecological information associated with each OTU.

5.2.7. Data analysis
Analyses of the fungal community were performed with the OTU data using a
distance matrix of read counts transformed to presence-absence (0 = absence, 1 =
presence), using PC-ORD 7.29 (MjM Software Design, Gleneden Beach, OR). OTUs
and environmental matrices were generated to study diversity patterns at different levels
for NMS ordinations. The primary matrix consisted of a species matrix of 504 sample
units (stake zones pooled by wood type at each time point) by presence/absence or
sequence count of 913 fungal OTUs. The second matrix including grouping and
environmental variables was generated using: (a) four categorical variables: collection
season, time point, and wood type (b) three quantitative variables including average
wood moisture content (%), average monthly precipitation (mm), and average monthly
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high temperature (ºC). Monthly variables were calculated as the average of the one
month period immediately preceding stake harvest. Separate Test 1 and Test 2 matrices
were generated from the two main OTU tables and environmental matrices to study
fungal community patterns for each test. Fungal community patterns among and
between time points, wood types, and zones were studied using a series of multivariate
ecological approaches in PC-ORD 7.29 (MjM Software Design, Gleneden Beach, OR)
(McCune and Mefford 2016). Species occurring in less than five percent of the sample
units were removed from the data set to reduce the effect of rare species on the analyses
(McCune and Grace 2002). An outlier analysis was conducted on each dataset to detect
sample units with extreme values that could affect the analyses. An outlier was
considered significant when the mean Euclidean distance to other sample units was
three standard deviations above the mean of inter-sample units for Euclidean distance
(McCune and Grace 2002).

5.2.8. Multivariate analyses
5.2.8.1.

Permutational Multivariate Analysis of Variance

Permutational Multivariate Analysis of Variance (PerMANOVA) (Anderson
2001) was used to determine the effect of time points, wood types, and their interactions
on fungal community composition at the above, groundline, and below-ground zones.
PerMANOVA is a non-parametric analysis of variance that uses permutations to test the
response of variables to one or more factors based on any distance measure (McCune
and Mefford 2016). Non-parametric analyses ranks data from low to high, and analyzes
them based on these ranks. PerMANOVA avoids distributional assumptions such as
normality and homogeneity of variances that are seldom met with ecological data
(Anderson 2001; McCune and Grace 2002). PerMANOVA provides a statistic F-ratio
as well as a p-value calculated using permutations. The F-statistic provided by
PerMANOVA is defined as the ratio of variation between sample means by variation
within the samples. The F-statistic was used to determine changes in fungal
communities by stake location across time points and wood samples. A Type I error rate
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of α<0.05 was used to determine significant differences between groups. A total of 4999
permutations were used in PerMANOVA analyses.
Two-way PerMANOVA analyses were conducted on separate matrices
generated from Test 1 and Test 2. Time point was used as the blocking variable and
wood type as treatment. All analyses included the interactions between both factors.
Pairwise comparisons were generated to determine differences between levels of each
factor. The matrices consisted of test dataset divided by zone as follows: a) aboveground, b) groundline, and c) below-ground. A total of six matrices were used for
PerMANOVA analyses. Empty sample units (samples with zero OTUs) were included
in the PerMANOVA analyses because a) empty samples were considered important
elements of the data representing effects of the natural decay resistance of wood, and b)
they balanced the design. Euclidean distance was used to conduct PerMANOVA due to
the presence of empty sample units in the main matrix.

5.2.8.2.

Indicator Species Analyses

Indicator Species Analyses (ISA) (Dufrêne and Legendre 1997) were conducted
to contrast fungal species relationships across seasons, time points, wood types, and
ground–contact grouping variables. ISA calculates the percentage of group indication
for each species using abundance and similarity concepts (McCune and Grace 2002).
Species occurring in all sample units of a group and never occurring in other groups
receive a maximum indicator value (IV) of 100% (perfect indication). ISA in PC-ORD
includes a Monte Carlo test to determine the statistical significance of the observed
maximum indicator value. A Type I error rate of α<0.05 (p-value<0.05) was used to
determine significant indicator species between groups. ISA was performed on the
presence-absence matrices used for conducting PerMANOVA analyses. Indicator
analyses using presence-absence data equalize the relative importance of rare and
dominant species, and consider the absolute frequency of the fungal species within the
grouping variable divided by the sum of absolute frequencies to determine significant
indicator values (De Cáceres and Legendre 2009).
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5.2.8.3.

Non-metric Multidimensional Scaling

Non-metric Multidimensional Scaling (NMS) (Kruskal 1964; Mather 1976) was
used to visualize fungal community structure and determine prominent gradients in
fungal species composition among grouping variables. The NMS method creates
ordination plots of sample units in species space where distances between sample units
in the graph reflect ecological differences between them (McCune and Grace 2002).
Therefore, similar sample units should be closer in the ordination space. NMS is widely
used in community ecology for graphical representation because it preserves the
distance properties among sample units, is based on ranked distances, avoids
assumptions of linear relationships among the variables, and is suitable for non-normal
data (Clarke 1993; McCune and Grace 2002). A total of six ordinations for each stake
zone in Test 1, and Test 2 were conducted using presence-absence data. Empty sample
units were removed from the matrices to improve the graphical representation in NMS
plots. Euclidean distance was used for consistency with indicator species analyses.
NMS ordinations were conducted using Euclidean distances in slow and through
autopilot mode using random starting configurations and Kruskal’s primary approach in
PC-ORD 7.29 (McCune and Mefford 2016). The solution with the best dimensionality
was chosen based on: a) reduction in stress as dimensions were added and, b)
proportion of variance represented. NMS in PC-ORD includes a Monte Carlo test that
compares real and randomized data to evaluate whether extracted axes were greater than
expected by chance (p-value<0.05). NMS ordinations were performed for all grouping
variables using combined and separate Test 1 and Test 2 data to visualize fungal
community patterns. Species occurring in less than five percent of the sample units were
removed from the data set prior to NMS ordinations to reduce noise from rare species
and improved representation of gradients in ordination space (McCune and Grace
2002).
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5.2.9. Diversity Analyses
Diversity patterns among and between time points, wood types or stake zones
were studied using a series of multivariate ecological approaches in PC-ORD 7.29
(MjM Software Design, Gleneden Beach, OR) (McCune and Mefford 2016) and PAST
3.16 (Hammer et al. 2001). Species richness, calculated as the count of species present,
Shannon-Wiener diversity index, and Simpson’s Index 1-D of diversity were used to
calculate alpha diversity. The Whittaker beta diversity and beta diversity half-changes
were used to calculate the change in species diversity between time points.

5.3.

Results

5.3.1. Sequence data
A total of 4,044,627 raw fungal ITS sequences passed the quality control filters
and clustered into 3,487 Operational Taxonomic Units (OTUs). After removal of
singletons, sequences without BLAST matches, mock community, and nonfungal
related OTUs, a total of 4,014,487 sequences clustered into 913 OTUs were retained
(Table 5.3). Of these, a total of 2,534,951 sequences belonged to Test 1, and 1,479,536
to Test 2. The total number of OTUs present in Test 1 was 854, and 818 OTUs were
present in Test 2. The total number of OTUs shared between Test 1 and Test 2 stakes
were 759, while 95 OTUs were unique to Test 1, and 59 OTUs were unique to Test 2.
The average number of reads per stake was 24,038 (range: 116-115,915), and the
average number of OTUs per stake was 113 (range: 10 -215). A total of 168 stakes
were assessed for fungal DNA isolation, and fungal OTUs were recovered from 167
stakes. Each OTU occurred in an average of 20 stakes (range between 1-153).

5.3.2. Taxonomic distribution
Ascomycota and Basidiomycota represented 87.84% of all OTUs, while 1.75%
OTUs remained unclassified at the phylum level (Table 5.3). The remaining OTUs
(10.41%) were assigned to the Chytridiomycota, Glomeromycotina or,
Mortierellomycotina.
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OTUs represented 34 classes, 166 fungal families, 247 genera, and 369 species.
A total of 99 species were duplicate among 277 OTUs, and the most duplicated species
was Mortierella horticola (18 OTUs). The other duplicated species were represented by
a range of 2 to 6 OTUs per species. Basidiomycota sequences were more abundant
groundline zone in both tests, and were the most abundant phyla across all stake zones
(Figure 5.2-5.3). Fungal OTUs representative of the class Agaricomycetes,
Sordariomycetes, Microbotryomycetes, Eurotiomycetes, and Tremellomycetes were
abundant across the stakes. Among the Basidiomycota, Agaricomycetes had the highest
OTU richness (293 OTUs, 32.1%), whereas, Sordariomycetes showed the highest
richness of OTUs (105 OTUs, 11.5%) among Ascomycota. The genera most frequently
recovered were Mortierella (35 OTUs), Trichoderma (28 OTUs), Rhodotorula (20
OTUs), Exophiala (19 OTUs), Peniophora (12 OTUs), Talaromyces (11 OTUs), and
Sistotrema (10 OTUs). The species representative of OTUs Scytinostroma galactinum,
Sistotrema brinkmannii, Trichoderma koningiopsis, Peniophora piceae, Agrocybe
praecox, Curvibasidium cygneicollum, and Hypholoma fasciculare were abundant
across all tests based on the overall number of sequences (Figures 5.4-5.6). A total of
520 OTUs were assigned to functional guilds, including saprotrophs (343), wood
saprotrophs (34), ectomycorrhizal (27), plant pathogens (26), arbuscular mycorrhizae
(20), or fungal parasites (12) (Table 5.4). The remaining functional guilds contained
less than 11 OTUs.
Among all taxa, 102 (29%) OTUs were classified as brown rot, soft rot, or white
rot fungi using the FUNGuild database (Figure 5.7). Of these, a total of 100 OTUs
(852,758 sequences) were present in Test 1 stakes, and 90 OTUs (323,347 sequences)
were present in Test 2. Most OTUs (77 OTUs) were classified as white rot fungi,
followed by brown rot (19 OTUs), and soft rot (6 OTUs) (Figure 5.8). The most
common white rot fungal genera were Sistotrema, Scytinostroma, Peniophora,
Hypholoma, Sphaerobolus, Stereum, Confertobasidium, and Fomitopsis. Eight genera
were classified as brown rot fungi: Fomitopsis, Rhodonia, Hydnomerulius,
Crustoderma, Leucogyrophana, Gloeophyllum, Neolentinus, Antrodia, and Postia
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(Figure 5.8). Three fungal genera were classified in the soft rot group including
Scytalidium, Acremonium, and Fusarium (Figure 4). Decay fungi showed different
distribution patterns between exposure tests and stake zones. Most white rots were
found at the groundline, followed by the below-ground zone. The lowest white rot
frequencies were found at the above-ground zone of stakes in Test 1. In contrast,
frequency of white rot fungi was similar at groundline and below-ground zones in Test
2, but also lower at the above-ground zone. Brown rot fungi were more frequent at the
groundline of samples in Test 1; however, they were more common in the above-ground
zone of stakes in Test 2. Soft rot fungi were more frequent in the below-ground zone of
stakes in Test 1, but were more common in the groundline zone in Test 2.

5.3.3. Spatio-temporal variation of fungal communities
The following sections include a description of wood decay types and fungal
community analyses at different time points sampled in Test 1 and Test 2. To facilitate
the description of the results across time points, abbreviations for each time point were
used as in Table 5.1. In brief, Test 1 included eight time points (T) numbered from T1
to T8 (i.e. T1, T2, T3, T4, T5, T6, T7, or T8) that correspond to the order of collection
date, whereas Test 2 included four time points numbered from T9 to T12 (i.e. T9, T10,
T11, or T12) from the first harvesting date to the last.
The diversity patterns of the overall fungal community differed among time
points (Table 5.5). The OTU richness varied from 40 to 60 species per time point. Time
points (T1, T5, and T10) corresponding to the Spring season in Test 1 and Test 2
showed higher average OTU richness (>50.0). Time points in both tests had similar
alpha diversities with Shannon diversity indices between 2.83 and 3.77. The highest
complete replacement of fungal species by others (beta diversity half-changes) was
observed among time points in Test 1 with a range between 3.8 and 5.1, whereas it
ranged between 3.7 and 4.3 in Test 2. At the beginning (T1) of the exposure period in
Test 1, the species turnover was 3.8 and had a peak (5.1) at T2.
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PerMANOVA analyses showed that time point, wood type, and their
interactions at various stake zones significantly affected (p<0.05) the fungal community
composition in both tests (Table 5.6). The exception was a non-significant effect
(p=0.17) of interactions between time points and wood types at the groundline zone in
Test 1. The pairwise test, based on the PerMANOVA showed different patterns between
tests. Community compositions differed significantly between time points in Test 2. In
contrast, some similarities between time points were observed across stake zones in
Test 1. For instance, pairwise comparisons between T3 versus T5, and T7 versus T8
were consistently similar at above, groundline, and below-ground zones in Test 1.
Pairwise comparisons between wood types showed similarities between western
redcedar and Douglas-fir sapwood among all stakes zones assessed in both tests. The
exception was at the groundline in Test 2 were this pattern was not observed. Pairwise
comparisons of these analyses are presented in Tables 7.

5.3.4. Indicator species of time points and wood types
The indicator species analyses showed a great number of significant (p<0.05)
OTU indicators of time points and wood types in various stake zones (Appendix 1-6).
Indicator species in this study represent those OTUs best predicting time points or wood
types, with no indication at IV=0 and perfect indication at IV=100. Time points yielded
a greater number of indicator species in both tests, as compared to the number of
indicators of wood types. A total of three-hundred significant indicator OTUs were
associated with time points at three stake locations in both tests. A total of sixty-six
significant indicator OTUs were associated with wood types at three stake locations in
both tests. The number of OTUs that were significant indicators for wood types also
varied between tests. For instance, the number of groundline indicators was greater
(17) for woods in Test 2 as compared to those in Test 1 (10).

5.3.4.1.

Indicator species of time point

Indicator OTUs for time points represent those fungi whose ecological
characteristics may provide information about the dominant environmental conditions at
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each stake zone. Overall time points associated with Spring and Summer season had the
highest frequency of OTU indicators with 51% and 23%, respectively. Winter timepoints had the lowest frequency (7%) (Figure 5.9). The strongest (p<0.05) OTU
indicators for time points and their respective indicator value in Test 1 and Test 2 are
shown in Table 5.7.
The strongest indicator for time points at the above-ground zone were found
among time points in the Spring season. These indicators include OTU0409 (Itersonilia
perplexans) in Test 1 and OTU0446 (Rhodotorula babjevae) in Test 2. At the
groundline zone most significant indicators OTUs were associated with Summer points
in Test 1, and Fall points in Test 2. The strongest indicators that represented Test 1 were
OTU0288 and OTU0309 representing the same species (Leucoagaricus leucothites),
and OTU0339 (Penicillium nodositatum); whereas in Test 2 two OTUs of the same
species (Trichoderma koningiopsis) were the strongest. The below-ground zone of
stakes in Test 1 had the strongest indicators associated with Fall and Spring time points,
while the strongest indicators in Test 2 were found in Fall time points. OTU0385
(Fellozyma inositophila) was associated with Test 1 and OTU0376 (Talaromyces
wortmannii) represented time points in Test 2.

5.3.4.2.

Indicator species of wood type

Indicator OTUs for wood types represent those fungi that, due to their ecological
characteristics, may provide information about dominant substrate conditions at each
zone. The highest frequency (59%) of significant indicators per wood type in Test 1 was
found at the groundline zone of all wood types. However, no significant indicator OTU
was found for Douglas-fir heartwood. The highest frequency (59%) of significant
indicators per wood type in Test 1 was found at the groundline zone of all wood types.
The overall frequency of wood type indicators was also similar for above (32%),
groundline (30%) and below-ground (38%) zones in Test 2.
The strongest OTU indicators (p<0.05) for wood types and their respective
indicator value in Test 1 and Test 2 are shown in Table 5.8. The strongest indicator
OTUs for red alder were likely to be located at the above and below-ground zones,
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while western redcedar indicators were more frequent at the groundline and belowground zones.
ISA showed that distribution patterns of the strongest indicator OTUs associated
with wood types differed among stake zones. Red alder and Douglas fir-sapwood
showed the strongest indicator OTUs for wood types at the above-ground zone. These
indicators included OTU0147 (unidentified Ascomycota) associated with red alder in
Test 1 and OTU0229 (Sistotrema brinkmannii) associated with Douglas-fir sapwood in
Test 2. Red alder and western redcedar contained the strongest indicator OTUs at
groundline zone. For instance, OTU0160 (Trichoderma koningiopsis) which was
associated with red alder was the strongest indicator OTU in Test 1, whereas OTU0085
(Exophiala xenobiotica) which was associated with western redcedar was the strongest
indicator in Test 2. The strongest indicator OTUs were at the below-ground zone red
alder, Douglas-fir sapwood and western redcedar. These included OTU0663
(unidentified Basidiomycota) associated with western redcedar in Test 1, whereas
OTU0229 (Sistotrema brinkmannii) and OTU0405 (Peniophora piceae) associated with
red alder had similar indications for wood types in Test 2.

5.3.5. Environmental gradients
Climatic conditions, such as temperature and precipitation, varied throughout
the study. Highest temperatures were recorded during the Summer season which was
also when the wood had lower moisture contents. Precipitation levels were higher
during Fall and Winter, where wood moisture contents were also higher. NMS
ordinations showed that the influence of variables such as precipitation, temperature,
and moisture content on fungal colonization of stakes varied across time points as well
as among wood types and stakes zones. Ordination plots also showed that variations in
temperature and moisture content were the most important environmental gradients
driving fungal community composition at the above-ground zone of stakes in both tests
(Figures 5.10, 5.11, 5.12). However, the influence of environmental gradients changed
between tests at the groundline zone. For instance, average precipitation had the greatest
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effect on community composition at the groundline in Test 1, whereas a combination of
temperature, precipitation, and moisture content appeared to influence groundline
communities in Test 2. Temperature and precipitation had similar trends in influence on
communities in Test 1 and Test 2 at the below-ground stake zone. However, wood
moisture content became an additional environmental gradient at this zone impacting
stake communities in Test 1, primarily those of Douglas-fir heartwood.

5.4.

Discussion
High throughput Illumina sequencing allowed the identification of a large

number of OTUs representative of previously undescribed fungal species colonizing
untreated wood in ground contact at the Starker Post Farm.
A great number of OTUs remained unidentified beyond the fungal kingdom, and
thirty percent of them represented more than one species. One of many possible
explanations for this is that reference-based methods used to cluster OTUs such as those
used in this study can be highly affected when the reference does not fully reflect the
overall biodiversity of the fungal community (Westcott and Schloss 2015).
Consequently, several sequences may not classify to a known taxon if reference-based
methods are used. The assignment of species to OTUs can also be problematic because
they do not necessarily correspond to biological species, they are meant to approximate
species-level groups (Ryberg 2015; House et al. 2016). The lack of OTU-to-species
correspondence can result in sequences of different species grouped into a single OTU,
or sequences of one species being split into multiple OTUs (House et al. 2016; Taylor et
al. 2016). OTU inflation frequently occurs in environmental sequencing, but is rarely
reported. In some cases, reviewing the supplementary material of scientific papers may
provide insights about this issue. Furthermore, other artifacts and biases intrinsic
Illumina platforms have been reviewed in a number of studies (Schwartz et al. 2011;
Caporaso et al. 2011, 2012; Blaalid et al. 2013; Taylor et al. 2016). Processing of fungal
sequences in this study included a number of filters to overcome these issues including
validation with a mock community, and removing low quality, or chimeric sequences,
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as well as singletons and spurious OTUs (Caporaso et al. 2011; House et al. 2016).
While some technical issues may exist using high-throughput sequencing, proper
processing filters can minimize the risk of error (Caporaso et al. 2011; Nilsson et al.
2011). Improved sequencing techniques can significantly enhance our understanding of
complex fungal communities inhabiting wood in ground contact.
The large abundance of fungal DNA sequences in Test 1 likely reflected the
effect of long-term exposures on increasing the fungal abundance and diversity among
the stakes. Abundance of sequence reads has been previously associated with higher
activity of microbial communities colonizing wood in ground contact (Prewitt et al.
2014). However, persistent DNA on the long-term stakes after species were no longer
active on the wood substrate may have also contributed to a higher sequence abundance
in Test 1. This coincides with a previous study (Amend et al. 2010) suggesting that the
proportion of live versus dead cells may contribute to differences in sequence
abundance. These authors also concluded that “read abundance is approximately
quantitative within species, but between-species comparisons can be biased by innate
sequence structure." The accuracy of sequence counts to reflect absolute abundance in
ecological analyses remains a topic for debate due to potential bias inherent in nextgeneration sequencing technologies (Amend et al. 2010; Baldrian et al. 2013; Lindahl et
al. 2013; Smith and Peay 2014; Mundra et al. 2016). Whether all these species were
able to participate in the wood decay process, or were opportunistic wood-inhabitants
merits further research. Combining high-throughput Illumina sequencing with RNA
sequencing could be used to monitor fungal species and determine their activity (Gawad
et al. 2016). Therefore, caution should be exercised when using the abundance of DNA
sequences to indicate higher fungal abundance or decay activity on wood exposed under
varying environmental conditions.
Despite the high number of sequences associated with OTUs recovered in Test
1, only 10% of the total of OTUs were unique to this test and a higher percentage (89%)
were shared between tests. These results may be in agreement with observations of
similar diversity values across tests, as well as weak significant differences found in the
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PerMANOVA analysis as evidenced by the similar F-statistics observed. A study using
sequencing methods to assess fungal colonization on untreated southern pine field
stakes in Mississippi also reported wood samples sharing a high percentage (75%) of
their microbial communities (Kirker et al. 2012). This likely reflected the fact that all
stakes belonged to the same species, however, in this study four wood types were used.
Therefore, the high number of shared species were likely indicative of an overall welldefined community of wood-inhabiting fungi colonizing ground contact wood at the
Post Farm. Likewise, fungal OTUs unique to each test were likely to suggest an
influence of individual exposure conditions of each test on fungal community
composition.
A diverse number of fungal taxa interacted with the stakes in both exposure
tests. OTU richness of basidiomycetes was much higher compared to ascomycetes, and
other fungal groups. The dominance of Basidiomycota OTUs contrasts with previous
reports of greater abundance of Ascomycota OTUs during colonization of wood in
ground contact. The abundance of basidiomycetes is of interest because they are
assumed to have greater enzyme diversity than ascomycetes, allowing them to cause
significant wood weight losses (Osono et al. 2003). A study using culture-independent
molecular methods to assess fungal colonization on treated and untreated southern pine
suggested that richness and diversity of basidiomycetes was favored by the presence of
preservatives (Kirker et al. 2012).
While the abundance of basidiomycete sequences remained constant across time
points in Test 1 and Test 2, a similar abundance of ascomycete and basidiomycete
sequences at T9 was observed. This result was likely due to the dominance of
Trichoderma harzianum sequences in Douglas-fir sapwood at this time point. This
finding also coincides with a high frequency of T. harzianum on Douglas-fir sapwood
collected from lumber yards in western Oregon (Kang and Morrell 2000). However,
none of the environmental variables used in this study were likely to provide a clear
explanation that could be associated with the greater sequence abundance of this
species. For instance, similar moisture contents, temperature, and precipitation to those
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of T9 were observed during the following Fall season, but basidiomycete sequences
were still higher across samples.
Presence of other fungal phyla such as Glomeromycota was expected due to the
wood stakes being in contact with the ground. Glomeromycota is a widespread group of
soil forming arbuscular mycorrhizae (Webster and Weber, 2007). Furthermore, this
phylum has been recently recovered from the DNA-based sequencing of soils from field
sites used to test wood preservatives (Kirker et al. 2017). The number of OTUs
associated with this group increased from above to below-ground zones, which
indicates the potential for members in this phylum to colonize wood in ground contact.
However, the role of these fungal groups in wood colonization remains unclear.
The fungal communities associated with wood in ground contact appeared to be
OTU rich at all time points. However, OTU richness variation appeared more
influenced by prevalent warm conditions during the Spring season. These findings were
confirmed by the higher number of indicator OTUs for Spring time-points as compared
to other seasons. Fungal diversity during the Winter season did not differ significantly
from other seasons. This was unexpected given the potential for the relatively low
temperatures to reduce fungal colonization. However, Winter conditions were wet and
stakes during this season had average moisture contents above the fiber saturation point.
This may have allowed a number of cold-resistant species to colonize the stakes.
The Shannon and Simpson indices both ranked early communities as the most
diverse. These communities included those recovered after T1, T9, T10, and T11.
Because diversity indices were calculated based on all OTUs recovered, including those
representing more than one species, it is likely that diversity levels were overestimated.
Overestimation of diversity has previously been suggested in studies using
environmental sequencing (Amend et al. 2010). Further ecological studies at the site
need to take this aspect into consideration when comparing fungal diversity data.
A number of indicator OTUs appeared to suggest differences in colonization
patterns among wood types. The presence of conducive decay development conditions
may be explained by a greater number of indicator OTUs associated with a specific
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stake zone. For instance, major inoculum sources for fungal colonization of red alder
may arrive at above and below-ground zones, whereas the most conducive conditions
for fungal colonization of western redcedar may occur at the groundline and belowground zones given the greater number of indicators at these locations. The latter
coincides with previous studies indicating greater incidence of internal decay on
western redcedar at or below-groundline (Graham and Helsing 1979). It may also
reflect leaching losses of extractives at or below groundline, thereby permitting
colonization by fungi that might not be be able to colonize non-leached western
redcedar.
White rot fungi are common hardwood inhabitants, while brown rots are more
frequently associated with softwoods (Zabel and Morrell 1992). Red alder was the only
hardwood species in this study and white rot fungi were expected to dominate the
fungal communities. Hence the higher abundance of brown over white rot fungi was
unexpected (Zabel and Morrell 1992). Previous studies have reported that white rot is
the most common type of decay in poles (Shigo 1967). This may suggest that ground
contact exposure conditions tend to favor development of white rot fungi over brown
rot fungi. A small part (11%) of OTUs recovered in this study were assigned to a
particular decay group using the FUNguild database (Nguyen et al. 2016). This database
is relatively new and many species have not been classified within a specific guild.
Therefore, several unidentified species and species not listed in the database may have
different decay capabilities. In addition, the wood decay capabilities of many fungal
species still need to be studied to confirm the type of decay prevalent at the site. One
way to obtain more information regarding the capabilities of individual species found in
this study, would include exhaustive bibliographical research; however, this was beyond
the scope of this study. Most information on wood-decay fungi exists in widely
scattered sources. Hence, creation of an online community annotated database that
compiles fungal decay capabilities from previous studies in wood protection (Butcher
1968; Zabel et al. 1991; Freitag et al. 1995; Diehl et al. 2004; Cabrera-Orozco 2010)
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may increase the usefulness of data provided by next-generation sequencing and better
understand wood colonization in service.
A number of environmentally-related patterns were consistent in stakes across
tests. Moisture content at all stake positions varied with changes in precipitation and
temperature. For instance, moisture content increased from the above to the belowground zone for all wood types and time points:
a) similar patterns of moisture content variation were observed at various stake
positions of untreated Pinus radiata sapwood, and were associated with variations
in fungal activity (Butcher 1968). These results also confirm that soil at the test site
provided constant moisture to materials tested in ground contact.
b) Stakes collected after Fall had the highest average moisture contents, whereas
Summer samples presented the lowest. Stakes were most likely to have decayconducive conditions during the Spring and Fall versus decay-limiting conditions
during the Summer (Scheffer 1971).
c) High precipitation and average wood moisture contents were observed at Winter
time points. Most alder stakes were considerably decayed and wet (>107% moisture
content) at the end of the exposure in the long-term tests coinciding with T8
observations. These patterns are of interest since decay development during Winter
seasons has been previously described, especially in a Mediterranean climate.
Furthermore, higher moisture contents in alder samples were likely to be associated
with the advanced state of decay observed in the stakes.
d) Greater numbers of OTUs, basidiomycetes, indicator OTUs, and the strongest OTU
indicators were more common in Spring samples. Ordinations confirmed that these
communities were likely to be associated with a gradient of high temperatures.
e) Development of more fungal communities at the groundline in Test 1 as compared
with more communities associated with the below-ground zone in Test 2 suggested
that more stable conditions for fungal colonization over time prevailed at this
position.
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f) A greater number of fungal communities at the below-ground zone of freshly
exposed wood suggests a progression of fungal colonization from the below to the
groundline zone. Greater activity at the groundline of untreated stakes has been
previously observed (Butcher 1968; Kirker et al. 2010). The use of ISA to identify a
greater number of fungal species associated with various locations on wood stakes
over time is another potential for the use of Illumina sequencing techniques. ISA
can be used to provide an additional method for exploring critical conditions
conducive to wood material decay.

5.5.

Conclusions
Naturally occurring fungi on wood in ground contact at the Starker Post Farm

were characterized using High-Throughput Illumina sequencing. Fungal communities
were dominated by basidiomycetes, which showed stable composition over time and
confirmed the great potential for decay of wood materials exposed in ground-contact at
the site. While results showed that white-rot fungi tended to dominate over brown rot
fungi, and soft-rot fungi were infrequent across the stakes, there were still a large
number of species that require further ecological study to determine their wood decay
capabilities. Although time-points and wood had significant effects on fungal
community composition, other factors including soil chemistry and soil-borne
microflora need to be included in further studies. Variations in precipitation and
temperature were associated with changes in fungal community composition, which
was mainly affected by environmental conditions prevailing during the Spring. The
importance of the Spring season on wood in ground contact communities was indicated
by higher diversity, abundance, and number of significant indicator OTUs at all stake
zones.
In addition, several fungal indicator OTUs for wood types and time points merit
further study concerning their roles in wood colonization. Indicator species are typically
ignored in most wood field studies. This study also showed that field testing
methodologies to evaluate the performance of various wood types can be combined
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with high- throughput Illumina sequencing to understand the structure and composition
of fungal communities colonizing wood in ground contact. However, application of
next-generation technologies would better contribute to specific problems in the wood
protection field if fungal species identification is combined with functional features
determination within the same study.

5.6.
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5.7.

Tables

Table 5.1. Dates for installation and collection of stakes in long-term (Test 1) and semiannual (Test 2) ground-contact exposures conducted at the Starker Post Farm,
Corvallis, USA.
Installation
Test
Test 1

Test 2

Collection

No.
Stakes

Season

T1

12

Spring

Time 2

T2

12

Summer

11/13/14

Time 3

T3

12

Fall

2/16/15

Time 4

T4

12

Winter

5/27/15

Time 5

T5

12

Spring

8/18/15

Time 6

T6

12

Summer

11/19/15

Time 7

T7

12

Fall

2/29/16

Time 8

T8

12

Winter

Date

Number
of Stakes

Date

Time point

2/20/14

96

5/29/14

Time 1

8/25/14

Time point
(T)

5/29/14

18

11/13/14

Time 9

T9

18

Fall

11/13/14

18

5/27/15

Time 10

T10

18

Spring

5/27/15

18

11/19/15

Time 11

T11

18

Fall

11/19/15

18

5/26/16

Time 12

T12

18

Spring
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Table 5.2. Treatment levels for installation and collection of stakes in long-term (Test
1) and semi-annual (Test 2) ground-contact exposures conducted at the Starker
Post Farm, Corvallis, USA.
Treatment

Wood
Exposure length
(months)
Isolates location

Moisture content
location
Environmental
variables

Levels
Test 1
Red alder
Douglas-fir heartwood
Douglas-fir sapwood
Western redcedar

Levels
Test 2
Red alder
Douglas-fir sapwood
Western redcedar

3, 6, 9, 12, 15, 18, 21,24

6, 6, 6, 6

Above-ground
Groundline
Below-ground
Above-ground
Groundline
Below-ground
Average monthly precipitation
Average monthly temperature
Average wood moisture content

Above-ground
Groundline
Below-ground
Above-ground
Groundline
Below-ground
Average monthly precipitation
Average monthly temperature
Average wood moisture content
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Table 5.3. Summary of total reads and Operational taxonomic units (OTUs) obtained
from stakes in long-term (Test 1), and semi-annual (Test 2) ground-contact
exposures conducted at the Starker Post Farm, USA.
Total Percentage of
Total Percentage of
Phylum
Reads
Total Reads
OTUs
Total OTUs
Ascomycota
Basidiomycota
Chytridiomycota
Glomeromycotina
Mortierellomycotina
Mucoromycota
unidentified
Total

630,225
3,012,324
2,136
2,556
11,579
7,625
348,042
4,014,487

15.70
75.04
0.05
0.06
0.29
0.19
8.67
100

266
536
17
20
36
22
16
913

29.13
58.71
1.86
2.19
3.94
2.41
1.75
100
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Table 5.4. Fungal guilds of OTUs recovered in Test 1 and Test 2 classified using
FUNGuild (Nguyen et al. 2016).
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Table 5.5. Average alpha and beta diversity indices calculated for fungal OTUs across
12 time points in Test 1 and Test 2. Values represent averages from all samples
at each time point.
Test

Test 1

Test 2

Time
point
(T) *

Season

OTU
richness
(S)

T1
T2
T3
T4
T5
T6
T7
T8
T9
T10
T11
T12

Spring
Summer
Fall
Winter
Spring
Summer
Fall
Winter
Fall
Spring
Fall
Spring

59.0
40.1
50.5
46.4
52.1
56.0
41.2
45.8
47.6
57.9
49.0
45.8

Alpha Diversity
Beta diversity
Shannon Simpson’s
Beta
Beta halfIndex
Index
Diversity
changes
(H’)
(1-D)
3.44
3.59
3.43
3.70
3.39
3.31
3.71
2.83
3.89
3.67
3.77
3.14

0.91
0.94
0.91
0.95
0.92
0.93
0.95
0.85
0.95
0.94
0.95
0.92

8.4
9.5
8.9
9.0
8.7
8.5
9.6
8.9
10.0
9.5
10.1
10.0

3.8
5.1
4.3
4.2
4.3
4.1
4.4
4.0
3.7
4.1
4.3
3.9

*Time points in Test 1: T1=3-months, T2=6-months, T3=9-months, T4=12-months,
T5=15-months, T6=18-months, T7=21-months, T8=24-months of long-term exposure.
Time points in Test 2: T9 to T12 = 6-months of exposure.
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Table 5.6. Differences in the fungal community structure between time points and wood
types at the above, groundline and below-ground zones using Permutational
Analysis of Variance (PerMANOVA) with incidence (presence-absence) from
Test 1 and Test 2.
Zone
Above

Ground

Below

Factor

Test 1

Test 2

F

p-value

F

p-value

Time

2.17

0.000**

2.73

0.000**

Wood

1.40

0.004**

1.60

0.004**

Interaction

1.16

0.001**

1.89

0.000**

Time

1.94

0.000**

2.29

0.002**

Wood

1.24

0.044*

1.32

0.020*

Interaction

1.05

0.171

1.42

0.002**

Time

1.85

0.000**

2.76

0.000**

Wood

1.26

0.031*

1.15

0.009**

Interaction

1.15

0.001**

1.73

0.000**

p-value= significance level, p<0.05 indicates significant differences among groups;
single asterisk (*) represents p ≤ 0.05, double asterisk (**) represents p≤0.01. F= ratio of
variation between sample means by variation within the samples.
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Table 5.7. Strongest indicator OTUs for time points in Test 1 and Test 2.

p-value= significance level, p<0.05 indicates significant differences among groups;
*Indicates significance at the 0.05 level, and **indicates significance at the 0.010 level.

160
Table 5.8. Strongest indicator OTUs for wood types in Test 1 and Test 2.

p-value= significance level, p<0.05 indicates significant differences among groups;
*Indicates significance at the 0.05 level, and **indicates significance at the 0.010 level.
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5.8.

Figures

Figure 5.1. Diagram showing where samples were removed from stakes for assessing:
a) Total genomic fungal DNA extracted from wood (W), b) fungal isolation (F)
or, c) wood moisture content (M).
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Figure 5.2. Taxonomic distribution of (a) 4,014,487 sequences, and (b) fungal OTUs at
the phylum level for each stake zone (above, groundline and below) in Test 1
and Test 2.

163

Avaerage of sequences

160000
unidentified

120000

Olpidiomycota
Mucoromycota

80000

Mortierellomycota
Glomeromycota
Chytridiomycota

40000

Basidiomycota
Ascomycota

0
T1

T2

T3

T4

T5

TEST 1

T6

T7

T8

T9 T10 T11 T12
TEST 2

Figure 5.3. Comparison of abundance (average of sequences) at the phylum level for
time points in Test 1 and Test 2.
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Figure 5.4. Relative abundance of twenty-five most frequent species (39% of the total number of sequences) across stake zones
(above, groundline and below-ground) for Test 1 and Test 2.
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Figure 5.5. Relative abundance of twenty-five most frequent species (39% of the total number of sequences) extracted from
recovered OTUs across time points in Test 1 and Test 2.
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Figure 5.6. Relative abundance of twenty-five most frequent species (39% of the total number of sequences) obtained across
wood types in Test 1 and Test 2.
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Figure 5.7. Abundance (total number of sequences) of (a) white rot (b) brown rot, and
(c) soft rot fungi recovered in Test 1 and Test 2. Total number of sequences
classified in a wood decay group using FUNGuild was 1,176,105.
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Figure 5.8. Most frequent (a) white rot (b) brown rot, and (c) soft rot fungal genera
recovered in Test 1 and Test 2. Total number of sequences classified in a wood
decay group using FUNGuild was 1,176,105.
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Figure 5.9. Relative frequency of significant indicator species identified among seasons
for each stake zone (above, groundline and below) in Test 1 and Test 2.
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Figure 5.10. NMS ordination of samples units (stakes) in fungal OTUs community
space at the above-ground zone by overlay of (a) seasons in Test 1, (b) wood
types in Test 1, (c) seasons in Test 2 and (d) wood types in Test 2. Wood types
were red alder (ALD), Douglas-fir heartwood (DFH) Douglas-fir sapwood
(DFS), and western redcedar (WRC). Environmental gradients were: average
monthly precipitation (mm) average monthly temperature (°C), and average
moisture content (%) at sampling date. Vectors represent the direction and
strength of correlation with environmental variables and time points.
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Figure 5.11. NMS ordination of samples units (stakes) in fungal OTUs community
space at the groundline zone by overlay of (a) seasons in Test 1, (b) wood types
in Test 1, (c) seasons in Test 2 and (d) wood types in Test 2. Wood types were
red alder (ALD), Douglas-fir heartwood (DFH) Douglas-fir sapwood (DFS), and
western redcedar (WRC). Environmental gradients were: average monthly
precipitation (mm) average monthly temperature (°C), and average moisture
content (%) at sampling date. Vectors represent the direction and strength of
correlation with environmental variables and time points.
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Figure 5.12. NMS ordination of samples units (stakes) in fungal OTUs community
space at the below-ground zone by overlay of (a) seasons in Test 1, (b) wood
types in Test 1, (c) seasons in Test 2 and (d) wood types in Test 2. Wood types
were red alder (ALD), Douglas-fir heartwood (DFH) Douglas-fir sapwood
(DFS), and western redcedar (WRC). Environmental gradients were: average
monthly precipitation (mm) average monthly temperature (°C), and average
moisture content (%) at sampling date. Vectors represent the direction and
strength of correlation with environmental variables and time points.

173

CHAPTER 6.
COMPARISON BETWEEN HIGHTHROUGHPUT-ILLUMINA SEQUENCING AND CULTUREBASED ITS rDNA
Abstract
The ability of high-throughput-Illumina sequencing and culture-based ITS
rDNA region to detect wood-inhabiting fungi in wood exposed in ground contact
exposure was compared using field stake tests. Stakes of red alder (Alnus rubra),
Douglas-fir (Pseudotsuga menziesii) heartwood/sapwood, and western red cedar (Thuja
plicata) were installed at the Starker Post Farm (Corvallis, Oregon, USA) and
subsamples were collected at various time points over a two-year period. A total of
1149 fungal isolates were recovered and identified from 131 stakes using culture-based
techniques, while 4,014,487 raw ITS rDNA sequences, clustered into 913 operational
taxonomical units (OTUs), were recovered from the same material using highthroughput-Illumina sequencing. Ascomycetes were more frequent with the culturebased method, whereas basidiomycetes dominated with the Illumina technique. Overall,
both methodologies extracted different major fungal taxa at the Phylum and genus level.
There was only minimal overlap for the most abundant taxa across the stakes using the
two methods. The results suggest that further ecological studies of wood material
should include both culture-based and culture-independent methods to better determine
wood-inhabiting fungal communities.
Keywords: stakes, fungi, culture, DNA, Illumina, wood

6.1.

Introduction
Traditional studies of wood-inhabiting fungi involve culturing of fungi from

surface-sterilized wood on artificial culture media. The number of fungi that grow in
culture is relatively small (Watkinson 2016). However, current models of fungal
evolution and diversity are largely based on species that grow in culture, and it is
estimated that half the species in the kingdom fungi remain unknown (Schoch et al.
2012). Culturable microorganisms represent a small fraction (0.1-10%) of the total
microbial diversity in a given substrate resulting in considerable under-estimation of
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fungal diversity (Head et al., 1998). The main factors limiting fungal growth in culture
may include lack of suitable culture techniques, fast-growing fungi outcompeting slowgrowing species and failure to replicate the precise natural conditions suitable for fungal
growth. Direct observation of cultures is important to obtain information on the
morphology and taxonomy of a given species (Watkinson 2016). The ability to
successfully culture fungal species also allows them to be used in laboratory research to
better understand their physiology, determine their ability to degrade wood, and
understand how they interact with other organisms.
DNA based approaches can detect fungi that are difficult to culture under
laboratory conditions. Molecular methods have been used to identify, characterize, and
classify wood-inhabiting fungi since the 1980’s (Schmidt 2006). Nucleic acids used in
molecular techniques such as DNA and RNA can be obtained from fungal cultures or
directly from environmental samples, including decayed wood. The ability to use DNA
sequence data from cultures provides valuable information on the distinctive features of
culturable species.
Examination of DNA from environmental samples markedly improves the
ability to compare the diversity of culturable and non-culturable species. Short
fragments of DNA i.e 400 bp can persist for long times in environmental samples and
can also be detected at very low concentrations (Ficetola et al. 2008). One technique for
assessing DNA in samples is high-throughput Illumina sequencing. Illumina sequencing
relies on the detection of fluorescently labeled nucleotides. DNA templates are
immobilized to an acrylamide coating on the surface of a glass flowcell, followed by
surface PCR amplification, which results in clusters of identical DNA fragments that
can then be identified (Quail et al. 2012; Torsten et al. 2012). The use of these
techniques in standardized wood performance tests may help reveal many previously
undetected wood-inhabiting fungi, and expand our understanding of the wood decay
process.
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The goal of this study was to compare the ability of high-throughput-Illumina
sequencing and culture-based ITS rDNA region to detect wood-inhabiting fungi from
wood in ground contact exposure using field stake tests.

6.2.

Materials and Methods

6.2.1. Study site
The study was performed at the Starker Post Farm, located on a south facing
slope of the McDonald-Dunn Research Forest, about 12 km north of Corvallis, Oregon,
USA. The site has been used for long-term research on the durability of fence posts and
utility poles since 1925. The site has a Scheffer climate index of 45 for above-ground
decay (Scheffer 1971). The climate is Mediterranean, with warm dry summers and wet,
cool winters. The site has a mean annual precipitation of 1050 mm and an average daily
temperature is between 4°C and 12 °C. There is a pronounced rainy season from
October to March and the driest months are July and August. The dominant tree species
at the site are Douglas-fir (Pseudotsuga menziesii), grand fir (Abies grandis), and
bigleaf maple (Acer macrophyllum).

6.2.2. Sampling design
Red alder (Alnus rubra Bong.), Douglas-fir (Pseudotsuga menziesii) (Mirb.)
Franco) heartwood/sapwood, and western red cedar (Thuja plicata Donn ex D. Don.
were used to prepare field stakes (19 x 19 x 450 mm long) in accordance with American
Wood Protection Association Standard E7-09 (AWPA, 2012). Stakes create a severe
exposure situation because the soil environment has abundant moisture, available
nutrients and active microflora. Two field stake trials were used to assess differences in
microflora colonizing the stakes over-time.
In the first exposure test (hereafter, Test 1), four wood types were selected to
assess long-term differences in fungi invading wood at various levels of natural decay
resistance between species and within the same species. The wood types used in this
field test were: red alder (ALD), Douglas-fir heartwood (DFH), Douglas-fir sapwood
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(Douglas-fir sapwood), and western redcedar (WRC). A total of ninety-six stakes were
installed in the ground to half their length in February 2014. Matched sets of 3 stakes
per wood species were randomly removed from the ground after 3, 6, 9, 12, 15, 18, 21,
and 24 months of exposure (Table 4.1).
In the second exposure test (hereafter, Test 2), three wood types were selected to
assess semi-annual differences in fungi invading fresh wood at various levels of natural
decay resistance between species. Wood types used in this field test were: red alder,
Douglas-fir sapwood and western redcedar. A total of seventy-two stakes were installed
and removed from the ground as follows: six stakes per wood type were installed in
May 2014 and removed after 6 months of exposure and replaced with a new set of 6
stakes. This process was repeated 4 times per wood species (Table 4.1).

6.2.3. Processing of samples
Stakes removed after a given exposure time were placed in individual sealed
bags and returned to Oregon State University (Corvallis, OR) for immediate processing.
Specimens were kept at 4 °C to limit moisture content changes between processing
steps. Stake processing consisted of culturing two wood sections from predetermined
zones of each stake. The predetermined zones were: above-ground, groundline, and
below-ground. Three positions at above-ground, two at groundline, and three belowground were sampled to obtain 19 x 19 x 0.5 mm long wood sections for fungal
culturing and isolation. Two positions at each zone were subsampled to obtain 19 x 19 x
0.5 mm long wood sections for determination of moisture content (Figure 4.1). The
purpose of sampling predetermined positions was to obtain repeated sampling of the
same spatial unit to compare attributes at similar positions across specimens.
The final experimental design for Test 1 was as follows: 4 wood types x 8 time
points x 3 ground contact zones. The final experimental design for Test 2 was the
following: 3 wood types x 4 time points x 3 stake zones (Table 4.2).
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6.2.4. Environmental variables
Daily precipitation and temperature data were obtained for each month from
February 2014 to February 2016. Average monthly precipitation and monthly
temperature were used to examine the relationships between fungal colonization and
climatic conditions. Weather data were obtained from the National Climatic Data
Center (NCDC) for Oregon State University Hyslop Farm, about 8.3 km southeast of
the Starker Post Farm.

6.2.5. Wood moisture content
Moisture content was determined immediately after processing the stakes. Each
wood section obtained for moisture content was labeled with a marker and immediately
weighed. These samples were oven-dried at 103°C for 24-hours, then weighed.
Moisture content (MC) was calculated using the following equation:
!" % =

&'( )'*+ℎ( − ./'0123 )'*+ℎ(
./'0123 )'*+ℎ(

6.2.6. Fungal isolations and culturing
The 19 x 19 x 0.5 mm long sections for fungal culturing were cut into sixths,
flame-sterilized to remove contaminating surface microorganisms, and placed into petridishes containing 1.5% malt extract agar (MEA) or 1.5% MEA with 1.0% benomyl
added (BMEA). Benomyl was incorporated to suppress fast-growing ascomycetes and
enhance basidiomycete isolation (Bollen and Fuchs 1970). The plates were incubated at
23 °C for 29 days. Any fungi growing from the wood were transferred to new MEA
plates to obtain pure cultures. These cultures were grouped into morphological taxa
based upon cultural characteristics and microscopic examination. To reduce sampling
bias, morpho-taxa grouping was limited to each isolate obtained after a given exposure
time, and several isolates from each morpho-taxa were subjected to molecular analyses.
Representative isolates of morpho-taxa thought to be ascomycetes were used to
examine conidiophores and conidial characteristics, and confirm the genera (courtesy of
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Dr. Jeff Stone at Oregon State University). When necessary, fungi were subcultured on
potato dextrose agar (1.5%) or plain extract agar to induce formation of reproductive
structures for microscopic identification.

6.2.7. Culture-based ITS rDNA sequencing
6.2.7.1.

DNA extraction

Fungal DNA was extracted from vegetative mycelium excised from
representatives of each morphological taxon. The extraction was performed using the
Cetyl Trimethylammonium Bromide (CTAB) extraction protocol (Jasalavich et al.
2000). The CTAB extraction buffer consisted of 2% [wt/vol]; 100 mM Tris HCl, pH
8.0; 1.4 M NaCl; and 20 mM EDTA. Briefly, mycelium was collected from
representative isolates of each morphological taxon. The mycelium was suspended in
CTAB buffer and freeze-thawed (twice) to disrupt fungal cell walls. Sterile plastic
micro-pestles were used to further grind the tissue. The resulting solution was incubated
at room temperature (65°C) for 40 minutes. Chloroform was then added to the solution
to help separate proteins and polysaccharides from nucleic acids in the fungal cell walls.
Centrifugation was performed at 13,000 rpm for 15 minutes, and the upper aqueous
phase was transferred to a new, sterile microfuge tube while avoiding the interphase.
Isopropanol (-20°C) was added to precipitate nucleic acids, and then centrifuged at
13,000 rpm for 8 minutes to obtain DNA pellets. Remnant salts were removed by
washing the pellets with 70% ethanol. The residual alcohol was allowed to dry for 1
hour in the laminar hood. The nucleic acid pellet was dissolved in 50uL of TE (10 mM
Tris: 1mM EDTA) buffer.

6.2.7.2.

PCR amplification and ITS sequencing

The Internal Transcribed Spacer (ITS) region of the fungal rDNA was amplified
using the polymerase chain reaction (PCR). The 35 µL PCR reactions contained 13.6
µL of water, 0.10 µL of 5x Taq buffer, 5.6 µL of bovine serum albumen (BSA), 4.2 of
MgCl2, 0.4 µL of each primer (50 µM), 2.8 µL dNTP’s (10 µM), 0.1 µL of Promega
Hot Start GoTaq, and 1.0 µL of fungal DNA template. The primers used were the
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forward fungal-specific ITS1-F primer (5’- CTT GGT CAT TTA GAG GAA GTA A 3’) (Gardes and Bruns 1993), and the reverse universal eukaryotic ITS4 primer (5’-TCC
TCC GCT TAT TGA TAT GC-3’)(White et al. 1990). PCR conditions were as follows:
initial heating cycle at 95°C for 0.2 min, 30 cycles of denaturing at 94°C for 0.3 min,
annealing at 50°C for 1.0 min and extension at 72°C for 1.3 min; and final extension at
72°C for 10.0 min. Samples were amplified in a BIORAD® Thermocycler Model PTC100. All amplified DNA was checked for successful amplification with 1% agarose gel
electrophoresis stained with the Nucleic Acid Staining Solution RedSafe™. DNA
samples that consistently yielded no PCR products were subjected to a second DNA
extraction process.
Amplified PCR products were used for Restriction Fragment Length
Polymorphism (RFLP) analyses using the BioLabs® restriction enzymes HinfI and
DpnII. Each restriction enzyme cuts the ITS rDNA into fragments of different lengths.
Unique patterns of ITS rDNA fragments occur with closely-related species, allowing
determination of identical taxonomic sample groups. Briefly, separate reactions with
each enzyme contained 5.3 µL distilled water, 1.5 µL buffer, and 0.25 µL of restriction
enzyme. The reaction mix was added to 8uL of PCR product and incubated for 3 hours
at 37°C in a BIORAD ® Thermocycler Model PTC-100. RFLP digests were separated
with 2% agarose gel electrophoresis and stained with the Nucleic Acid Staining
Solution RedSafe™. Patterns of DNA fragments were visually compared using a
BIORAD® imager Gel Doc™ EZ. The PCR products were grouped into PCR sample
representatives based upon unique RFLP patterns. These PCR samples were used for
sequencing.
PCR products were further purified using ExoSAP-IT enzyme to remove
dNTP’s and primers remaining in the PCR product that could inhibit DNA sequencing
(Affymetrix, Santa Clara, CA, USA). The cleaned PCR products were submitted to the
Center for Genome Research and Biocomputing (CGRB) at Oregon State University for
unidirectional Sanger sequencing. Fungal sequences were compared to sequences
available at the National Center of Bioscience Informatics (NCBI) database using the
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sequence similarity search program Basic Local Alignment Search Tool (BLAST)
(Altschul et al. 1990) for identification to the nearest taxonomic group. Sequence data
were viewed, manually trimmed, and assessed for quality base call using 4Peaks
software version 1.8 (Mekentosj Inc, Amsterdam, The Netherlands). Sequences were
aligned using the multiple sequence alignment program MAFFT (Multiple Alignment
using Fast Fourier Transform) (Katoh et al. 2002) to determine molecular species. A
sequence similarity of 97% was used to define separate species. BLAST percent
identity was used to define the final taxonomy as follows: 97% at the species level, 95%
at the genus level, 90% at the family level and 80% at the phylum level (Ong et al.
2013). Sequence taxonomies were confirmed using the UNITE database for molecular
identification of fungi. The UNITE database contains curated sequences of the ITS
region of fungal cultures and sporocarp voucher specimens that have been identified by
experts (Kõljalg et al. 2005).

6.2.8. High-throughput Illumina sequencing
6.2.8.1.

DNA extraction

Wood sawdust collected from predetermined stake positions was used for direct
fungal DNA isolation from wood. The extraction was performed using the Cetyl
Trimethylammonium Bromide (CTAB) extraction protocol (Jasalavich et al. 2000). The
drilled wood material (100 to 200µL) was placed in 300 mL of 1× CTAB consisting of
1% [wt/vol] CTAB; 100 mM Tris HCl, pH 8.0; 1.4 M NaCl; and 20 mM EDTA; and
0.2% [vol/vol] β-mercaptoethanol. Briefly, the wood sawdust suspended in CTAB
buffer was freeze-thawed (twice) to disrupt the wood cell walls, allowing the release of
fungal tissue. Sterile plastic micro pestles were then used to grind the tissue further. The
resulting solution was incubated at 65°C for 2 hours. Chloroform:isoamyl alcohol (24:1)
was then added to the solution to remove any remaining proteins and lipids. The
solution was centrifuged at 10,000 rpm for 10 minutes, and the upper aqueous phase
was transferred to a new microcentrifuge tube while avoiding the interphase. This
process was repeated for a total of three times. The aqueous solution was transferred to
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a new microcentrifuge tube and CTAB+NaCl at 1/10th volume was added and
incubated at 65°C for 1 hour. Phenol:chloroform:isoamyl alcohol (25:24:1) was then
added to the solution to remove any remaining proteins and lipids. The microcentrifuge
tubes containing the solution were vortexed and centrifuged at 10,000 rpm for 10
minutes. The upper aqueous phase was pipetted off and transferred to a new
microcentrifuge tube. Isopropanol at -20°C was added to precipitate the nucleic acids
and then centrifuged at 12,000 rpm for 15 minutes to obtain the DNA pellet. Remnant
salts were removed by washing the pellets with ice-cold 70% ethanol. The residual
alcohol was allowed to dry for 1 hour in the laminar hood. The nucleic acid pellet was
dissolved in 50uL of TE (10 mM Tris: 1mM EDTA) buffer and stored at -20°C.

6.2.8.2.

PCR amplification and ITS sequencing

The Internal Transcribed Spacer (ITS) region of the fungal rDNA was amplified
using the polymerase chain reaction (PCR). Amplification of the ITS2 targeting sites in
the 5.8S encoding gene was conducted in a two-step PCR protocol to generate amplicon
libraries for Illumina sequencing. The first PCR reaction (PCR1) was conducted to
amplify the ITS2 region of the fungal rDNA with specific primers flanked by a tail
sequence (Seitz et al. 2015). Products of these reactions were further amplified in the
second PCR reaction (PCR2) which introduced adaptor sequences required for Illumina
sequencing with primers complementary to the tail sequence of the amplification
primers introduced in PCR1 (Seitz et al. 2015). Unique sequences (indexes) were added
to each DNA fragment during library preparation using a dual-indexing approach
(Fadrosh et al. 2014).
PCR1 was carried out in 15 µL PCR reactions containing 4.9 µL of ultrapure
water, 7.8 µL of 5x Go Taq colorless Master mix (Promega, USA), 0.6 µL of bovine
serum albumin (BSA, 2mg/mL), 0.3 µL of each primer (10 µM), and 1.1 µL of DNA
template. The primers used in this study were the forward fITS7 primer (5'-ACT CGC
CGT TAC TGA GGC AAT-3') (Ihrmark et al. 2012), and the reverse ITS4 primer (5’TCC TCC GCT TAT TGA TAT GC-3’) (White et al. 1990). Combinations of these two
primers produce short amplicons that span exclusively the ITS2 region, which preserves
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the quantitative relations between template genotypes in the amplicon community and
reduces the number of amplification cycles needed to achieve the desired product
concentration (Ihrmark et al. 2012). Each primer was marked with the 22-base pair long
CS1 or CS2 universal tags (Fluidigm Inc. San Francisco, CA, USA) which allow
binding of barcodes in PCR2. Samples were amplified in a BIORAD® Thermocycler
Model PTC-100. PCR1 conditions were as follows: 94°C for 2 minutes, 35 cycles at
94°C for 30 sec, 57°C for 30 sec, 72°C for 30 sec; and a final extension at 72°C for 5
min. All amplified DNA was checked for successful amplification with 1% agarose gel
electrophoresis with the Nucleic Acid Staining Solution RedSafe™.
PCR2 was performed to flank amplicons generated from PCR1 with barcodes
and Illumina flow cell adapters. PCR1 products were 15-fold diluted (2 µL of PCR1
product with 28 µL ultrapure water) to be used as templates for PCR2 reactions. PCR2
was conducted in 25.0 µL PCR reactions containing 9.0 µL of ultrapure water, 12.5 µL
of 5x Go Taq colorless Master mix (Promega, USA), 0.5 µL of bovine serum albumin
(BSA, 2mg/mL), 0.5 µL of each P5-1 or P7-1 primer (10 µM), and 2 µL of PCR1
template. PCR2 conditions were as follows: 95°C for 1 min, 10 cycles at 95°C for 30
sec, 60°C for 30 sec, 68°C for 1.0 min and a final extension at 68°C for 5.0 min. PCR2
products were checked against PCR1 products for successful addition of illumina
adapters with 2% agarose gel electrophoresis. DNA present in PCR2 products were
quantified using a QuBit ® 3.0 Fluorimeter (Invitrogen, Carlsbad, CA, USA) at the
Forest Science Laboratory (FSL), Corvallis, Oregon. Purification and normalization of
PCR2 products was performed using the just-a-plateTM PCR-purification kit (Charm
Biotech, San Diego, CA, USA). The purification step allowed removal of primers, and
nucleotides while concentrating the DNA for further high-throughput sequencing.
Purified and normalized products were quantified using the QuBit ® 3.0 Fluorimeter
and pooled into equimolar volumes. Amplicon libraries were submitted to the Center
for Genome Research and Biocomputing (CGRB) at Oregon State University
(Corvallis, Oregon, USA) for MiSeq high-throughput DNA sequencing. The amplicon
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libraries were sequenced using an Illumina MiSeq platform using 2 x 300bp paired-end
reads.

6.2.8.3.

Sequencing data analysis

Processing of the resulting Illumina sequencing data were performed using the
software QIIME (Quantitative Insights Into Microbial Ecology) version 1.9.0 (Caporaso
et al. 2010). The FASTQ-join tool was used to merge the forward and reverse reads
using the multiple_join_paired_ends.py command. Initial quality filtering was
conducted using the multiple_split_libraries_fastq.py command. Chimeric sequences
that could have been generated during PCR amplification were identified using
usearch61 (version v10.0.240) as a reference (Edgar 2010) via the
identify_chimeric_seqs.py command. Sequences identified as chimeric were removed
using the filter_fasta.py command. Similar sequences were clustered into operational
taxonomic units (OTUs) via pick_open_reference_otus.py using the usearch61
algorithm set to 97% similarity, and UNITE as the reference database. The latter
command included: a) a taxonomy assignment approach to match representative
sequences for each OTU to the reference database using the Blast algorithm (Altschul et
al. 1990) and b) generation of a final OTU table annotated with read abundances and the
associated taxonomy. The OTU table was filtered to remove OTUs that occurred only
once (singletons) in the dataset and may have been produced from sequencing errors
using the filter_otus_from_otu_table.py command. The generated OTU table in biom
format was converted to a tab-separated file to enable further use in other programs.
The OTU filtration process consisted of a number of steps. OTUs that did not
match the fungal kingdom were removed. Samples that contained less than 100
sequences were removed. To avoid ecologically spurious results, a mock community
(known set of fungal species at known quantities) was used during the OTU filtration
threshold to determine whether different data adjustments caused significant differences
in the overall OTU abundance. The use of a mock community from quantified amounts
of DNA has been proven to be informative with respect to identifying and solving
biases during bioinformatics analyses (Caporaso et al. 2011; Taylor et al. 2016). The
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final OTU table was parsed against the FUNGuild database (Nguyen et al. 2016) to
annotate the ecological information associated with each OTU.

6.2.9. Diversity analyses
Diversity patterns among and between time points, wood types, or stake zones
were studied using a series of multivariate ecological approaches in PC-ORD 7.29
(MjM Software Design, Gleneden Beach, OR) (McCune and Mefford 2016) and PAST
3.16 (Hammer et al. 2001). Species richness was calculated as the count of species
present. The Shannon-Wiener diversity index was used to calculate alpha diversity and
the Whittaker beta diversity index was used to calculate the change in species diversity
between time points.

6.3.

Results

6.3.1. Fungal community composition
A total of 1149 isolates representing 202 unique ITS sequences were recovered
from Test 1 and Test 2 using culture-based methods. Theses sequences clustered into 3
phyla, 10 classes, 31 families, 71 genera, and 82 species (Table 6.3). A total of 4,014,487
raw ITS rDNA sequences passed quality control filters, and clustered into 913 operational
taxonomical units (OTUs). A total of 488 OTUs were classified at the species level,
whereas 425 OTUs remained unidentified at the species level. OTUs represented 7 phyla,
24 classes, 166 families, 242 genera, and 369 species.
A total of 168 stakes were assessed with fungal culturing and high-throughput
Illumina sequencing. Fungal species were recovered from 131 (78%) of the stakes with
the culture-based method, whereas 167 (99%) stakes yielded fungal OTUs with Illumina
sequencing.
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6.3.2. Relative abundance of fungal taxa
The relative frequencies were calculated as the proportion of total fungal
isolates, or fungal sequence reads for the culture-based and Illumina sequencing
respectively. A total of three fungal phyla were recovered with the culture-based
method including Ascomycota (87.03% of isolates), Basidiomycota (13.53%), and
Zygomycota (0.44%). The most abundant phyla detected with Illumina sequencing were
Basidiomycota (75.04%) and Ascomycota (15.70%). Other phyla detected with
Illumina sequencing at much lower levels were Chytridiomycota, Glomeromycota,
Mortierellomycota, and Mucoromycota, (Table 6.3).
Relative abundance at the genus level showed differences between culture-based
and Illumina methods (Figure 6.2). The most common genera detected with the culturebased method were Phialophora, Trichoderma, and Epicoccum, whereas Sistotrema,
Scytinostroma, and Trichoderma were the most common genera with Illumina
sequencing.
While both Trichoderma and Stereum were among the 20 most frequent fungi
recovered both methods, their relative abundance patterns differed for Test 1 and Test 2
(Figure 6.2). For instance, relative frequency of Trichoderma was higher in Test 1 than
Test 2 with the culture-based method, whereas the opposite was observed with Illumina.
Furthermore, the genus Talaromyces was only recovered in Test 2 with the culturebased method, while Nigrospora was only found in Test 2 using Illumina sequencing.
Overall, both methods detected a greater abundance of fungal taxa in the long-term test.

6.3.3. Shared and unique taxa
A total of 290 fungal genera were recovered using the Illumina and culturebased methods. Of these, 21 genera were shared between Illumina and culture-based, 49
were unique to the culture based method, and 220 were unique to Illumina sequencing.
A total of 242 and 70 fungal genera were detected using Illumina and the culture-based
methods, respectively. The genera detected using both techniques were: Stereum,
Peniophora, Umbelopsis, Byssomerulius, Penicillium, Crustoderma, Acanthophysellum,

186

Gloeophyllum, Scytalidium, Pirex, Trichoderma, Talaromyces, Byssochlamys,
Phialophora, Exophiala, Postia, Mucor, Sarocladium, Hyphodermella,
Marchandiomyces, and Phlebia.
Among the fungal genera exclusively recovered with the culturing method were
Aureobasidium, Epicoccum, Gloeosporium, and Leptodontidium. The genera only
recovered with Illumina sequencing included Athelia, Confertobasidium, Delicatula,
Fomitopsis, Mrakiella, and Rhodosporidiobolus.

6.3.4. Diversity
Diversity indices for the culture-based and Illumina sequencing data suggested
different patterns of diversity with method (Table 6.4). Shannon diversity indices
showed greater variations across time points with the culture-based data, whereas
variations with the Illumina data were smaller. A significant drop in diversity was
observed at Time Point 7 with the culture-based data, whereas a similar drop occurred
at the Time Point 8 with the Illumina sequencing data.
Basidiomycetes were detected in all stake zones and woods with the Illumina
sequencing technique. Basidiomycetes were not recovered from any of the stakes after
T11 and T12 with the culture-based methods (Figure 6.3, 6.4). Overall, Illumina
sequencing was able to detect a greater frequency of fungi at all stake zones as
compared to the culture-based technique. Fungal frequencies at the groundline were
particularly higher with Illumina than with culturing. In contrast, the culture-based
method had a greater potential for detecting ascomycetes from the groundline zone, and
basidiomycetes from the above-ground zone.

6.4.

Discussion
Illumina sequencing appeared to provide a greater representation of fungal

communities than traditional cultural methods. However, the overlap of Illumina results
with the culture-based method was lower than expected. This low overlap may be
explained by the intrinsic differences between the culture-based and Illumina
sequencing procedures, making a direct comparison difficult. Previous studies have
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suggested that preselected culture conditions and DNA extraction protocols may affect
the overlap between the taxa observed from culture-dependent and independent
approaches (Hiergeist et al. 2015).
Illumina sequencing demonstrated greater potential than the culture-based
method for detecting fungi from stakes in ground contact. Seventy percent of stakes
showed evidence of fungal colonization using the culture-based method compared with
ninety-nine percent of stakes using Illumina sequencing. This is likely because no fungi
were cultured from a number of western redcedar stakes, whereas fungal sequences
were recovered from all western redcedar stakes with Illumina. The percentage of
isolates obtained by the culture-based method was still high given the intrinsic difficulty
in obtaining fungal isolates under laboratory conditions. Successful isolation depends
on the techniques used for collecting the sample and the culture media employed
(Rayner and Boddy 1988). In this study, the number of subsections cut from each stake
to assess fungal culturing was twice the number used for Illumina sequencing.
Furthermore, the use of two culture media may have helped to obtain more fungal
isolates than if only one media had been used.
The most abundant fungal phyla recovered by both methods differed.
Ascomycota were more frequently recovered with the culture-based method, whereas
Basidiomycetes were the most common in Illumina sequencing. Unlike the culturebased method, Illumina detected the presence of other phyla including Glomeromycota
and Mortierrellomycota. However, detection of basidiomycetes and ascomycetes is of
greater interest because of the ability of these fungi to cause discoloration and decay
wood (Shigo 1967; Morrell and Robert A. Zabel 1983; Bergman et al. 2010). Detection
of basidiomycetes and their characteristic hyphal clamp connections has traditionally
been one of the main methods used to determine the presence of decay fungi on wood
(Graham and Helsing 1979; Zabel and Morrell 1992). Therefore, differences in
frequency of basidiomycetes and ascomycetes between culture-based and Illumina
sequencing techniques needs to be studied further. One explanation is that
Basidiomycetes are more difficult to recover because they grow more slowly than other
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fungal groups such as ascomycetes or zygomycetes and may be overgrown before they
can be recovered (Hyde et al. 2013). However, isolation procedures in this study
included a basidiomycete selective media containing Benomyl incorporated into the
malt extract agar to suppress fast-growing ascomycetes and enhance basidiomycete
isolation (Bollen and Fuchs 1970). The dominance of Basidiomycetes using Illumina
sequencing as compared with the culture-based suggests that there are still numerous
basidiomycetes present and indicates the need for the development of more suitable
culture media to capture more of this group.
Illumina sequencing had a greater potential for detecting more fungal genera
within the Ascomycota or Basidiomycota as well as more taxa than culture-based
technique. However, both methods differed in what were categorized as the most
frequent taxa. Fungal genera such as Phialophora, Trichoderma, or Epicoccum were
more frequent with culturing, while only Trichoderma was among the most frequent
genera with Illumina. Furthermore, it was surprising that Illumina sequencing did not
detect Epicoccum, and other fungal genera including Sydowia, Aureobasidium, and
Leptodontidium that were abundant using culturing. Species within these genera
isolated in this study included E. nigrum, A. pullulans, and L. orchidicola. These
species have been previously reported as common inhabitants of preservative-treated
utility poles (Wang and Zabel 1990).
The culture-based method included identification of taxa using DNA extraction,
amplification, sequencing, and taxonomy assignment using public sequence databases.
Isolations of fungal cultures also allowed further studies including the ability to confirm
the taxonomy of various ascomycetes using microscopic observations of the
reproductive structures, and conducting decay tests with various basidiomycete cultures.
In some cases, mismatches were observed between the taxonomy provided by BLAST
and the observed morphological characters. For instance, an isolate classified as
Byssochlamys spectabilis using BLAST was actually identified as Scytalidium using
morphological characteristics. Characteristic reproductive structures allowed
confirmation of a number cultures in the genera Nigrospora, Phialophora,
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Leptodontidium, and Epicoccum. Furthermore, the use of cultures allowed confirmation
of the decay capabilities (results not shown) of species such as Phlebia subserialis or
Phlebia rufa which caused more than 50% weight losses in specimens of red alder
under laboratory conditions. These findings illustrate the importance of performing
culture-based studies and improving the isolation techniques to capture greater
diversity.
Overall, Illumina sequencing was the most demanding method in terms of skills,
computational power, and laboratory procedures. The challenges of this technique have
been previously reviewed (Camacho et al. 1997; Syed et al. 2009; Stephens et al. 2015).
The steps needed to prepare DNA for sequencing and constructing NGS libraries were
time-consuming, and prone to sample loss and/or cross contamination. Further, preprocessing and analyses of 483 paired-end sequences exceeded 200GB of data storage
for this study. Development of bioinformatics skills were necessary to perform
microbiome analysis using raw DNA sequencing data. However, these efforts provided
a broader representation of the fungal community present in these materials.

6.5.

Conclusions
The applicability of high-throughput Illumina sequencing to detect wood-

inhabiting fungi was compared with the culture-based ITS rDNA identification method.
High-throughput Illumina sequencing showed a greater potential for detecting woodinhabiting fungi from various woods at the above, groundline, and below-ground zones.
The methodologies extracted different major fungal taxa at the Phylum and genera
level. Differences between the active and inactive fungal communities could be
established using either methodology. The lack of overlap for the most abundant taxa
across the stakes suggests the need of further research determine the biases that affect
each technique. Further ecological studies of wood material should include both culturebased and culture-independent methods since each technique provides an incomplete
representation of the fungal communities inhabiting wood. The culture-based method
may be more appropriate for wood protection studies due to its simplicity as compared
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to high-throughput Illumina sequencing, and its ability to provide a quick taxonomic
assignment for single fungal cultures.
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6.7.

Tables

Table 6.1. Dates for installation and collection of stakes in long-term (Test 1) and semiannual (Test 2) ground-contact exposures conducted at the Starker Post Farm,
Corvallis, USA.
Installation
Test
Test 1

Test 2

Collection

No.
Stakes

Season

T1

12

Spring

Time 2

T2

12

Summer

11/13/14

Time 3

T3

12

Fall

2/16/15

Time 4

T4

12

Winter

5/27/15

Time 5

T5

12

Spring

8/18/15

Time 6

T6

12

Summer

11/19/15

Time 7

T7

12

Fall

2/29/16

Time 8

T8

12

Winter

Date

Number
of Stakes

Date

Time point

2/20/14

96

5/29/14

Time 1

8/25/14

Time point
(T)

5/29/14

18

11/13/14

Time 9

T9

18

Fall

11/13/14

18

5/27/15

Time 10

T10

18

Spring

5/27/15

18

11/19/15

Time 11

T11

18

Fall

11/19/15

18

5/26/16

Time 12

T12

18

Spring
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Table 6.2. Treatment levels for installation and collection of stakes in long-term (Test
1) and semi-annual (Test 2) ground-contact exposures conducted at the Starker
Post Farm, Corvallis, USA.
Treatment

Wood
Exposure length
(months)
Isolates location

Moisture content
location
Environmental
variables

Levels
Test 1
Red alder
Douglas-fir heartwood
Douglas-fir sapwood
Western redcedar

Levels
Test 2
Red alder
Douglas-fir sapwood
Western redcedar

3, 6, 9, 12, 15, 18, 21,24

6, 6, 6, 6

Above-ground
Groundline
Below-ground
Above-ground
Groundline
Below-ground
Average monthly precipitation
Average monthly temperature
Average wood moisture content

Above-ground
Groundline
Below-ground
Above-ground
Groundline
Below-ground
Average monthly precipitation
Average monthly temperature
Average wood moisture content
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Table 6.3. Summary of total reads and Operational taxonomic units (OTUs) obtained from wood-inhabiting fungi isolated
from red alder, Douglas-fir heartwood, Douglas-fir sapwood, and western redcedar stakes in long-term (Test 1), and
semi-annual (Test 2) ground-contact exposures conducted at the Starker Post Farm, USA.
Culture-based
Illumina
Isolates

Phylum
Total
Ascomycota
1,000
Basidiomycota
144
Zygomycota
5
Chytridiomycota
Glomeromycota
Mortierellomycota
Mucoromycota
unidentified
Total
1,149

Relative
frequency
Total
(%)
87.03
53
12.53
25
0.44
4
100.00
82

Species
Relative
frequency
Total
(%)
64.63
630,225
30.49 3,012,324
4.88
2,136
2,556
11,579
7,625
348,042
100.00 4,014,487

Reads
Relative
frequency
Total
(%)
15.7
266
75.04
536
0.05
17
0.06
20
0.29
36
0.19
22
8.67
16
100
913

OTUs
Relative
frequency
(%)
29.13
58.71
1.86
2.19
3.94
2.41
1.75
100
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Table 6.4. Summary of alpha diversity indices of wood-inhabiting fungi isolated from red alder, Douglas-fir heartwood,
Douglas-fir sapwood, and western redcedar stakes exposed in ground-contact exposure across eight time points in Test
1 and four time points in Test 2 using culture-based and Illumina sequencing techniques.
Time point
Test

Test 1

(T) *

Culture-based
Season

Species
richness
(S)

Shannon
Index
(H’)

Simpson’s
Index
(1-D)

Illumina sequencing
OTU
richness
(S)

Shannon
Index (H’)

Simpson’s
Index
(1-D)

T1
Spring
13
1.81
0.75
540
3.44
0.91
T2
Summer
24
2.63
0.89
420
3.59
0.94
T3
Fall
24
2.33
0.81
502
3.43
0.91
T4
Winter
17
1.96
0.72
466
3.70
0.95
T5
Spring
21
2.37
0.87
504
3.39
0.92
T6
Summer
32
2.66
0.87
534
3.31
0.93
T7
Fall
6
0.99
0.49
425
3.71
0.95
T8
Winter
7
1.38
0.67
453
2.83
0.85
Test 2
T9
Fall
19
2.31
0.86
522
3.89
0.95
T10
Spring
20
2.33
0.85
605
3.67
0.94
T11
Fall
11
1.61
0.65
544
3.77
0.95
T12
Spring
3
0.48
0.24
502
3.14
0.92
*Time points in Test 1: T1=3-months, T2=6-months, T3=9-months, T4=12-months, T5=15-months, T6=18-months, T7=21months, T8=24-months of long-term exposure. Time points in Test 2: T9 to T12 = 6-months of exposure.
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6.8.

Figures

Figure 6.1. Diagram showing where samples were removed from stakes for assessing:
a) Total genomic fungal DNA extracted from wood (W), b) fungal isolation (F)
or, c) wood moisture content (M).
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(a)
Culture-based
Test 1

Test 2

100%

Relative frequency

80%
60%
40%
20%
0%

(b)
Illumina sequencing
Test 1

Test 2

100%

Relative frequency

80%
60%
40%
20%
0%

Figure 6.2. Relative frequency of 20 most abundant fungal genera recovered from
stakes in Test 1 and Test 2, using: (a) Sanger sequencing of DNA from fungal
cultures, and (b) High-throughput Illumina sequencing.
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Figure 6.3. Relative frequency of Ascomycota and Basidiomycota fungi recovered from stake zones (above, groundline and
below-ground) of stakes in Test 1 and Test 2, using: (a) Culture-based ITS rDNA sequencing, and (b) High-throughput
Illumina sequencing.
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Figure 6.4. Relative frequency of Ascomycota and Basidiomycota fungi recovered from four wood types (Red a) in Test 1 and
Test 2, using: (a) Culture-based ITS rDNA sequencing (based on 1149 isolates), and (b) High-throughput Illumina
sequencing (based on 4,014,487 sequences).
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CHAPTER 7.
CONCLUSIONS, IMPLICATIONS AND
RECOMENDATIONS
Detection of wood-inhabiting fungi at the early stages of decay before major
wood damage occurs remains a primary goal in wood microbiology. Wood in outdoor
applications is exposed to environmental changes that create favorable conditions for
fungal development. Significant damage in wood materials can occur long before the
presence of decay fungi can be detected visually. Developing methods for early
detection and assessment of the diversity of fungal species that can colonize wood can
help better understand the decay process. The main limitations of traditional studies
based on isolation of fungi in cultures that are then characterized using morphological
or cultural properties are the fact that not all fungi can be isolated in culture and
identification of those that are isolated requires broad taxonomic expertise. Emerging
technologies that isolate and sequence all the DNA present in a sample create an
opportunity to more completely sample the organisms present in wood. However, it
will be important to better understand how these two approaches compare for studying
fungi in wood.
This study used a combination of approaches to detect naturally occurring fungi
colonizing wood in above and ground contact exposures to improve our understanding
of fungal diversity and community composition of wood in outdoor applications.
Fungal diversity of samples exposed in above ground exposures of lap-joints tended to
be higher early in the exposure period and then declined with continued exposure.
Fungal species such as Pirex concentricus may persist in the above ground specimens
under varying environmental conditions. The low replication and sampling frequency
limit reaching broad conclusions and suggest that additional studies should include
periodic assessment of both moisture content and fungal colonization patterns.
Culture-based and Illumina sequencing of fungal communities in field stake tests both
indicated that fungal communities changed with time, exposure conditions, wood type,
and ground contact distance. Fungal abundance increased from the below to the above
ground zones, whereas diversity was similar at the groundline and below ground zones.
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These results imply that greater fungal activity occurs at and below ground contact,
illustrating the potential contribution of the soil microflora to the decay process.
Long-term exposure of the field stakes resulted in greater diversity and
abundance of fungal communities than semiannual exposures. These results indicated
that prolonged ground contact exposures provided sustained conditions for fungal
development on the stakes. White rot fungi were a major component of the fungal
communities at the site, and their frequency on all wood types indicates that this group
may be more important at the site. Fungal diversity and community composition varied
seasonally suggesting that a wide range of species were capable of colonizing wood
under varying environmental conditions.
The dominance of ascomycetes in the field stakes found using culture-based
techniques contrasted with the dominance of basidiomycetes using Illumina sequencing.
These results clearly indicate that each technique provides a different representation of
the fungal communities which is due to the intrinsic methodological differences
between them. Culturing is limited by the ability of fungi to grow under the specific
conditions in the media, while Illumina sequencing isolates all reproducible DNA
sequences without regard to viability. The limited number of species common to both
methodologies suggest the need for further studies to better understand how these
techniques can be employed to better understand the microbial colonization and decay
process.
This study showed that combination of several approaches including
identification techniques, wood types, exposure conditions, and time points increased
the ability to detect greater diversity of fungal communities colonizing wood in outdoor
conditions.
Improvements in the use of culture-based techniques and high-throughput
Illumina sequencing are both needed to better assess the ecology of wood inhabiting
fungi. The use of functional molecular markers such as 16S ribosomal RNA could help
differentiate active and non-active fungal species in the wood, providing more context
to the sequences isolated using the Illumina technique. These data may also be useful
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for identifying characteristics that may make a given fungus easier to isolate in culture
so that their respective roles in the decay process can be better understood.
The results showed the value of using ecological community analyses to observe
fungal colonization patterns in wood in standardized field tests. These analyses could be
used when testing to identify fungi tolerant of specific wood preservative systems or to
identify decay fungi early in the decay process to shorten the time required to assess
efficacy of new treatments.
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Appendix 1. Significant indicator OTUs of time points present at the above ground zone in Test 1 and Test 2.
OTU_

Time point

OTU0004
OTU0009
OTU0024
OTU0064
OTU0101
OTU0103
OTU0104
OTU0105
OTU0116
OTU0122
OTU0149
OTU0160
OTU0201
OTU0213
OTU0217
OTU0218
OTU0227
OTU0240
OTU0249
OTU0253
OTU0261
OTU0263
OTU0275
OTU0301
OTU0302
OTU0316
OTU0329
OTU0348
OTU0350
OTU0383

T1
T3
T4
T1
T1
T1
T1
T2
T5
T2
T1
T5
T6
T1
T4
T4
T5
T3
T1
T5
T1
T3
T1
T1
T2
T5
T1
T4
T5
T1

Observed
Indicator Value
(IV)
23.10
18.60
17.80
20.50
21.40
26.70
17.40
20.80
25.00
20.00
25.40
19.80
17.80
20.00
20.80
23.10
25.40
28.10
26.00
19.80
22.20
20.50
21.40
25.40
29.70
21.30
19.00
19.00
19.00
16.00

p-value

Test

Species

Phylum

0.009**
0.046*
0.015*
0.021*
0.017*
0.006**
0.024*
0.006**
0.004**
0.018*
0.003**
0.027*
0.012*
0.022*
0.018*
0.010**
0.005**
0.002**
0.004**
0.028*
0.017*
0.023*
0.013*
0.002**
0.0002**
0.009**
0.029*
0.032*
0.033*
0.034*

Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1

unidentified
unidentified
Peniophora_piceae
Stereum_hirsutum
Itersonilia_pannonica
Mortierella_exigua
Mrakiella_aquatica
unidentified
unidentified
Filobasidium_wieringae
Rhodosporidiobolus_colostri
Trichoderma_koningiopsis
unidentified
Pseudochaete_tabacina
unidentified
unidentified
unidentified
Exophiala_equina
Guehomyces_pullulans
Hypholoma_fasciculare
Cylindrobasidium_evolvens
Trichoderma_appalachiense
Sporobolomyces_roseus
unidentified
Filobasidium_stepposum
Exophiala_bonariae
unidentified
unidentified
Hypholoma_fasciculare
unidentified

Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Mortierellomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
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Continued… Significant indicator OTUs of time points present at the above-ground zone in Test 1 and Test 2
OTU_

Time point

OTU0387
OTU0405
OTU0409
OTU0426
OTU0431
OTU0432
OTU0433
OTU0439
OTU0446
OTU0457
OTU0461
OTU0518
OTU0521
OTU0525
OTU0558
OTU0761
OTU0873
OTU0004
OTU0018
OTU0031
OTU0053
OTU0084
OTU0091
OTU0116
OTU0120
OTU0122
OTU0127
OTU0133
OTU0153
OTU0160
OTU0168

T1
T6
T1
T5
T1
T1
T1
T5
T1
T6
T5
T5
T3
T8
T4
T6
T1
T10
T9
T10
T11
T10
T10
T11
T9
T9
T9
T10
T10
T11
T10

Observed
Indicator Value
(IV)
22.50
18.90
34.70
27.20
20.00
20.00
22.20
24.00
20.80
19.00
20.00
25.50
25.40
21.50
13.90
21.40
19.00
22.70
34.80
27.40
44.40
25.40
27.80
24.70
37.00
35.40
27.80
25.40
29.60
25.80
27.80

p-value

Test

Species

Phylum

0.006**
0.042*
0.001**
0.003**
0.015*
0.022*
0.017*
0.006**
0.019*
0.021*
0.015*
0.003**
0.001**
0.007**
0.042*
0.014*
0.023*
0.035*
0.002**
0.005**
0.0002**
0.017*
0.004**
0.009**
0.001**
0.002**
0.001**
0.017*
0.003**
0.045*
0.003**

Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2

unidentified
Peniophora_piceae
Itersonilia_perplexans
unidentified
Krasilnikovozyma_huempii
Pseudohyphozyma_pustula
unidentified
unidentified
Rhodotorula_babjevae
Peniophora_aurantiaca
unidentified
Flagelloscypha_minutissima
unidentified
unidentified
unidentified
Buckleyzyma_phyllomatis
Taphrina_wiesneri
unidentified
Sarcinomyces_crustaceus
unidentified
unidentified
unidentified
Taphrina_carpini
unidentified
Sporobolomyces_phaffii
Filobasidium_wieringae
unidentified
Oberwinklerozyma_yarrowii
Krasilnikovozyma_huempii
Trichoderma_koningiopsis
unidentified

Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
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Continued… Significant indicator OTUs of time points present at the above-ground zone in Test 1 and Test 2
OTU_

Time point

OTU0173
OTU0192
OTU0219
OTU0240
OTU0241
OTU0263
OTU0275
OTU0285
OTU0297
OTU0299
OTU0302
OTU0323
OTU0333
OTU0334
OTU0343
OTU0348
OTU0372
OTU0376
OTU0381
OTU0385
OTU0386
OTU0387
OTU0394
OTU0395
OTU0403
OTU0405
OTU0413
OTU0436
OTU0440
OTU0446
OTU0455

T11
T10
T9
T11
T11
T11
T9
T11
T11
T9
T10
T9
T11
T9
T10
T9
T11
T11
T11
T10
T10
T9
T10
T10
T11
T9
T10
T12
T11
T10
T10

Observed
Indicator Value
(IV)
23.10
19.80
17.80
30.00
29.60
27.60
27.40
37.50
38.90
25.80
27.80
25.00
32.10
24.70
27.80
25.00
19.80
30.20
19.80
28.60
29.60
34.80
22.70
33.50
34.00
29.60
23.10
23.10
23.10
40.90
23.10

p-value

Test

Species

Phylum

0.011*
0.039*
0.049*
0.004**
0.004**
0.033*
0.007**
0.0002**
0.0002**
0.040*
0.015*
0.010**
0.003**
0.014*
0.002**
0.008**
0.033*
0.002**
0.034*
0.002**
0.005**
0.002**
0.032*
0.003**
0.0004**
0.018*
0.013*
0.012*
0.012*
0.0004**
0.012*

Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2

Monocillium_indicum
unidentified
unidentified
Exophiala_equina
Talaromyces_wortmannii
Trichoderma_appalachiense
Sporobolomyces_roseus
unidentified
Talaromyces_sp
Peniophora_piceae
Filobasidium_stepposum
unidentified
unidentified
unidentified
Piskurozyma_cylindrica
unidentified
Trichoderma_harzianum
Talaromyces_wortmannii
unidentified
Fellozyma_inositophila
unidentified
unidentified
unidentified
unidentified
unidentified
Peniophora_piceae
unidentified
Exophiala_capensis
unidentified
Rhodotorula_babjevae
unidentified

Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
unidentified
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
unidentified
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
unidentified
Basidiomycota
Basidiomycota
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Continued… Significant indicator OTUs of time points present at the above-ground zone in Test 1 and Test 2
OTU0487
OTU0503
OTU0518
OTU0555
OTU0558
OTU0561
OTU0569
OTU0596
OTU0622
OTU0646
OTU0735
OTU0775
OTU0779
OTU0790
OTU0799

T10
T10
T11
T11
T9
T10
T10
T10
T10
T11
T10
T10
T10
T9
T9

29.60
30.00
22.20
23.10
29.60
27.80
27.80
19.80
19.80
17.80
28.60
19.80
23.10
32.30
30.20

0.004**
0.005**
0.048*
0.013*
0.005**
0.002**
0.002**
0.034*
0.037*
0.049*
0.004**
0.037*
0.012*
0.002**
0.002**

Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2

Pseudobensingtonia_ingoldii
Oberwinklerozyma_yarrowii
Flagelloscypha_minutissima
Trichoderma_koningiopsis
unidentified
unidentified
Mortierella_horticola
Genolevuria_amylolytica
unidentified
Trichoderma_appalachiense
Mortierella_horticola
unidentified
unidentified
unidentified
unidentified

Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Mortierellomycota
Basidiomycota
Basidiomycota
Ascomycota
Mortierellomycota
Chytridiomycota
Basidiomycota
Basidiomycota
Basidiomycota
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Appendix 2. Significant indicator OTUs of time points present at the groundline zone in Test 1 and Test 2
OTU_

Time point

OTU0018
OTU0043
OTU0044
OTU0054
OTU0060
OTU0091
OTU0104
OTU0133
OTU0153
OTU0160
OTU0175
OTU0201
OTU0229
OTU0233
OTU0247
OTU0250
OTU0268
OTU0279
OTU0288
OTU0301
OTU0302
OTU0309
OTU0316
OTU0323
OTU0336
OTU0339
OTU0375
OTU0385
OTU0386
OTU0392
OTU0394

T3
T2
T6
T1
T2
T3
T2
T1
T2
T6
T1
T6
T6
T6
T1
T1
T2
T1
T6
T1
T1
T6
T6
T3
T2
T6
T5
T1
T1
T3
T1

Observed
Indicator
Value (IV)
20.50
19.40
17.60
18.80
17.40
19.00
22.70
23.10
24.10
20.30
31.40
18.70
21.90
20.80
22.20
25.00
20.40
20.80
41.70
13.60
21.90
41.70
20.20
14.80
23.20
41.70
14.80
20.50
43.90
20.40
18.80

p-value

Test

Species

Phylum

0.020*
0.008**
0.050*
0.041*
0.050*
0.038*
0.008**
0.008**
0.0002**
0.015*
0.001**
0.047*
0.005**
0.020*
0.015*
0.003**
0.022*
0.005**
0.0004**
0.037*
0.006**
0.0004**
0.013*
0.022*
0.008**
0.001**
0.018*
0.020*
0.0002**
0.020*
0.036*

Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1

Sarcinomyces_crustaceus
unidentified
unidentified
Cryptococcus_frias
Cystobasidium_pinicola
Taphrina_carpini
Mrakiella_aquatica
Oberwinklerozyma_yarrowii
Krasilnikovozyma_huempii
Trichoderma_koningiopsis
Leucosporidium_golubevii
unidentified
Sistotrema_brinkmannii
unidentified
Plectosphaerella_cucumerina
unidentified
Phialophora_livistonae
unidentified
Leucoagaricus_leucothites
unidentified
Filobasidium_stepposum
Leucoagaricus_leucothites
Exophiala_bonariae
unidentified
Mastigobasidium_intermedium
Penicillium_nodositatum
Crustoderma_dryinum
Fellozyma_inositophila
unidentified
unidentified
unidentified

Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
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Continued… Significant indicator OTUs of time points present at the groundline zone in Test 1 and Test 2
OTU_
Time point
Observed
p-value
Test
Species
Indicator
Value (IV)
OTU0395
T1
19.90
0.004**
Test 1
unidentified
OTU0398
T6
19.80
0.026*
Test 1
Scytinostroma_galactinum
OTU0442
T6
23.10
0.007**
Test 1
unidentified
OTU0449
T1
22.20
0.017*
Test 1
Plectosphaerella_cucumerina
OTU0453
T7
26.70
0.006**
Test 1
Rasamsonia_pulvericola
OTU0493
T1
22.20
0.018*
Test 1
Slooffia_pilatii
OTU0524
T1
16.00
0.043*
Test 1
unidentified
OTU0561
T1
23.10
0.004**
Test 1
unidentified
OTU0569
T1
21.40
0.016*
Test 1
Mortierella_horticola
OTU0575
T1
19.00
0.015*
Test 1
unidentified
OTU0613
T3
34.00
0.0002**
Test 1
unidentified
OTU0664
T1
19.40
0.009**
Test 1
Microsporomyces_bloemfonteinensis
OTU0665
T1
37.10
0.001**
Test 1
unidentified
OTU0720
T1
34.70
0.001**
Test 1
Mortierella_horticola
OTU0734
T1
16.00
0.042*
Test 1
Mortierella_horticola
OTU0735
T1
31.40
0.0004**
Test 1
Mortierella_horticola
OTU0757
T2
18.60
0.038*
Test 1
unidentified
OTU0761
T3
18.90
0.037*
Test 1
Buckleyzyma_phyllomatis
OTU0779
T1
23.10
0.005**
Test 1
unidentified
OTU0790
T2
17.00
0.024*
Test 1
unidentified
OTU0898
T1
16.00
0.042*
Test 1
Mortierella_horticola
OTU0920
T1
19.00
0.032*
Test 1
unidentified
OTU0001
T9
23.10
0.012*
Test 2
Trichoderma_harzianum
OTU0002
T9
17.80
0.049*
Test 2
Trichoderma_harzianum
OTU0008
T9
25.00
0.009**
Test 2
unidentified
OTU0009
T10
35.60
0.001**
Test 2
unidentified
OTU0018
T11
34.70
0.002**
Test 2
Sarcinomyces_crustaceus
OTU0020
T9
24.70
0.010**
Test 2
unidentified
OTU0026
T9
34.60
0.001**
Test 2
Trichoderma_intricatum
OTU0043
T9
30.00
0.005**
Test 2
unidentified
OTU0081
T9
32.30
0.003**
Test 2
Trichoderma_dingleyae

Phylum

Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Mortierellomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Mortierellomycota
Mortierellomycota
Mortierellomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Mortierellomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
unidentified
Ascomycota
Basidiomycota
Ascomycota
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Continued… Significant indicator OTUs of time points present at the groundline zone in Test 1 and Test 2
OTU_
Time point
Observed
p-value
Test
Species
Indicator
Value (IV)
OTU0116
T10
29.60
0.004**
Test 2
unidentified
OTU0122
T9
24.70
0.013*
Test 2
Filobasidium_wieringae
OTU0123
T11
23.10
0.014*
Test 2
Hyphodontia_radula
OTU0128
T10
22.70
0.028*
Test 2
Solicoccozyma_phenolica
OTU0160
T9
38.30
0.0004**
Test 2
Trichoderma_koningiopsis
OTU0179
T9
23.10
0.013*
Test 2
unidentified
OTU0222
T9
22.20
0.022*
Test 2
Trichoderma_viride
OTU0227
T10
22.20
0.043*
Test 2
unidentified
OTU0263
T9
37.30
0.002**
Test 2
Trichoderma_appalachiense
OTU0264
T9
26.50
0.018*
Test 2
unidentified
OTU0276
T10
30.00
0.005**
Test 2
Solicoccozyma_terricola
OTU0302
T9
33.60
0.003**
Test 2
Filobasidium_stepposum
OTU0316
T10
29.30
0.028*
Test 2
Exophiala_bonariae
OTU0331
T9
42.00
0.0004**
Test 2
Trichoderma_koningiopsis
OTU0357
T9
22.20
0.022*
Test 2
Agrocybe_praecox
OTU0365
T9
17.80
0.048*
Test 2
unidentified
OTU0372
T9
28.60
0.004**
Test 2
Trichoderma_harzianum
OTU0395
T10
27.90
0.029*
Test 2
unidentified
OTU0413
T9
19.80
0.038*
Test 2
unidentified
OTU0426
T10
29.60
0.005**
Test 2
unidentified
OTU0427
T10
17.80
0.049*
Test 2
Cetraspora_nodosa
OTU0435
T11
23.10
0.012*
Test 2
unidentified
OTU0439
T10
32.30
0.002**
Test 2
unidentified
OTU0446
T9
40.00
0.0002**
Test 2
Rhodotorula_babjevae
OTU0455
T9
29.60
0.004**
Test 2
unidentified
OTU0457
T11
32.30
0.001**
Test 2
Peniophora_aurantiaca
OTU0487
T9
23.70
0.036*
Test 2
Pseudobensingtonia_ingoldii
OTU0493
T10
17.80
0.045*
Test 2
Slooffia_pilatii
OTU0502
T10
23.70
0.030*
Test 2
Exophiala_bonariae
OTU0519
T11
25.40
0.018*
Test 2
Curvibasidium_cygneicollum
OTU0521
T10
24.70
0.010**
Test 2
unidentified

Phylum

Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Glomeromycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
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Continued… Significant indicator OTUs of time points present at the groundline zone in Test 1 and Test 2
OTU_
Time point
Observed
p-value
Test
Species
Indicator
Value (IV)
OTU0551
T10
33.30
0.001**
Test 2
Slooffia_pilatii
OTU0555
T9
42.70
0.0002**
Test 2
Trichoderma_koningiopsis
OTU0558
T11
17.80
0.050*
Test 2
unidentified
OTU0673
T9
19.80
0.041*
Test 2
unidentified
OTU0779
T9
22.70
0.028*
Test 2
unidentified

Phylum
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
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Appendix 3. Significant indicator OTUs of time points present at the below-ground zone in Test 1 and Test 2.
OTU_

Time point

OTU0084
OTU0128
OTU0168
OTU0172
OTU0174
OTU0250
OTU0276
OTU0308
OTU0335
OTU0336
OTU0385
OTU0395
OTU0398
OTU0400
OTU0404
OTU0413
OTU0426
OTU0446
OTU0455
OTU0458
OTU0461
OTU0487
OTU0492
OTU0509
OTU0515
OTU0520
OTU0521
OTU0602
OTU0664
OTU0775
OTU0779

T3
T1
T3
T5
T1
T3
T1
T6
T3
T3
T3
T3
T6
T3
T4
T1
T2
T3
T3
T3
T4
T3
T1
T6
T6
T8
T1
T5
T5
T5
T3

Observed
Indicator
Value (IV)
30.70
26.00
30.00
19.00
33.30
23.20
23.30
20.00
19.00
21.50
39.70
24.50
18.80
23.10
17.60
20.80
19.00
20.80
29.20
17.40
19.80
19.00
15.80
18.80
16.00
29.80
18.80
29.80
34.00
22.20
20.80

p-value

Test

Species

Phylum

0.001**
0.0002**
0.002**
0.017*
0.0004**
0.009**
0.010**
0.024*
0.022*
0.014*
0.0004**
0.002**
0.014*
0.004**
0.05*
0.007**
0.023*
0.021*
0.002**
0.023*
0.024*
0.026*
0.036*
0.032*
0.049*
0.003**
0.037*
0.004**
0.001**
0.016*
0.023*

Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1

unidentified
Solicoccozyma_phenolica
unidentified
unidentified
Mortierella_elongata
unidentified
Solicoccozyma_terricola
Delicatula_integrella
unidentified
Mastigobasidium_intermedium
Fellozyma_inositophila
unidentified
Scytinostroma_galactinum
Confertobasidium_olivaceoalbum
unidentified
unidentified
unidentified
Rhodotorula_babjevae
unidentified
Rhodotorula_cycloclastica
unidentified
Pseudobensingtonia_ingoldii
unidentified
unidentified
unidentified
Derxomyces_pseudohuiaensis
unidentified
Mortierella_horticola
Microsporomyces_bloemfonteinensis
unidentified
unidentified

Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Mortierellomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
unidentified
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Mortierellomycota
Basidiomycota
Chytridiomycota
Basidiomycota
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Continued… Significant indicator OTUs of time points present at the below-ground zone in Test 1 and Test 2
OTU_
Time point
Observed
p-value
Test
Species
Indicator
Value (IV)
OTU0790
T3
18.90
0.023*
Test 1
unidentified
OTU0001
T9
22.20
0.023*
Test 2
Trichoderma_harzianum
OTU0008
T9
27.20
0.006**
Test 2
unidentified
OTU0011
T10
27.20
0.005**
Test 2
Fellozyma_inositophila
OTU0018
T10
20.90
0.037*
Test 2
Sarcinomyces_crustaceus
OTU0042
T9
25.00
0.008**
Test 2
Gongronella_butleri
OTU0043
T11
20.90
0.037*
Test 2
unidentified
OTU0045
T9
25.00
0.009**
Test 2
unidentified
OTU0054
T10
30.90
0.003**
Test 2
Cryptococcus_frias
OTU0084
T11
22.20
0.043*
Test 2
unidentified
OTU0085
T11
40.60
0.0004**
Test 2
Exophiala_xenobiotica
OTU0091
T10
23.10
0.011*
Test 2
Taphrina_carpini
OTU0101
T10
23.10
0.016*
Test 2
Itersonilia_pannonica
OTU0120
T10
20.00
0.047*
Test 2
Sporobolomyces_phaffii
OTU0122
T10
32.10
0.002**
Test 2
Filobasidium_wieringae
OTU0149
T10
30.00
0.005**
Test 2
Rhodosporidiobolus_colostri
OTU0153
T10
39.70
0.0002**
Test 2
Krasilnikovozyma_huempii
OTU0154
T10
23.10
0.009**
Test 2
Erythrobasidium_hasegawianum
OTU0160
T11
32.80
0.004**
Test 2
Trichoderma_koningiopsis
OTU0178
T9
34.00
0.001**
Test 2
Talaromyces_wortmannii
OTU0179
T9
37.50
0.0004**
Test 2
unidentified
OTU0195
T10
34.00
0.001**
Test 2
Colacogloea_falcata
OTU0213
T10
22.70
0.027*
Test 2
Pseudochaete_tabacina
OTU0225
T10
37.50
0.001**
Test 2
Udeniomyces_pyricola
OTU0241
T9
49.40
0.0002**
Test 2
Talaromyces_wortmannii
OTU0250
T11
23.70
0.048*
Test 2
unidentified
OTU0251
T9
23.10
0.012*
Test 2
unidentified
OTU0261
T10
27.20
0.004**
Test 2
Cylindrobasidium_evolvens
OTU0263
T11
36.50
0.002**
Test 2
Trichoderma_appalachiense
OTU0264
T11
30.90
0.005**
Test 2
unidentified
OTU0275
T10
45.00
0.0002**
Test 2
Sporobolomyces_roseus

Phylum

Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Mucoromycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
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Continued.Significant indicator OTUs of time points present at the below-ground zone in Test 1 and Test 2
OTU_
Time point
Observed
p-value
Test
Species
Indicator
Value (IV)
OTU0285
T9
25.40
0.019*
Test 2
unidentified
OTU0289
T9
45.00
0.0002**
Test 2
Mucor_moelleri
OTU0297
T11
27.80
0.003**
Test 2
Talaromyces_sp
OTU0302
T10
46.90
0.0002**
Test 2
Filobasidium_stepposum
OTU0329
T9
29.40
0.043*
Test 2
unidentified
OTU0331
T9
20.00
0.045*
Test 2
Trichoderma_koningiopsis
OTU0333
T9
29.20
0.008**
Test 2
unidentified
OTU0339
T9
30.00
0.001**
Test 2
Penicillium_nodositatum
OTU0358
T10
27.80
0.002**
Test 2
Rhodosporidiobolus_colostri
OTU0365
T9
30.20
0.003**
Test 2
unidentified
OTU0371
T9
23.70
0.032*
Test 2
Umbelopsis_autotrophica
OTU0376
T9
53.30
0.0002**
Test 2
Talaromyces_wortmannii
OTU0381
T9
23.10
0.014*
Test 2
unidentified
OTU0387
T10
26.50
0.029*
Test 2
unidentified
OTU0391
T10
30.20
0.003**
Test 2
Lecanora_orientoafricana
OTU0392
T10
30.20
0.003**
Test 2
unidentified
OTU0395
T11
28.70
0.05*
Test 2
unidentified
OTU0403
T9
27.40
0.005**
Test 2
unidentified
OTU0434
T10
19.80
0.038*
Test 2
unidentified
OTU0451
T9
22.20
0.026*
Test 2
unidentified
OTU0458
T11
22.20
0.022*
Test 2
Rhodotorula_cycloclastica
OTU0498
T10
19.80
0.036*
Test 2
Sirobasidium_brefeldianum
OTU0503
T11
22.70
0.027*
Test 2
Oberwinklerozyma_yarrowii
OTU0513
T9
25.00
0.009**
Test 2
unidentified
OTU0519
T10
26.50
0.009**
Test 2
Curvibasidium_cygneicollum
OTU0524
T10
34.00
0.001**
Test 2
unidentified
OTU0555
T9
24.70
0.015*
Test 2
Trichoderma_koningiopsis
OTU0561
T10
19.80
0.041*
Test 2
unidentified
OTU0596
T10
25.00
0.011*
Test 2
Genolevuria_amylolytica
OTU0608
T10
27.80
0.002**
Test 2
Naohidea_sebacea
OTU0613
T10
19.80
0.038*
Test 2
unidentified

Phylum

unidentified
Mucoromycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Mucoromycota
Ascomycota
unidentified
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
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Significant indicator OTUs of time points present at the below-ground zone in Test 1 and Test 2
OTU_
Time point
Observed
p-value
Test
Species
Indicator
Value (IV)
OTU0749
T10
23.10
0.012*
Test 2
unidentified
OTU0752
T10
28.60
0.002**
Test 2
unidentified
OTU0790
T10
22.20
0.022*
Test 2
unidentified
OTU0858
T9
23.10
0.011*
Test 2
Umbelopsis_autotrophica
OTU0862
T11
27.40
0.008**
Test 2
Exophiala_xenobiotica

Phylum

Basidiomycota
Basidiomycota
Basidiomycota
Mucoromycota
Ascomycota
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Appendix 4. Significant indicator OTUs of wood types present at the above-ground zone in Test 1 and Test 2.
OTU_
OTU0153
OTU0214
OTU0225
OTU0257
OTU0413
OTU0490
OTU0502
OTU0766
OTU0147
OTU0173
OTU0193
OTU0227
OTU0229
OTU0323
OTU0334
OTU0372
OTU0394
OTU0457
OTU0748
OTU0799

Wood Type
ALD
DFH
ALD
ALD
DFS
WRC
DFH
ALD
ALD
ALD
ALD
ALD
DFS
ALD
ALD
ALD
DFS
ALD
ALD
ALD

Value (IV)
28.00
17.40
22.20
17.40
14.90
19.90
17.00
17.40
35.50
17.40
20.80
21.10
34.40
18.80
24.20
21.40
17.00
20.40
20.40
29.60

p-value
0.002**
0.014*
0.005**
0.011*
0.042*
0.022*
0.044*
0.015*
0.003**
0.041*
0.011*
0.042*
0.013*
0.020*
0.015*
0.014*
0.044*
0.040*
0.041*
0.001**

Test
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2

Species
Krasilnikovozyma_huempii
Trichoderma_harzianum
Udeniomyces_pyricola
Sagenomella_verticillata
unidentified
unidentified
Exophiala_bonariae
Mrakiella_aquatica
unidentified
Monocillium_indicum
Fomitopsis_cajanderi
unidentified
Sistotrema_brinkmannii
unidentified
unidentified
Trichoderma_harzianum
unidentified
Peniophora_aurantiaca
unidentified
unidentified

Phylum
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
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Appendix 5. Significant indicator OTUs of wood types present at the groundline zone in Test 1 and Test 2.
OTU_
OTU0009
OTU0058
OTU0104
OTU0116
OTU0149
OTU0160
OTU0211
OTU0233
OTU0290
OTU0335
OTU0345
OTU0426
OTU0474
OTU0521
OTU0657
OTU0766
OTU0862
OTU0085
OTU0163
OTU0399
OTU0429
OTU0450
OTU0455
OTU0458
OTU0734
OTU0735
OTU0862
OTU0921

Wood Type
ALD
WRC
ALD
DFH
ALD
ALD
ALD
DFH
WRC
DFH
ALD
DFH
WRC
ALD
DFH
ALD
WRC
WRC
WRC
DFS
WRC
WRC
ALD
WRC
WRC
WRC
WRC
WRC

Value (IV)
26.30
14.90
18.80
24.50
24.00
28.20
18.60
15.00
16.70
16.70
14.90
18.60
16.70
26.30
16.70
14.90
16.70
31.20
24.20
20.40
21.40
26.70
17.00
26.00
17.40
20.40
20.40
21.40

p-value
0.011*
0.043*
0.038*
0.004**
0.006**
0.027*
0.018*
0.033*
0.025*
0.030*
0.039*
0.020*
0.026*
0.009**
0.027*
0.038*
0.030*
0.036*
0.016*
0.041*
0.014*
0.004**
0.044*
0.014*
0.039*
0.038*
0.040*
0.015*

Test
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 1
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2

Species
unidentified
Nakazawaea_holstii
Mrakiella_aquatica
unidentified
Rhodosporidiobolus_colostri
Trichoderma_koningiopsis
Pirex_concentricus
unidentified
Phaeoacremonium_roseum
unidentified
Crustoderma_dryinum
unidentified
unidentified
unidentified
Piskurozyma_cylindrica
Mrakiella_aquatica
Exophiala_xenobiotica
Exophiala_xenobiotica
unidentified
unidentified
Hymenochaete_fulva
Hymenochaete_fulva
unidentified
Rhodotorula_cycloclastica
Mortierella_horticola
Mortierella_horticola
Exophiala_xenobiotica
unidentified

Phylum
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Glomeromycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Mortierellomycota
Mortierellomycota
Ascomycota
Basidiomycota
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Appendix 6. Significant indicator OTUs of wood types present at the groundline zone in Test 1 and Test 2
OTU_
OTU0250
OTU0436
OTU0467
OTU0663
OTU0004
OTU0043
OTU0075
OTU0084
OTU0153
OTU0172
OTU0178
OTU0229
OTU0386
OTU0405
OTU0429
OTU0446
OTU0450
OTU0467

Wood Type
WRC
DFH
DFS
WRC
ALD
WRC
DFS
ALD
ALD
ALD
DFS
ALD
ALD
ALD
WRC
ALD
WRC
WRC

Value (IV)
21.90
14.90
17.80
20.50
18.80
26.00
28.00
26.00
19.00
18.80
18.80
33.40
19.00
33.50
25.00
18.80
17.40
27.80

p-value
0.019*
0.037*
0.038*
0.013*
0.021*
0.011*
0.014*
0.018*
0.042*
0.043*
0.018*
0.038*
0.044*
0.008**
0.003**
0.042*
0.038*
0.010**

Test
Test 1
Test 1
Test 1
Test 1
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2
Test 2

Species
unidentified
Exophiala_capensis
Hymenochaete_fulva
unidentified
unidentified
unidentified
Malassezia_restricta
unidentified
Krasilnikovozyma_huempii
unidentified
Talaromyces_wortmannii
Sistotrema_brinkmannii
unidentified
Peniophora_piceae
Hymenochaete_fulva
Rhodotorula_babjevae
Hymenochaete_fulva
Hymenochaete_fulva

Phylum
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota

