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Forests are some of the most ecologically diverse and dense habitats on the planet.
Research shows that the endophyte community, or the fungi, bacteria, and viruses within a forest
ecosystem is highly diverse. Fungal endophytes are defined as fungi that live within the tissues
of host plants. Relationships between fungal endophytes and their hosts exist along a continuum
from mutualism and commensalism to pathogenic. Although the most common type of
relationships are commensalisms of unknown effect, endophytes offer their hosts many benefits
such as protection against other pathogenic microorganisms. In fact, the forest microbiome offers
a wealth of untapped potential with regards to understudied or even undiscovered fungal
endophytes with best estimates for total fungal endophytes around 1 million distinct species. In
this study one-, two-, and three-year-old needles were collected from trees in stands of varying
burn severities (i.e., unburned, low, moderate, high) within the Jack Creek Drainage of the
Eastern Cascade Mountain range. Collected needles were surface sterilized, cut into three
sections of equal size, and plated on malt extract agar (MEA). A resulting 346 pure fungal
cultures were obtained and organized into 27 morphologic groups. Random subsamples of each
group were chosen for Sanger sequencing. General linear models were used to find differences in
odds ratios and total counts of fungal endophytes across burn severities and needle age classes.

Fungal isolates were plated in dual cultures to characterize in vitro interactions between each pair
and antagonism index scores were calculated for each isolate. Fungi identified include
Lophodermium sp., Sydowia polyspora, and Penicillium chrysogenum. Fungal endophyte
infection rates of ponderosa pine needles increased with needle age and differed between burn
severities. The odds of three-year-old needles being infected with fungal endophytes were
estimated to be 75.9 (p < 0.001) times those for one-year-old needles and 2.91 (p < 0.001) times
those of two-year-old needles. The odds of two-year-old needles being infected with fungal
endophytes were estimated to be 26.0 (p < 0.001) times those of one-year-old needles. Threeyear-old needles had an estimated 685% more fungal endophytes than one-year-old needles (p <
0.001) and two-year-old needles had an estimated 505% more fungal endophytes than one-yearold needles (p = 0.002). No significant difference in total endophytes were found between twoand three-year-old needles. Non-metric multi-dimensional scaling (NMS) coupled with multiresponse permutation procedures (MRPP) revealed differences in fungal endophyte communities
between high and unburned sites, high and low burned sites, and between one-, two-, and threeyear-old needles. These tests showed that differences in odds, endophyte counts, and community
structure were mainly a consequence of needle age. A variety of interactions were observed in
dual cultures. Over 50% of all interactions resulted in inhibition of growth of one or both
participants. This research adds to the collective knowledge of fungal endophytes in ponderosa
pine needles and corroborates findings of previous studies regarding ponderosa pine needle
fungal endophyte community composition.
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Chapter 1: Introduction
Why fungi?
Fungi are important and often overlooked members of the earth’s microbiome. In fact,
fungi have found their way into explanations of changes in our planet’s history, from glaciations
(Lenton, Crouch, Johnson, Pires, & Dolan, 2012) to the proliferation of large predatory fish
(Dahl et al., 2010). Fungi are also considered the cause of much of the structure seen within plant
ecosystems. The domination of land by plants was made possible by symbioses between early
plants and fungi (Selosse, Strullu‐Derrien, Martin, Kamoun, & Kenrick, 2015). Fungi have large
effects on landscapes by creating and distributing nutrients throughout an ecosystem (Peay,
Kennedy, & Talbot, 2016). The presence of mycorrhizal fungi can increase overall plant
diversity (Van der Heijden et al., 1998). Conversely, fungal presence can reduce diversity by
granting competitive advantage to certain plant species over others (Clay & Holah, 1999). Fungi
have been shown to help plants survive abiotic stressors such as extreme heat and high salinity
(Redman, Sheehan, Stout, Rodriguez, & Henson, 2002) and biotic stressors such as insect
herbivory (Wagner & Lewis, 2000) and other fungal pathogens (Arnold et al., 2003). Much of
this success can be attributed to a group of fungi that live within tissues of plants.
What are endophytes?
Fungal endophytes are defined as fungi that live all, or a portion of, their lives within the
different tissues of host plants (Hallmann, Quadt-Hallmann, Mahaffee, & Kloepper, 1997). The
most common type of fungal endophyte – plant host relationships are commensalisms with
unknown functions. Still, fungal endophytes of woody plants are a highly diverse group that exist
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within a continuum of symbiotic relationships from mutualism and commensalism to pathogenic.
Not all fungal endophytes are locked into one type of relationship and relationships can change
depending on environmental factors and the plant host species. For instance, Fusarium
verticillioides exists as both a beneficial endophyte and a pathogen in maize (Bacon, Glenn, &
Yates, 2008). One species of fungus has the potential to be either economically beneficial or
disastrous. Claviceps purpurea, a fungal seed pathogen of grass, reduces herbivory by sheep in
wild red fescue plants, but also causes ergot poisoning in humans (Wäli, Wäli, Saikkonen, &
Tuomi, 2013). Some endophytes offer protection to their plant hosts against insect herbivory or
other microbial pathogens and can even induce plant growth (Hardoim et al., 2015). The balance
between mutualism, commensalism, and pathogenicity is dependent on several factors such as
host genotype, and local abiotic conditions (Hardoim et al., 2015). One species of fungus has the
potential to be either economically beneficial or disastrous. Finally, non-pathogenic endophytes
living in one plant species could potentially be pathogenic in another plant species, making the
identification of reservoir hosts an important aspect in disease management. There are an
estimated 2.2 – 3.8 million species of fungi, with only approximately 120,000 species being
identified to date (D. L. Hawksworth & Luecking, 2017). While there are about 300,000 species
of plants, only a few have been comprehensively studied with regards to their fungal endophyte
communities (Strobel & Daisy, 2003).
The importance of secondary metabolites
Fungal endophytes encounter a variety of different internal environments that are often
shared with other microorganisms. To compete and survive in these environments fungi have
evolved tools in the form of secondary metabolites. Secondary metabolites are unique chemical
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compounds that are produced at different stages in an organism’s life cycle, but are not necessary
to the ongoing growth and development of the organism. Secondary metabolites are often unique
to a small group of organisms (Keller, Turner, & Bennett, 2005). That is, every fungal species
produces their own population of secondary metabolites and this population of secondary
metabolites is likely altered by the environment in which it is developed (Barbara Schulz, Boyle,
Draeger, Römmert, & Krohn, 2002). Peldáez (2004) found more than seven hundred secondary
metabolites over an eight year period with antifungal, antibacterial, or antitumor properties.
Research shows that about 51% of the secondary metabolites produced by fungal endophytes
have novel structures whereas 38% of those produced by soil fungi have novel structures
(Barbara Schulz et al., 2002). Now consider that 30% of the most frequently prescribed
medications are derived from fungi as secondary metabolites (Barbara Schulz et al., 2002), and
that liberal estimates claim 8% of fungi have been identified (D. L. Hawksworth & Luecking,
2017), fungi offer an almost endless supply of new products.
Bacteria are becoming drug resistant, new viruses are evolving, and the number of fungal
infections is on the rise worldwide (Magiorakos et al., 2012, van der Hoek et al., 2004, Perfect &
Schell, 1996). These problems highlight and represent an increased difficulty in dealing with
medical issues. There is also the issue of increasing food production to match the rate of our
growing population. Interactions between fungal endophytes, their plant hosts, other
microorganisms, and each other provides a source of novel and natural substances that can be
used in many ways for food production, alternative energy, or antibiotics. These interactions
provide untold scientific potential. Of the fungal endophytes that have been studied, many
naturally produce biologically active compounds that have biological effects (Strobel and Daisy,
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2003). Fungi have been used for their medicinal properties for thousands of years, yet it wasn’t
until the discovery of antibiotic penicillin by Alexander Fleming in 1928 that we began to relate
the active compounds from fungi with their beneficial properties (Landau, Achilladelis, &
Scriabine, 1999). Since Fleming’s discovery, multiple fungal species have been found to produce
beneficial compounds. The first statins used as cholesterol-lowering drugs to help reduce the risk
of heart attacks and strokes for millions of people, were the products of fungi (Tobert, 2003). A
number of antimalarial drugs are derived from fungi, including a drug isolated from a fungal
endophyte of a tree native to Costa Rica (Kontnik & Clardy, 2008). A number of
immunosuppressants, including cyclosporine, which help make organ transplants possible are
derived from fungi (Borel, Kis, & Beveridge, 1995). There is evidence that certain yeasts taken
as fungal probiotics can help reduce the duration of diarrhea, which continues to be a serious
problem in developing countries (Dinleyici, Eren, Ozen, Yargic, & Vandenplas, 2012). As
Kingston (2001) points out, the anti-cancer drug Taxol is considered one of the biggest drug
innovations of our time and was originally discovered as a product of the Pacific yew tree. An
extreme demand for the new cancer treatment combined with a low supply of Pacific yew forced
a search for other sources of Taxol. Eventually, it was discovered that Taxol was produced by a
fungal endophyte of the Pacific yew tree. Taxol has also been discovered as a product of fungal
endophytes and the hazelnut tree hosts (Chang, Hoffman, & Earl, 2000). Fungi are also being
used in end of life care to ease the suffering and anxiety of terminally ill patients (Griffiths et al.,
2016). These are just a few examples of medical treatments coming from fungi. There are also
plenty of examples in which fungi provide important products such as bread, wine, and beer
(Legras, Merdinoglu, Cornuet, & Karst, 2007) or have the potential to clean waterways polluted
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by industrial runoff (Soares & Soares, 2012). With so many success stories sharing such a
common theme, we need to continue our search for new and novel compounds with fungal
endophytes.
Historic forest structure
In the late 1800s and early 1900s, the eastern Cascade mountain range in Oregon was
characterized by large, widely spaced ponderosa pine, most with diameters greater than 50 cm
(Henjum, Karr, & Chu, 1994). These park-like forests would be characterized as “old forest,
single stratum” with 95% of trees having a diameter at breast height (DBH) greater than 50 cm,
and the smallest trees a DBH of at least 6 cm, few downed logs, and continuous herbaceous
undergrowth (Crookston & Stage, 1999). In a journal excerpt from 1853, Rebecca Ketcham
writes:
“… the country all through is burnt over, so often there is not the least
underbrush, but the grass grows thick and beautiful. It is now ripe and yellow in
the spaces between the groves (which are large and many) looks like fields of
grain ripened, ready for harvest” (Wickman, 1992).
The historic structure of these eastern forests is considered the result of low intensity surface
fires which consumed ground cover and killed only the smallest trees, with fires returning every
4-11 years (Bork 1984, Agee 1996). In the historic old growth, single stratum it is easy to
imagine the microscopic community being as stable as the macroscopic community.
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Ponderosa pine
Ponderosa pine (Pinus ponderosa Dougl. ex Laws.) is the most widely distributed pine in
North America, present in 16 states, with a range stretching north from southern California up
into British Colombia and east into North and South Dakota, Nebraska, Colorado, Wyoming, and
New Mexico (Safford, 2013). This wide range results in ponderosa pine inhabiting many unique
habitats each with the potential for its own unique fungal endophyte community. Recent research
on the fungal endophyte community of ponderosa pine needles in Eastern Washington by Gray
(2016) used molecular sequencing to conclude that communities varied across needle age classes
and geographic locations and found that nearly half of all fungal endophytes were unique to one
of two needle classes. Old-growth ponderosa pine forests are becoming rarer, with current
amounts estimated to be about 3-15% of historic levels (Bolsinger & Waddell, 1993). This
reduction in old-growth forests can be attributed to many factors. Three years of drought from
1887 to 1890 resulted in reduced ponderosa pine growth which resulted in bark beetle outbreaks
east of the Cascades (Craighead, Miller, Evenden, & Keen, 1931). Increased rates of logging in
virgin pine stands brought on by railroad expansion in the western United States, livestock
grazing, insect control via selective logging, as well as active fire suppression have all
contributed to current conditions of eastern ponderosa pine forests (Youngblood, Max, & Coe,
2004). Fire exclusion by the U.S Forest Service has increased understory biomass with oldgrowth stands now including greater amounts of fire-intolerant species, which puts stands at
greater risk of replacement. Covington and Moore (1994) report that average tree density of
ponderosa pine forests has increased from pre-settlement numbers of 23 trees per acre to 851
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trees per acre today. These increases in tree density are coupled with increased canopy closure,
vertical fuel continuity, and surface fuel which results in fire hazards over areas larger than ever
before.

The effects of wildfire
Coniferous forests of the eastern Cascade mountain range in Oregon have changed
dramatically over the past century. Wild fires have shaped the structure of forests in North
America for centuries allowing fire resistant species such as ponderosa pine, to outcompete and
outpace more susceptible species (Amo, Harrington, Fiedler, & Carlson, 1995). In 2003,
approximately 37,000 hectares of land stretching along the Cascade Mountains between Mounts
Jefferson and Washington burned over a 35 day period. What started as two small fires 24
kilometers apart grew into the B&B complex fire. The fire was active on both the eastern and
western sides of the Cascade Mountain range. The western side forests of the Cascades are
characterized by Douglas-fir and western hemlock, while the eastern side forests are
characterized by ponderosa pine and lodgepole pine. While the B&B fire occurred over 15 years
ago, its effects on the landscape are still obvious, allowing us to determine the long term effect of
wild fire on fungal endophyte communities. Glassman, Levine, DiRocco, Battles, and Bruns
(2016) demonstrated that, although severe wildfires reduce ectomycorrhizal (ECM) fungal spore
reserve richness and density by eliminating rare species, the ECM spore community remained
mostly intact. Watts, Smith, Cowan, and Jumpponen (2018) concluded that nearly all existing
soil microbial activity was lost immediately after fire but that fungi had returned one week post
fire and ponderosa pine seedlings were colonized within four months. It remains to be seen
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whether or not foliar fungal endophyte communities are altered by fire and to date no study has
looked at the effects of fire on fungal endophytes of ponderosa pine needles.
Study goals
In this study, we quantified and characterized the fungal endophyte community of
ponderosa pine needles and its reaction to fire. Next, we characterized the interactions between
all fungal endophytes isolated in dual cultures and examined the importance of each endophyte
isolated.
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Chapter 2: Characterization of fungal endophyte populations in ponderosa pine (Pinus
ponderosa) needles in the B&B fire complex of the Eastern Cascade Mountain range
Forests are some of the most ecologically diverse and dense habitats on the planet.
Research shows that the endophyte community, or the fungi, bacteria, and viruses within a
forest ecosystem is highly diverse. Fungal endophytes are defined as fungi that live within the
different tissues of plants. Relationships between fungal endophytes and their hosts exist
along a continuum from mutualism and commensalism to pathogenic. Although the most
common type of relationships are commensalisms of unknown effect, endophytes offer their
hosts many benefits such as protection against other pathogenic microorganisms. In fact, the
forest microbiome offers a wealth of untapped potential with regards to understudied or even
undiscovered fungal endophytes with best estimates for total fungal endophytes around 1
million distinct species. In this study one-, two-, and three-year-old needles were collected
from trees in stands of varying burn intensities (i.e., unburned, low, moderate, high) within
the Jack Creek Drainage of the Eastern Cascade Mountain range. Collected needles were
surface sterilized, cut into three sections of equal size, and plated on malt extract agar (MEA).
A resulting 346 pure fungal cultures were obtained and organized into 27 morphologic
groups. Random subsamples of each group were chosen for Sanger sequencing. General
linear models were used to find differences in odds ratios and total counts of fungal
endophytes across burn severities and needle age classes. Fungal endophyte infection rates of
ponderosa pine needles increased with age. Non-metric multi-dimensional scaling (NMS)
coupled with multi-response permutation procedures (MRPP) revealed differences in fungal
endophyte communities between high and unburned sites, as well as high and low burned
sites and one-, two-, and three-year-old needles. These tests show that differences in odds and
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endophyte counts were a consequence of needle age, while burn severity had an effect on the
makeup of fungal endophyte communities. To conclude, fungi were described in terms of
their important characteristics.
Introduction
Fungi represent a large portion of all living organisms and, along with abiotic factors
such as climate and geophysical properties, are viewed as key components in plant
community structure (McLaughlin & Spatafora, 2014). The true number of fungal species is a
matter of constant debate, with current numbers of described species around 120,000 and a
conservative estimate of 2.2 – 3.8 million fungal species worldwide (D. L. Hawksworth &
Luecking, 2017). An expanding area of interest in mycology lies in fungal endophytes, or the
community of fungi that live within plant tissues. Fungal endophytes exist on a continuum of
symbiotic relationships from mutualism and commensalism to pathogenic. Fungal endophytes
have been found in every plant species and plant tissue surveyed including algae (D.
Hawksworth, 1988), mosses (B Schulz, Wanke, Draeger, & Aust, 1993), ferns (Fisher, 1996),
angiosperms (Clay, 1988), and palms (Fröhlich & Hyde, 1999). Fungi have large effects on
landscapes by creating and distributing nutrients throughout an ecosystem (Peay et al., 2016).
The presence of mycorrhizal fungi can increase overall plant diversity (Van der Heijden et al.,
1998). Conversely, fungal endophyte presence can reduce diversity by granting competitive
advantage to certain species over others (Clay & Holah, 1999). Fungal endophytes have been
shown to help plants survive abiotic stressors such as extreme heat and high salinity (Redman
et al., 2002), biotic stressors such as insect herbivory (Wagner & Lewis, 2000) and other
fungal pathogens (Arnold et al., 2003). While there are about 300,000 species of plants, only a

13
very small percentage have been comprehensively studied regarding their fungal endophyte
communities.
Endophytes of woody plants are a highly diverse group, made up mostly of
ascomycetes (Petrini, 1991). Forests are some of the most ecologically diverse and dense
habitats on the planet, with a wide range a microhabitats resulting in many unique competitive
niches for fungi to inhabit (Nadrowski, Wirth, & Scherer-Lorenzen, 2010). About 10% of the
approximately 1,000 tree species in temperate forests have been studied for fungal endophytes
(Unterseher, 2011). Therefore, fungal endophytes, particularly within trees of temperate
forests, represent an important area of research concerning understudied and undescribed
fungal species.
Ponderosa pine is the most widely distributed pine in North America, present in 16
states, with a range stretching north from southern California up into British Colombia and
east into North and South Dakota, Nebraska, Colorado, Wyoming, and New Mexico (Safford,
2013). This wide range results in ponderosa pine inhabiting many unique habitats each with
the potential for its own unique fungal endophyte community. Recent research on the fungal
endophyte community of ponderosa pine needles in Eastern Washington by Gray (2016) used
molecular sequencing to conclude that communities varied across needle age classes and
geographic locations and found that nearly half of all fungal endophytes were unique to one of
two needle age classes.
Old-growth ponderosa pine forests are becoming rare, with current amounts of oldgrowth ponderosa pine estimated to be about 3-15% of historic levels (Bolsinger & Waddell,
1993). Covington and Moore (1994) reported that average tree density of ponderosa pine
forests has increased from pre-settlement numbers of 23 trees per acre to 851 trees per acre.
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These increases in tree density are coupled with increases in canopy closure, vertical fuel
continuity, and surface fuel, which results in fire hazards over areas larger than ever before.
Wild fires have shaped the structure of forests in North America for centuries allowing fire
adapted species such as ponderosa pine to outcompete and outpace more susceptible species
(Amo et al., 1995).
In 2003, approximately 37,000 hectares of land stretching along the Cascade
Mountains between Mounts Jefferson and Washington burned over a 35-day period. What
started as two small fires 24 kilometers apart grew into the B&B complex fire. The fire was
active on both the eastern and western sides of the Cascade Mountain range. The western side
forests of the Cascades are characterized by Douglas-fir and western hemlock, while the
eastern side forests are characterized by ponderosa pine and lodgepole pine. While the B&B
fire occurred over 15 years ago, its effects on the landscape are still obvious, allowing us to
determine the long term effect of wild fire on fungal endophyte communities. Glassman et al.
(2016) demonstrated that although severe wildfires reduce ectomycorrhizal (ECM) fungal
spore reserve richness and density by eliminating rare species, the ECM spore community
remained mostly intact. Watts et al. (2018) concluded that nearly all existing soil microbial
activity was lost immediately after fire but that fungi had returned one week post fire and
ponderosa pine seedlings were colonized within four months. It remains to be seen whether
foliar fungal endophyte communities are altered by fire and to date no study has looked at the
effects of fire on fungal endophytes of ponderosa pine needles. This study (1) quantified
baseline inventories of, (2) characterized, and (3) compared, fungal endophyte communities
of ponderosa pine needles across unburned sites as well as at sites representing each of the
burn severity classes described by Reilly et al. (2017).
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Materials and Methods
Study site selection
The Jack Creek drainage within the eastern Cascade mountain range of central Oregon
covers approximately 5,000 hectares of mixed-age, mixed-conifer forest managed by the
United States Forest Service (USFS) and was part of the 2003 B&B complex fire. This site
contains ponderosa pine stands that experienced varying burn severities (referred to in this
study as: low, moderate, high, and unburned). The terrain is uniform with only small
variances in elevation, which minimized the potential for changes in elevation to confound
results (Table 1.1). Burn severity classes were determined using the relativized delta
normalized burn ratio (RdNBR) which offers a more consistent definition of severity (Miller
& Thode, 2007). Reilly et al. (2017) used RdNBR to create low, moderate, and high burn
severity classes based on < 25%, 25-75%, and > 75% basal area mortality, respectively,
(Figure 1.1).
Sample sites were characterized by dry conifers with dense canopy and an understory
of fire intolerant brush such as antelope bitterbrush (Purshia tridentata). As burn severity
increased, the canopy was more open as larger trees and fire intolerant species were killed and
species better adapted to fire such as snowbrush ceanothus (Ceanothus velutinus) and
greenleaf manzanita (Arctostaphylos patula) started to dominate the understory. ArcMap
10.6.1 was used to generate random points within each burn severity category with a
minimum distance of 200-m between points. Plots were then selected for sampling based on
accessibility. Seven points were chosen prior to sample collection representing one unburned
site and two of each burn severity (i.e., low burn, moderate burn, and high burn)
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Tree selection
Trees with branches that were accessible without the use of tools or ladders were
chosen for needle collection within each site. Several trees were haphazardly chosen within
each site. Branches with needles showing no outwardly visible signs of disease or damage
were removed and needles were clipped, separated into three groups representing one-, two-,
and three-year-old needle growth based on location on the clipped branch (one-year-old
needles are on the growing tip, separated from two-year-old needles by a gap in growth,
making the needles closest to the trunk the oldest) and then placed in plastic bags labelled
with burn severity (i.e., unburned, low, moderate, and high), site number (i.e., 1 or 2), and
needle age (i.e., one-, two-, or three-year-old), resulting in three bags per site for a total of 21
bags. Bags were returned to Oregon State University within 24 hours and stored at -20°C.
Needle preparation
Branches were removed from cold storage and stripped of needles. Needles were
placed in an Erlenmeyer flask, surface sterilized in an excess of 2.0% sodium hypochlorite
solution for five minutes, and thoroughly rinsed three times using deionized (D.I.) water (B
Schulz et al., 1993). Surface sterilized needles were placed in large sterile petri dishes which
were then wrapped with parafilm to minimize the risk of contamination during transport and
stored at -20°C. The effectiveness of surface sterilization was assessed with three needles
from each needle age class and sampling site that were cut into thirds using a sterile scalpel
and imprinted onto 1.5% malt extract agar (MEA) in petri dishes. A total of 63 imprinted
plates were incubated at 27°C for 7 days and observed for evidence of microbial growth. Any
microbial growth was interpreted as a failure to surface sterilize and the sterilization process
was repeated for that treatment group, using new needles.
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Traditional plate culturing
Once surface sterilization had been confirmed, five new needles were randomly
selected from the sterilized needles for a given field sampling site and needle age class and
cut into thirds to represent the needle sections: tip, middle, and base. The resulting segments
were plated onto 1.5% MEA, resulting in 105 total plates. Plates were wrapped with parafilm
to retard drying, labeled with the corresponding burn severity, site number, needle age,
sample number, and date and incubated at room temperature (22°C) in darkness. Plates were
observed daily for signs of growth. Pure cultures were obtained by immediately transferring
new growth onto fresh 1.5% MEA. Pure cultures were separated into 27 groups based on
macro-morphological characteristics. A conservative approach was used when grouping pure
cultures, wherein new groups were created when cultures were not macro-morphologically
identical or when ambiguities existed, to ensure a representative sampling. Three isolates
were randomly selected for DNA extraction in morphological groups with twenty or fewer
isolates, and up to 15% of the total number of isolates were randomly selected for further
processing if the group contained more than 20 isolates.
Direct preparation of fungal tissue in microcentrifuge tubes
A modified method for growing the fungus directly in microcentrifuge tubes (Cenis,
1992) was used. Five hundred µL of 2.4% potato-dextrose culture broth was added to 1.5mL
microcentrifuge tubes which were then placed in an autoclavable bag that was heated for 15
minutes at 121°C and then allowed to cool in a laminar flow hood for at least an hour. Fungal
tissue from each isolate selected for genetic processing was added, transferring as little agar as
possible, to a labelled 1.5mL microcentrifuge containing sterile broth. The inoculated
microcentrifuge tubes were incubated at 27°C for up to a week. Following incubation, the
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fungal tissue was pelleted by centrifugation at 13,000 rpm for 5 minutes. The resultant broth
was decanted and the fungal pellet was washed with 500µL sterile tris-EDTA (TE) buffer and
centrifuged again at 13,000 rpm for 5 minutes. The TE buffer was decanted.
CTAB extraction of DNA from fungal tissue
A modified cetyltrimethyl ammonium bromide (CTAB) (Gardes & Bruns, 1993)
extraction was used to extract genomic DNA. 300µL of 2X CTAB buffer was added to the
microcentrifuge tubes which then underwent two freeze/thaw cycles that consisted of placing
microcentrifuge tubes in a CTAB extraction freezer rack until frozen followed by incubation
at 65°C in a hot water bath. After the second thaw, fungal tissue in the microcentrifuge tubes
was crushed using a sterile micro pestle. Samples were frozen a third time, incubated at 65°C
in a hot water bath for 40 minutes, and cooled at room temperature before the addition of
300µL chloroform. The resulting chloroform/CTAB mixture was vortexed for 10 seconds and
centrifuged at 13,000 rpm for 15 minutes. The supernatant was then transferred to a clean
microcentrifuge tube to which 500µL ice cold isopropanol was added. Microcentrifuge tubes
were then inverted twice to facilitate DNA precipitation and stored at -20°C overnight. Tubes
were then centrifuged at 13,000 rpm for 8 minutes and the isopropanol was decanted, making
sure to retain the pellet, if present. 500µL ice cold 70% ethanol was then added to the
microcentrifuge tube to wash the pellet. Tubes were inverted twice and centrifuged at 13,000
rpm for 5 minutes. The ethanol was decanted and the microcentrifuge tubes were allowed to
air dry inside a laminar flow hood. The air-dry pellet was resuspended in 50µL of sterile TE
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buffer and vortexed. The resulting DNA samples in TE buffer were stored at -20°C until
further processing.
DNA Amplification
Polymerase chain reaction (PCR) was performed to amplify the internal transcribed
spacer (ITS) regions ITS1 and ITS2 (White, Bruns, Lee, & Taylor, 1990). Reactions were
carried out in 34.0µL reactions containing: 1µL DNA template (X ng/µL), 7µL 5x Hot Start
GoTaq Flexi Buffer (Promega, Madison, WI, USA), 5.6µL 25mM (1mg/mL) Bovine Serum
Albumin (BSA), 4.2µL 25mM MgCL2, 2.8µL 2.5mM 10X dTNPs, 0.35µL 50µM forward
primer (ITS1F), 0.35µL 50µM reverse primer ITS4, 0.15µL Hot Start GoTaq (Promega), and
13.50µL sterilized water. PCR amplification was performed using a thermocycler (Eppendorf
AG, Hamburg, Germany). Steps were as follows: an initial denaturation step of 2 minutes at
95° C, followed by 31 cycles of 94° C for 30 seconds, 50° C for 60 seconds, 72° C for 90
seconds, and a final extension at 72° C for 10 minutes. Once PCR was complete, DNA
samples were analyzed via gel electrophoresis. The 1% agarose gel wells were loaded with
5µL DNA and 5µL sterile TE buffer. Separation took place in two steps: dry loaded samples
were subjected to about 121 volts for 8 minutes, then wells were flooded with TE buffer and
samples electrophoresed at about 83 volts for 30 minutes. The separated amplicons were
visualized with UV light using a Gel Documentation System (Bio-Rad, Hercules, CA, USA).
The remaining 24 μL from the ITS amplification was PCR purified with ExoSAP-IT PCR
Product Cleanup (Thermo Fisher Scientific, Waltham, MA, USA) following the
manufacturer’s protocol. Isolates were then sent to the Oregon State University Center for
Genome Research and Biocomputing, where Sanger sequencing was performed with an ABI
3730 capillary sequence machine (Applied Biosystems, Branchburg, NJ, USA). The resulting
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sequences were trimmed of primers and analyzed using Geneious Prime (Biomatters,
Auckland, New Zealand).
Data visualization
The data were plotted to examine the relationships between needle infection
frequency, numbers of unique isolates with needle age class and burn severity using the
“ggplot2” package (Wickham, 2016) in R version 3.5.1 (Team, 2019) in Rstudio.
Statistical analysis
All statistical analyses were done using R version 3.5.1 in Rstudio. Pairwise
comparisons were calculated for each model using the “emmeans” package (Lenth, 2018).
Comparisons among groups for proportions are reported as odds ratios and comparisons
among groups for total fungal endophyte counts are reported as ratios of means. A total of
four separate models were created to analyze the data.
Fire severity
Proportions and total numbers of fungal endophytes isolated were measured a single
time for each site (N = 7). Comparisons of proportion of needles infected and total number of
fungal endophytes isolated for fire severity were made using two separate binomial
generalized linear models (GLMs). Overdispersion was estimated using the sum of the
squared Pearson residuals divided by the residual degrees of freedom (Ramsey & Schafer,
2012). A plot of the deviance residuals vs the fitted values was examined to check for patterns
that would indicate a lack of fit. A quasi-binomial model was used if overdispersion was
noted in the initial model.
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To compare odds of infection between burn severities the proportion of infected
needles per site was used as the response variable in a binomial GLM with a logit link, with
fire severity as a four-level categorical explanatory variable.
The number of fungal endophytes isolated was used as the response variable to
compare total number of fungal endophytes between burn severities in a Poisson GLM with a
log link, with fire severity as a four-level categorical explanatory variable.
Needle age
Needle age data were nested within site data. Proportions and total numbers of fungal
endophytes isolated were repeated measurements from the same site (N = 21). To account for
the effect of repeated measurements, binomial generalized linear mixed models (GLMMs)
were fit using site as a random effect. Comparisons between proportion of needles infected
and total number of fungal endophytes isolated for one-, two-, and three-year-old needles
were made using two separate binomial (GLMMs) using the lme4 package (Bates, Sarkar,
Bates, & Matrix, 2007). Overdispersion was estimated using the sum of the squared Pearson
residuals divided by the residual degrees of freedom. A plot of the deviance residuals vs the
fitted values was examined to check for patterns indicating a lack of fit. A quasi-binomial
model was used if overdispersion was noted in the initial model.
The odds of infection between needle age classes was assessed using the proportion of
infected needles per needle age class as the response variable in a binomial GLMM with a
logit link, with needle age as a three-level categorical explanatory variable, and site as a
random effect.
The total number of fungal endophytes between needle age classes were compared
using the number of fungal endophytes isolated per needle age class as the response variable
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in a binomial GLMM with a log link, with needle age as a three-level categorical explanatory
variable, and site as a random effect.
Community Analysis
Data were analyzed using PC-ORD Version 7 (McCune & Mefford, 2015). Analysis
was conducted using eight data sets; two total abundance (TA) species matrices and two
presence/absence (PA) species matrices each with its own corresponding environmental
matrix. The species matrices were: “Needle section”, and “Age”. The “Needle Section” data
sets consisted of a species matrix (63 sample units x 12 species) with counts of individual
endophyte species (TA) and a binary indicator (1 or 0) of presence or absence of species (PA)
in each needle section. The “Age” data sets consisted of a species matrix (21 sample units x
12 species) with counts of individual endophyte species combined from each needle age class
(TA) and a binary indicator (1 or 0) of presence or absence of species in each needle age class
(PA). The “Environmental” data sets consisted of environmental matrices containing
measures of elevation (m) and precipitation (mm/year) for each site as well as four qualitative
variables for each needle: site, burn severity, needle age, and needle section along with the
number of sample units corresponding to the respective species matrix. In this study, neither
needle sections nor needle age classes could be considered independent because they came
from the same branch and were thus considered pseudoreplicates. Total species abundance
(TA) was compared to presence/absence (PA) for species in all analyses and data were not
relativized or transformed in any way to better capture the effect of abundant species.
Two-way cluster analysis (TWCA) was performed to visualize relationships between
sample units. TWCA was conducted on both TA and PA versions of “Needle Section” and
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“Age” matrices. The analyses used a Euclidean distance measure, Ward’s group linkage
method, and variables were clustered after relativizing by species maximum.
Multi-Response Permutation Procedures (MRPP) was used on both TA and PA data to
test for differences between groups at the “Needle section”, “Needle age”, and “Burn
severity” levels using the “Needle section” data set. MRPP uses chance-corrected withingroup agreement (A) to report heterogeneity between groups. A = 0 when groups are identical
and A = 1 when there is no overlap between groups. In ecological data, an A > 0.3 is
considered fairly high (McCune, Grace, & Urban, 2002). Because the data sets contained
empty sample units, MRPP was run with Euclidean distance, weighting groups using the
recommended n/sum(n).
Non-metric multi-dimensional scaling (NMS) was used to examine variations in
species among needle sections, needle ages, sites, and burn severities. NMS is used to create a
low dimensional ordination wherein sample units can be visualized in species space. Distance
between sample units increases with increasing dissimilarity (Kruskal, 1964), thus making it
possible to visualize similarities/dissimilarities between sample units with regards to species
composition. NMS is also well suited for data with nonlinear relationships, which community
data sets tend to have. NMS ordination was run on both the TA and PA “Needle section” data
sets using Euclidean distance measure, and tie penalization (Kruskal’s second approach)
starting from a random configuration with a maximum number of 500 iterations and 200 runs
with real data and 200 runs with randomized data. The choice to use the Euclidean distance
measure was motivated by having many empty sample units that were seen as biologically
significant, so removing them would have consequences for interpretation.
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An indicator species analysis (ISA) was done using both TA and PA “Needle Section”
data sets with severity and needle age as the grouping variables. Analysis was done using the
quantitative or binary response option (Dufrêne and Legendre’s method) and a Monte Carlo
randomization test was done with 4999 permutations. ISA uses indicator values (IV) of 0 –
100. A species with an IV of 100 perfectly indicates a certain group.
Results
Isolation rates and Species diversity
Fungal endophyte infection rates were similar between all needle sections and burn
severities, but varied widely among needle age classes (Table 1.2). A total of 346 fungal
endophytes representing 17 distinct individuals and 12 genera were isolated from 105 needles
sampled across the seven sites. Of the 346 isolates 70.8% were from the genus Lophodermium
(L. sp.: 52.3%, L. nitens: 9.54%, L. conigenum: 5.78%, L. pinastrii: 2.60%, and L.
baculiferum: 0.578%). The second most abundant species was Sydowia polyspora with 15.9%
of all isolations. Elytroderma sp. accounted for 6.65% of isolates, Lecythophora hoffmannii
accounted for 2.60% of isolates, and Phaeomoniella sp. accounted for 0.578% of isolates.
Seven species were isolated two times of fewer (Rhizopus stolonifera, Mucor plumbeus,
Phialophora dancoi, Chaetomium indicum, Penicillium chrysogenum, Talaromyces
rugulosus, and Collophora hispanica) accounting for 2.31% of total isolates. A complete list
of all fungi isolated is found in the Appendix (Table 1.3).
Data visualization
Three-year-old needles had the highest proportions of infection except in the ‘Low 1’
site where two- and three-year-old needles had the same proportion of infected needles and
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the ‘Unburned’ site where two-year-old needles had a higher proportion of infection than
three-year-old needles. One-year-old needles had the lowest proportion across all sites (Figure
1.2). Both the proportion and total counts of fungal endophytes increased with needle age
(Figures 1.3, 1.4). Needles collected from sites exposed to fire had similar amounts of fungal
endophytes present (Figure 1.5). Fungal endophyte counts at high severity sites were similar
to those from moderate severity sites, while low severity sites were similar to unburned sites.
Three-year-old needles had the highest number of unique fungal endophytes, but were also
infected at higher rates with all three-year-old needles having infection rates above 50%.
Fire severity
Residual plots showed no patterns indicating lack of fit. There was no overdispersion
in either the proportion model (overdispersion estimate = 0.102, p-value = 0.959) or the total
fungal endophyte count model (overdispersion estimate = 0.980, p-value = 0.401). Two
comparisons of odds ratio yielded statistically significant results (p-value < 0.05). The odds of
needles from low severity sites being infected by fungal endophytes were estimated to be 2.25
times those from high severity sites (p-value = 0.00047) and the odds of needles from low
severity sites being infected by endophytes were estimated to be 1.72 times those from
moderate severity sites (p-value = 0.021). There were no significant differences found
between other fire severity comparisons. No comparisons of fungal endophyte counts between
fire severities yielded significant results.
Needle age
Quasi-binomial models were fit to account for the overdispersion in both the
proportion model (overdispersion estimate = 3.44, p-value = 1.08e-6) and the total fungal
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endophyte count model (overdispersion estimate = 3.28, p-value = 2.91e-6). Residual plots
did not indicate a lack of fit. The odds of three-year-old needles being infected were estimated
to be 75.9 times those for one-year-old needles (p-value < 0.0001). The odds of two-year-old
needles being infected were estimated to be 26.0 times higher than those for one-year-old
needles (p-value < 0.0001). The odds of three-year-old needles being infected were estimated
to be 2.91 times higher than those for two-year-old needles (p-value < 0.0001). Three-yearold needles were estimated to have 685% (p-value = 0.0004) more fungal endophytes than
one-year-old needles. Two-year-old needles were estimated to have 505% (p-value = 0.002)
more fungal endophytes than one-year-old needles.
Complete summaries of all pairwise comparisons of the odds ratios (Table 1.4) and
total endophyte counts (Table 1.5) can be found in the Appendix.
Two-Way Cluster Analysis (TWCA)
Two-way cluster analyses (TWCA) of the TA and PA “Needle section” data sets
revealed minimal information regarding grouping of needle sections or burn severity, but
revealed two distinct groups of one-year-old needles (red outline) and two- and three-year-old
needles (blue outline) in both the TA data (Figure 1.7) and PA (Figure 1.8) data. TWCA of
the “Needle age” TA (Figure 1.9) and PA (Figure 1.10) data sets revealed similar groupings
with the one-year-old needles (red outline) forming a group distinct from the two- and threeyear-old needles (blue outline). Groups in both sets of dendrograms were formed based on age
of the needles. This is likely due to one-year-old needles being mostly uninfected empty
sample units, while two- and three-year-old needles had similar infection rates (Table 1.1).
Groups based on burn severity were not easy to visualize, likely due to all severities having
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similar infection rates (Table 1.1). The most abundant species in both sets of dendrograms
were grouped together (teal outline).
Multi-response Permutation Procedures (MRPP)
Significant differences in the total abundance data were found in low vs high (A =
0.053, p = 0.0059), high vs unburned (A = 0.034, p = 0.046), one-year-old vs two-year-old
needles (A = 0.23, p < 0.00001), and one-year-old vs three-year-old needles (A = 0.30, p <
0.00001) pairwise comparisons. Significant differences were found in the presence/absence
data set in moderate vs. unburned (A = 0.042, p = 0.043), one-year-old vs two-year-old
needles (A = 0.17, p < 0.00001), and one-year-old vs three-year-old needles (A = 0.19, p <
0.00001) pairwise comparisons. Complete MRPP summaries of total abundance data (Table
1.6) and presence/absence (Table 1.7) can be found in the Appendix.
Non-metric Multi-dimensional Scaling (NMS)
Stable two-dimensional solutions were found for both TA and PA “Needle section”
data sets (Figure 1.3). The 2-D ordinations of TA and PA data had a final stress of 12.2 and
14.9, a final instability of 0.00000 and 0.00000 after 42 iterations and 64 iterations, and a
nonmetric fit (R2n) of 0.985 and 0.987, respectively. The final 2-D solution accounted for a
cumulative 92.4% of variance in the data. Endophyte species with the strongest correlations in
TA data were Lophodermium sp. (Axis 1 r = -0.992), L. pinastrii (Axis 2 r = 0.644), S.
polyspora (Axis 1 r = -0.391). Endophyte species with the strongest correlations in PA data
were Lophodermium sp. (Axis 1 r = 0.695), L. pinastrii (Axis 1 r = 0.677), S. polyspora (Axis
1 r = 0.648, Axis 2 r = 0.488) and L. nitens (Axis 1 r = 0.434, Axis 2 r = -0.593). Neither
precipitation nor elevation made the 0.200 r2 cutoff to be plotted as a joint plot on either data
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set. The most telling ordination was with needle age as the grouping factor. The needle age
class ordination of TA data showed that one-year-old needles had the smallest share of
species space with that share of species space expanding as needles aged resulting in threeyear-old needles with the greatest share of species space (Figure 1.10, right). The needle age
class ordination of PA data showed that one-year-old needles had not only the smallest share
of species space, but also shared less species space with two- and three-year-old needles
(Figure 1.11, right). This was consistent with MRPP results suggesting that one-year-old
needles were significantly different from both two- and three-year-old needles. Severity as the
grouping factor revealed that unburned had the smallest share of species space, low and
moderate severities had an equal share, and high severity had the largest share of species
space in both data sets (Figures 1.10 and 1.11, left). This difference could also be visualized
in MRPP with high severity being significantly different from both unburned and low
severities in TA data (Table 1.6), and unburned being significantly different from both
moderate and high severities in PA data (Table 1.7). Comparing the NMS ordination and
MRPP for needle section groups confirmed that no distinct communities exist between the
different needle sections. Although there did seem to be a pattern of the endophyte
community shrinking from needle baste to tip, when looking at the needle section overlay
(Figure 1.9, middle) of TA data.
Indicator Species Analysis (ISA)
ISA of PA severity data revealed Lophodermium sp. as an indicator species for
unburned severity (IV: 33.3, p: 0.035). ISA of TA severity data revealed no indicator species.
ISA of both TA and PA data on needle age classes revealed that three isolates were strong
indicators of three-year-old needles: Lophodermium sp., L. pinastrii, and S. polyspora. L.
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nitens was considered an indicator species of two-year-old needles in the TA data but not in
the PA data (Table 1.5). No species were considered indicators of one-year-old needles in
either data set.
Characterization of fungi
Lophodermium spp.
Lophodermium is a complex genus of ascomycetous fungi within the family
Rhytismataceae with about 103 described species (P. M. Kirk, Cannon, David, & Stalpers,
2001). Lophodermium is one of the most frequently identified endophyte genus isolated from
Abies, Picea, and Pinus and is typically present on dying or dropped needles, with about 20
species being common endophytes of conifers (Ortiz-García et al., 2003). Most species of
Lophodermium exist asymptomatically as endophytes of healthy needles, with ascocarps
maturing after needles have been dropped (Deckert, Melville, & Peterson, 2001). Although
most species of Lophodermium exist as asymptomatic endophytes, one species, L. seditiosum
is known to be a prominent pathogen of pine in plantations and forest nurseries (Minter &
Millar, 1980). Lophodermium was responsible for over 70% of total endophytes isolated, with
L. sp. amounting to 73.9% of all Lophodermium. Other species of Lophodermium found in
this study include L. nitens, L. conigenum, L pinastri, and L. baculiferum. In the present
study, isolates of Lophodermium were generally slow growing, although extremely numerous
with a single needle producing multiple unique isolates.
Lophodermium nitens is a common endophyte of white pine (Pinus strobus) (Deckert
et al., 2001). Deckert, Hsiang, and Peterson (2002) demonstrated that there was high
morphotypic variation among individual L. nitens isolated from a single white pine needle,
suggesting that most infections of L. nitens are typically produced by ascospore germination.
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L. nitens has been shown to produce the secondary metabolite pyrenophorol in concentrations
that have been shown to inhibit the growth of the biotrophic smut pathogen Microbotryum
violaceum (Sumarah, Kesting, Sørensen, & Miller, 2011) and the causal agent of white pine
blister rust, Cronartium ribicola (Sumarah, Walker, Seifert, Todorov, & Miller, 2015).
McMullin, Nguyen, Daly, Menard, and Miller (2018) demonstrated that pyrenophorol was
detected in all white pine seedlings infected with L. nitens. It is possible that L. nitens exists in
a similar manner within the needles of ponderosa pine and could be utilized in the future as a
source of pyrenophorol.
L. conigenum is a common foliar endophyte of Pinus spp. It has been suggested that L.
conigenum and Lophodermium australe, are similar enough to be considered the same species
(Salas‐Lizana & Oono, 2018). Carroll (1988) suggested that L. conigenum might have
potential use in biological control of the needle pathogen L. seditiosum. L. seditiosum
reproduces on needles of fallen branches only when L. conigenum is absent in a forest. L.
conigenum reduces pathogenic inoculum by occupying and outcompeting L. seditiosum in
fallen needles. Until recently all Lophodermium fungi found on pine were considered to be L.
pinastri (Bentele, Morgenstern, & Krabel, 2014). Certain strains of L. pinastri have been
shown to have antibacterial effects against Escherichia coli (Ravnikar, Tercelj, Janeš,
Štrukelj, & Kreft, 2015). Originally described from Pinus jeffreyi, L. baculiferum is
considered a common endophyte of ponderosa pine (Minter, 1980). None of the
Lophodermium species sequenced in this study are considered pathogenic.
Sydowia polyspora
Sydowia polyspora is an ascomycete within the family Dothioraceae. S. polyspora was
present in nearly half of all needles, but was difficult to isolate in pure culture because of its
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growth rate. S. polyspora would often emerge from just one point on a needle and quickly
take over the growth media making isolation of other endophytes difficult. Furthermore, all
fungi with a deep black appearance were determined to be S. polyspora. S. polyspora has been
implicated in many diseases of conifers including current season needle necrosis (CSNN) of
true fir (Talgø et al., 2010) and butt rot of Scots pine and Norway spruce (Kaitera, Henttonen,
& Müller, 2019). S. polyspora has been found within different host tissues, including needles
and seeds (de la Bastide et al., 2018), demonstrating its ecological range as an endophyte.
Thompson, Aveling, Beukes, and Brodal (2018) showed that inoculation of three different
one-year old Pinus species seedlings with S. polyspora caused disease symptoms in a
greenhouse experiment. S. polyspora has been shown to significantly modify disease behavior
of Dothistroma needle blight by 4.7% (Ridout & Newcombe, 2015). Ridout and Newcombe
(2018) showed that S. polyspora also prevents germination and reduces seed emergence of
ponderosa pine by up to 30%.
Elytroderma sp.
Fungi sequenced as Elytroderma sp. were commonly grouped with Lophodermium.
This was probably due to the fact that differences between the two genera are based mainly on
ascospore morphology (Ortiz-García et al., 2003). Although it is hard to determine the exact
ratio of Elytroderma sp. in this study, they are present in some level within the forest. While
not identified in this study, E. deformans has been considered the most important needle
disease of ponderosa pine in the Pacific Northwest (Childs, Shea, & Stewart, 1971). The lack
of a pathogenic species is possibly a function of surveying only healthy looking needles
although, when present, Elytroderma sp. has been shown to significantly increase disease
severity of Dothistroma needle blight by 2.5% (Ridout & Newcombe, 2015). Therefore, the
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presence of non-pathogenic fungi that increase disease severity by antagonizing pathogenic
fungi should be considered when classifying the role of fungi present in needles.
Lecythophora hoffmannii
Lecythophora hoffmannii is an ascomycetous mold commonly found in soil and
lignocellulose but is occasionally found as a facultative plant pathogen (Leonhardt, Büttner,
Gebauer, Hofrichter, & Kellner, 2018). L. hoffmannii is also a documented opportunistic
agent of fungal disease in humans (Lamoth, Costa, & Alexander, 2019). A review of the
current literature suggests that this may be the first time that L. hoffmannii has been associated
as an endophyte of ponderosa pine.
Phaeomoniella sp.
The genus Phaeomoniella is responsible for at least two of the most destructive
diseases of grapevines, esca and leaf stripe diseases (del Pilar Martínez-Diz et al., 2019).
These two diseases are of considerable concern in the Mediterranean region where infection
has caused loss of vine productivity, increased management costs, and decreased vineyard
lifespan (Saccà, Manici, Caputo, & Frisullo, 2018). The vascular disease, caused by
Phaeomoniella chlamydospora, causes decline and dieback of young grapevines (Fourie &
Halleen, 2004). Applications of biopesticides containing Trichoderma spp. have proven
successful in targeting P. chlamydospora (Sarrocco & Vannacci, 2018). Research for this
genus has focused mainly on the species causing disease in vineyards and there is little work
on other members of this genus. Several species within the genus Phaeomoniella are also
shown to be pathogenic on apricot, peach, and plum trees (Damm, Fourie, & Crous, 2010).
Overall, Phaeomoniella is an understudied genus that could be a potential source of disease
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and novel substances. A review of the current literature suggests that this may be the first time
that the genus Phaeomoniella has been associated as an endophyte of ponderosa pine.
Rhizopus stolonifera
Rhizopus stolonifera causes postharvest destruction of fruits and other fresh products
and is considered an extremely destructive pathogen due to the speed at which is grows
(Bautista-Baños, Bosquez-Molina, & Barrera-Necha, 2014). Rhizopus is a common genus
used in fermentation of foods such as tempeh. R. stolonifera has been shown to transform
several substances such as steroids (Choudhary, Mohammad, Musharraf, Parvez, & AlAboudi, 2009), saponins such as ginsenosides (Dong, Ye, Guo, Zheng, & Guo, 2003) and
terpenoids (Sultana & Saify, 2013) into new bioactive compounds. These
“biotransformations” allow for new and unique compounds with beneficial properties to be
obtained using microbial activity (Sultana & Saify, 2013).
Mucor plumbeus
Mucor plumbeus is cosmopolitan species typically associated with spoiled dairy and
apple products (Pitt & Hocking, 2009). While some Mucor species are known human
pathogens, M. plumbeus is not considered a human pathogen, although it has been known to
cause immune reactions (Mulder, 1982). M. plumbeus, as an endophyte, has been shown to
promote growth of Arabidopsis arenosa in soils with high levels of toxic metals as well as in
optimal conditions (Domka, Rozpądek, Ważny, & Turnau, 2019). M. plumbeus has recently
been used in small scale production of biodiesel that has shown promise for commercial
production (Sitepu, et al. 2019, Ahmad, et al. 2019). M. plumbeus, like R. stolonifera, has
been used in biotransformations and has proven successful at transforming plant terpenes
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(Aranda et al., 1991). The species has also been described as an effective bioremediation
agent for environmental pentachlorophenol (PCP) accumulation (Martins, Martins, Martins,
Varela, & Silva, 2019).
Chaetomium indicum
Chaetomium is widespread genus of saprophytic ascomycetes with nearly 100
described species (P. Kirk, Cannon, Minter, & Stalpers, 2008). Chaetomium indicum has been
described as a group of possibly six species with similar physical structures (Wang et al.,
2014). The group has been described in a wide range of habitats. Burtseva, Verigina, Sova,
Pivkin, and Zvyagintseva (2006) described C. indicum as a marine fungus causing breakdown
of brown seaweed while Brandsberg (1969) showed C. indicum was also present in
decomposing leaf litter of ponderosa pine. C. indicum has even been described inhabiting
sheep’s wool (Al-Bader, 2018). A review of the literature produced few, but unclear results
regarding this species group. The species complex of C. indicum may need to be reevaluated.
Penicillium chrysogenum
Penicillium chrysogenum is the species responsible for the first antibiotic ever
produced. Alexander Fleming recognized that bacterial growth was inhibited by P.
chrysogenum and deduced that the fungus produced a substance that killed the bacteria, which
he called penicillin (Fleming, 1929). Since his discovery, many new fungal derived
substances with beneficial properties for humans have been uncovered.
Talaromyces rugulosus
Talaromyces rugulosus was originally considered a part of the genus Penicillium in
the sub genus Biverticillium (Samson et al., 2011). While T. rugulosus is a potent postharvest
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pathogen of grapes (Li et al., 2019) it is also considered a great source of bioactive secondary
metabolites and has produced substances with antibiotic, cytotoxic, and antiviral activities
(Küppers et al., 2017).
Collophora hispanica
Recently, Mediterranean almond orchards on the island of Mallorca have been
experiencing severe decline (Gramaje et al., 2012). Collophora hispanica was first described
by Gramaje et al. (2012) and is one of the main suspects for the trunk decay of almond trees,
being frequently isolated from black spots in xylem tissue. Holland et al. (2018) reported the
first record of C. hispanica in California almond crops and Arzanlou, Ghasemi, and
Baradaran Bagheri (2016) described C. hispanica from diseased almond trees in Iran. The
emergence of a new agricultural pathogen presents a unique opportunity for researchers to
track and document the development of a new disease.
Discussion
Odds ratios and total endophyte counts indicated that there was not much difference
between sites of differing burn severities. This was likely because the study sites burned over
15 years ago. Fungi are notoriously resilient to many environmental extremes and reproduce
at such a fast rate that even if there were a complete removal of fungi on site, within 15 years
those numbers would be expected to return to normal levels. Fire has the ability to reduce
fungal species richness by eliminating rare species, but it is likely that any species in
unaffected surrounding areas capable of inhabiting ponderosa pine needles have made their
way back into our sample sites over the intervening 15 years. In our study, it may be more
appropriate to think of burn severity as an indicator of the structure of the community of
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plants surrounding sampled ponderosa pine trees. The community of plants changes moving
from unburned sites to high severity sites and could possibly change the fungi present at each
site.
Odds ratios and total endophyte counts tell a different story within the needle age
classes. One-year-old needles among all severities were infected at the lowest rates and had
the lowest number of total endophytes. Two- and three-year-old needles both had significantly
higher odds of infection and total endophyte counts than one-year-old needles. This is likely
due to the amount of time needles were exposed to fungal endophyte inoculum. Our sampling
was conducted in the middle of the dry season in Oregon right after new needle growth
occurred. The newest needles had not gone through a full season of fungal inoculation and
might be expected to have the lowest number of infections. Two-year-old needles had gone
through the rainy season of fall, winter, and spring by the time they were sampled which had
exposed them to a full season of fungal sporulation. Three-year-old needles were infected at
only 2.9 times the rate of two-year-old needles and were not significantly different from twoyear-old needles in total endophyte count suggesting almost all needles were infected after 2
years of exposure.
Community analysis revealed similar patterns with respect to needle age classes, but
different patterns for severity. NMS ordinations showed one-year-old needles had the smallest
share of species space indicating that they were infected by the fewest unique fungi. This was
likely due to dominant fungal species within the landscape being first to colonize new plant
tissues as a function of spore load. The pattern continued as needles aged, with three-year-old
needles having the largest share of species space, indicating that time was an important factor
in endophyte infection of needles. Severity ordinations revealed that unburned sites had the
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smallest share of species space. This could likely be due to the stability of the landscape of
unburned sites. There was little understory in these unburned sites which may have resulted in
fewer unique hosts for different fungal endophytes to occupy. Low and moderate severity
sites had a larger but about equal share of species space, while high severity sites had the
greatest share. High severity sites were characterized by ponderosa pine growing through a
thick and diverse underbrush. High severity sites could be in a state of continual change with
different species taking over as time passes, allowing for a wider range of fungal endophytes
to occupy the landscape.
While the data gathered present an interesting story, there were some issues associated
with how the data were collected. Small sample sizes, nested sampling of needle age classes
leading to non-independence of samples, and low replication of burn severities reduced the
scope of inference of this study. In future studies we would suggest increasing the number of
replications per burn severity, having independently sampled needle age classes, and
increasing the number of needles sampled for fungal endophytes. A timed series of multiple
samplings in fall, winter, and spring (before new needle growth) would reveal if/how the odds
of infection and total fungal endophyte counts increased over time. Watts et al. (2018)
concluded that nearly all existing soil microbial activity is lost shortly after fire, but that fungi
had returned within one week after the fire and ponderosa pine seedlings roots were colonized
within four months. The most ideal situation would involve conducting a series of samplings
of ponderosa pine needles after a burn with similar severity classes to determine how the
foliar endophyte community reacted to fires of different severities.
Needles were processed exclusively on malt extract agar (MEA), which likely reduced
the range of fungi that were able to grow. Some fungi are unculturable on MEA and others
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may be slow growing and easily overrun by other faster growing fungi. Using multiple media
types such as MEA and potato dextrose agar (PDA) could potentially increase the number of
fungi isolated. Certain fast-growing species such as Sydowia polyspora quickly took over our
MEA plates making isolation of other pure cultures from needles infected with S. polyspora
difficult. Therefore, while odds of infection are probably similar in most cases, the species
richness and total abundance of fungal endophytes within ponderosa pine needles in our study
area likely underestimate the real fungal endophyte community.
In conclusion, infection rates and total infections increased as needles grew older.
One-year-old needles had the lowest infection rates and the fewest unique endophytes, while
two- and three-year-old needles had increased infection rates and greater numbers of unique
endophytes. Needles from different burn severities and the different needle sections had
similar infection rates and amounts of unique fungal endophytes. Therefore, any differences
seen in the rates, numbers, and community composition of needles is considered a function of
time, needles are infected at higher frequency, show a greater number of infections, and a
wider range of unique fungal endophytes as time passes.
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Appendix 1

Table 1.1: Sample sites used in the study paired with the respective burn severity, elevation, and precipitation.
Precipitation data is an average over 30 years gathered using PRISM.

Sample site characteristics
Site
Severity

Elevation (m)

Precipitation (mm/year)

Unburned

Unburned

961.9

637.9

Low 1

Low

997.0

765.7

Low 2

Low

948.23

637.9

Moderate 1

Moderate

949.3

636.2

Moderate 2

Moderate

1062.8

1098.8

High1

High

977.8

636.2

High 2

High

1006.2

636.2
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Figure 1.1: The B&B fire complex (2003) within central Oregon. Low, moderate, and high burn severity classes
based on < 25%, 25-75%, and > 75% basal area mortality, respectively (Vogeler, Yang, & Cohen, 2016).
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Figure 1.2: Dot plot comparing proportion of infected needles within each age class at each site.
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Figure 1.3: Boxplot comparing total number of fungal endophyte infections in one-, two-, and three-year-old
needles. Boxes with different letters are significantly different (p < 0.05).
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Figure 1.4: Boxplot comparing proportions of infections in one-, two-, and three-year-old needles. Boxes with
different letters are significantly different (p < 0.05).
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Figure 1.5: Boxplot comparing total number of endophyte infections in needles collected from each burn severity
category. Boxes with different letters are significantly different (p < 0.05).

47

a

b

a

ab

Figure 1.6: Boxplot comparing proportion of needles infected needles in each burn severity category. Boxes with
different letters are significantly different (p < 0.05).
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Table 1.2: Degrees of fungal infection within in the tip, middle, and base of
one-, two-, and three-year-old ponderosa pine needles collected from sites of
unburned, low, moderate, and high burn severities.

Group

Infection rates
% infection
Burn Severity

Unburned

48.9

Low

71.1

Moderate
High

1
2
3

58.9
52.2
Age
12.4
75.2
89.5
Needle Section

Tip

60.0

Middle

60.0

Base

56.2
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Table 1.3: List of 17 fungal endophytes from ponderosa pine needles sequenced from morphological
groups.

Fungal endophytes sequenced
Isolate
Accession Number(s) [# of sequences]
Lecythophora hofmannii
MH859071.1 [5]
MH859265.1 [1]
KX869937.1 [1]
Lophodermium sp.

MG877522.1 [34]

Sydowia polyspora

KP152486.1 [8]
KY659503.1 [1]

Lophodermium nitens

MG877433.1 [3]
MG877436.1 [2]

Lophodermium conigenum

KC283113.1 [3]

Elytroderma sp.

KP152488.1 [4]

Lophodermium baculiferum

MG877527.1 [1]

Phaeomoniella sp.

GQ153243.1 [1]
GQ153129.1 [1]

Penicillium chrysogenum

MH865990.1 [2]

Lophodermium pinastrii

KY742602.1 [1]

Mucor plumbeus

EU484245.1 [1]

Phialophora dancoi

MH862214.1 [1]

Rhizopus stolonifera

FN401529.1 [1]

Talaromyces rugulosus

KX657255.1 [1]

Chaetomium indicum

MH864199.1 [1]

Collophora hispanica

NR_111680.1 [1]

Uncultured fungus

JN032498.1 [4]
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Table 1.4: Pairwise comparisons of odds ratios for various factors associated with fungal endophytes in ponderosa pine needles.

Pairwise comparison

Odds
Ratio

Odds ratio comparisons
Log odds
S.E.
Test Statistic
Ratio
Burn severity

Low vs. unburned

2.57

0.95

0.25

Low vs. moderate
Low vs. high
Moderate vs. unburned

1.72
2.25
1.50

0.54
0.81
0.40

Moderate vs. high

1.31

High vs. unburned

1.14

p-value

95% C.I of odds

Z
3.84

0.065

1.59 – 4.17

0.23
0.23
0.25

2.31
3.50
1.61

0.021
0.00047
0.11

1.09 – 2.72
1.43 – 3.55
0.92 – 2.45

0.27

0.23

1.16

0.12

0.83 – 2.07

0.13

0.26
Age

0.52

0.30

0.69 – 1.89

T
18.9
13.6
3.98

< 0.0001
< 0.0001
3.5e-05

12.0 – 480
5.33 – 127
0.62 – 13.8

Age 3 vs. age 1
Age 2 vs. age 1
Age 3 vs. age 2

75.9
26.0
2.91

4.10
3.07
1.03

0.22
0.23
0.26
Needle section

Tip vs. middle

1.04

0.04

0.21

Z
0.19

0.43

0.68 – 1.58

Tip vs. base

1.22

0.20

0.21

0.92

0.18

0.80 – 1.85

Middle vs. base

1.17

0.16

0.21

0.73

0.23

0.77 – 1.78
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Table 1.5: Pairwise comparisons of total endophyte counts for various factors associated with fungal endophytes in ponderosa pine needles.

Pairwise comparison

Estimate

Total endophyte counts comparisons
S.E
Test statistic
p-value
Burn Severity

Low vs. unburned

1.5

0.31

Z
1.7

0.31

0.83 – 2.5

Low vs. moderate
Low vs. high
Moderate vs. unburned

1.1
0.77
1.3

0.18
0.13
0.29

0.63
-1.6
1.2

0.92
0.41
0.60

0.74 – 1.7
0.51 – 1.2
0.75 – 2.3

Moderate vs high

0.86

0.14

-0.93

0.79

0.55 – 1.3

High vs. unburned

1.1

0.25

0.51
Age

0.96

0.63 – 2.0

0.0004

2.90 – 21.2

95%. C.I of count ratio

Age 3 vs. age 1

7.85

0.48

T
4.38

Age 2 vs. age 1

6.05

0.47

3.76

0.002

2.2 – 16.6

Age 3 vs. age 2

1.30

0.24

1.10

0.287

0.78 – 2.16
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Table 1.6: All pairwise comparisons made using MRPP and total abundance (TA) data. Chance-corrected
within-group agreement (A) = 0 when groups are identical, and 1 when there is no overlap between groups. In
ecological data an A > 0.3 is considered fairly high. (* = p-value < 0.05, ** = p-value < 0.01, *** = p-value <
0.001).

Multi-Response Permutation Procedures (MRPP) of Total abundance
Pairwise comparison
A
p-value
Burn severity
Low vs. unburned

0.0072

0.26

Low vs. moderate

0.0085

0.212

Low vs. high
Moderate vs. unburned

0.053
0.016

0.0059**
0.19

Moderate vs. high
High vs. unburned

0.012
0.034

0.17
0.046*
Age

Age 1 vs. age 2
Age 1 vs. age 3
Age 2 vs. age 3

0.23
0.30
0.012
Needle Section

< 0.00001***
< 0.00001***
0.10

Tip vs. middle
Tip vs. base
Middle vs. base

-0.0040
0.0094
0.017

0.48
0.17
0.094
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Table 1.7: All pairwise comparisons made using MRPP and presence/absence (PA) data. Chance-corrected
within-group agreement (A) = 0 when groups are identical, and 1 when there is no overlap between groups. In
ecological data an A > 0.3 is considered fairly high. (* = p-value < 0.05, ** = p-value < 0.01, *** = p-value <
0.001).

Multi-Response Permutation Procedures (MRPP) of Presence/absence
Pairwise comparison
A
p-value
Burn severity
Low vs. unburned

-0.013

0.75

Low vs. moderate

0.023

0.071

Low vs. high
Moderate vs. unburned
Moderate vs. high

0.0092
0.042
-0.0092

0.19
0.043*
0.66

High vs. unburned

0.030

0.056
Age

Age 1 vs. age 2

0.17

< 0.00001***

Age 1 vs. age 3
Age 2 vs. age 3

0.19
-0.0091
Needle Section

< 0.00001***
0.81

Tip vs. middle

-0.00095

0.44

Tip vs. base

0.0034

0.30

Middle vs. base

0.0023

0.32
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Figure 1.7: Two-way cluster dendrogram of TA “Age” data based on burn severity revealing distinct clusters of
one-year-old needles (red outline), two- and three-year old needles (blue outline). The most abundant species
form separate clusters (teal outline).
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Figure 1.8: Two-way cluster dendrogram of PA “Age” data based on burn severity revealing distinct clusters of
one-year-old needles (red outline), two- and three-year old needles (blue outline). The most abundant species
form a distinct cluster (teal outline).
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Figure 1.9: Two-way cluster dendrogram of TA “Needle Section” data with groups based on burn severity revealing distinct clusters of one-year-old needles
(red outline), two- and three-year old needles (blue outline). The most abundant species form a distinct cluster (teal outline).
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Figure 1.10: Two-way cluster dendrogram of PA “Needle Section” data with groups based on burn severity revealing distinct clusters of one-year-old
needles (red outline), two- and three-year old needles (blue outline). The most abundant species form a distinct cluster (teal outline).
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Figure 1.11: NMS ordinations of total abundance (TA) data with different grouping overlays. Needle age (right) shows an expanding share of species space
as needle age increases. Needle Section (middle) shows that the base of the needle has the largest share of fungal species space while the tip has the smallest
share. Severity (left) shows that the unburned has the smallest share of species space, low and moderate severity are about equal, and high has the greatest
share of species space. A larger share of species space corresponds to greater numbers of unique fungal endophytes isolated. Fungal species are represented
within ordinations as blue dots.
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Figure 1.12: NMS ordinations of presence/absence (PA) data with different grouping overlays. Needle age (right) shows an expanding share of species space
as needle age increases. Needle Section (middle) shows that the base of the needle has the largest share of fungal species space while the tip has the smallest
share. Severity (left) shows that the unburned has the smallest share of species space, low and moderate severity are about equal, and high has the greatest
share of species space. A larger share of species space corresponds to greater number of unique fungal endophytes isolated. Fungal species are represented
within ordinations as blue dots.
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Chapter 3: Characterization of fungal endophytes isolated from ponderosa pine needles and their
interactions in dual cultures
Forests are some of the most ecologically diverse and dense habitats on the planet.
Research shows that the endophyte community, or the fungi, bacteria, and viruses within a forest
ecosystem is highly diverse. Fungal endophytes are defined as fungi that live within the different
tissues of host plants. Many of these endophytes possibly protect the plant against other
pathogenic microorganisms. In fact, the forest microbiome offers a wealth of untapped potential
with regards to understudied or even undiscovered fungal endophytes with best estimates for
total fungal endophytes around 1 million distinct species. An expanding area of interest lies
within the study of fungal endophytes and the bioactive compounds they produce. These
bioactive compounds, or secondary metabolites, are of particular interest for their antimicrobial
and anticancer properties. Secondary metabolites are produced as a consequence of endophytehost and endophyte-endophyte interactions, making a single plant host a potential reservoir for
unknown bioactive compounds. In this study one-, two-, and three-year old needles were
collected from trees in stands of varying burn intensities. Collected needles were surface
sterilized, cut into three sections of equal size, and plated on malt extract agar (MEA). As fungal
endophytes emerged, they were transferred to sterile plates to obtain pure cultures. A resulting
346 pure fungal cultures were obtained and organized into 27 morphologic groups. Random
subsamples of each group were chosen for Sanger sequencing. Seventeen unique fungal taxa
were isolated. Fungi identified include Lophodermium sp., Sydowia polyspora, and Penicillium
chrysogenum. Interactions between the 17 fungi were examined in dual culture tests using radial
growth as a measure of effect.
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Introduction
Fungi are important and often overlooked members of the earth’s microbiome. In fact,
fungi have found their way into explanations of changes in our planet’s history, from glaciations
(Lenton et al., 2012) to the proliferation of large predatory fish (Dahl et al., 2010). Fungi are
considered the cause of much of the structure seen within plant ecosystems. The domination of
land by plants was made possible by symbioses between early plants and fungi (Selosse et al.,
2015). Much of this success can be attributed to a group of fungi that live within the cells of
plants.
Fungal endophytes are defined as fungi that live all, or a portion of, their lives within
cells of seemingly healthy host plants (Padhi, Mohanta, & Panda, 2013). The most common type
of fungal endophyte relationships are commensalisms with unknown functions. Still, fungal
endophytes of woody plants are a highly diverse group that exist within a continuum of
symbiotic relationships from mutualism and commensalism to pathogenic. Some endophytes
offer protection to their plant hosts against herbivores or other microbial pathogens and can even
induce plant growth (Hardoim et al., 2015). There are an estimated 2.2 – 3.8 million species of
fungi, with only approximately 120,000 species being identified to date (D. L. Hawksworth &
Luecking, 2017). While there are about 300,000 species of plants, only a few have been
comprehensively studied with regards to their fungal endophyte communities (Strobel & Daisy,
2003).
Fungal endophytes encounter a variety of different internal environments that are often
shared with other microorganisms. To compete and survive in these environments fungi have
evolved a range of secondary metabolites. Secondary metabolites are unique chemical
compounds that are produced at different stages in an organism’s life cycle that are not necessary
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to the ongoing growth and development of the organism. Many secondary metabolites are unique
to a small group of organisms (Keller et al., 2005). Peldáez (2004) found that more than seven
hundred secondary metabolites discovered over an eight year period had either antifungal,
antibacterial, or antitumor properties. Research shows that 51 % of the secondary metabolites
produced by fungal endophytes have novel structures whereas 38% produced by soil inhabiting
fungi have novel structures (Barbara Schulz et al., 2002).
Not all fungal endophytes are limited to one type of relationship and relationships can
change depending on the plant host species and plant host life stage. One species of fungus has
the potential to be either economically beneficial or disastrous. For instance, Fusarium
verticillioides exists as both a beneficial endophyte and a pathogen in maize (Bacon et al., 2008).
Claviceps purpurea, a fungal seed pathogen of grass, reduces herbivory by sheep in wild red
fescue plants but is also poisonous to mammals (Wäli et al., 2013). The balance between
mutualism, commensalism, and pathogenicity is dependent on several factors such as host
genotype, and local abiotic conditions (Hardoim et al., 2015). Finally, non-pathogenic
endophytes living in one plant species could potentially be pathogenic in another species, making
the identification of reservoir hosts important for disease management.
Ponderosa pine (Pinus ponderosa Dougl. ex Laws.) is the most widely distributed pine in
North America, present in 16 states, with a range stretching north from southern California up
into British Colombia and east into North and South Dakota, Nebraska, Colorado, Wyoming, and
New Mexico (Safford, 2013). This wide range results in ponderosa pine inhabiting many unique
habitats each with the potential for its own unique fungal endophyte community. Recent research
on the fungal endophyte community of ponderosa pine needles in Eastern Washington by Gray
(2016) used molecular sequencing to conclude that communities varied across needle age classes
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and geographic locations and found that nearly half of all fungal endophytes were unique to one
of two needle age classes. Both Gray (2016) and Arnold (2007) found Lophodermium sp. to be
the most abundant endophyte species in ponderosa pine needles in eastern Washington and
southeastern Arizona, respectively. Does a similar story exist in central Oregon? If so, what does
this imply about the nature of the host-endophyte relationship? This study examined the species
of endophytes found within the needles of ponderosa pine, described their one on one
interactions using in vitro duels, and described characteristics that may be considered important.
Materials and Methods
In vitro duel interactions
Endophytes isolated from one-, two-, and three-year-old ponderosa pine needles (Table
2.1) were grown on 1.5% malt extract agar (MEA) at 27°C. Mycelium discs cut from two
actively growing colonies of distinct isolates were placed 2 cm apart on a single 1.5% MEA plate
and incubated at 28°C for two weeks. The results of the dual assays were analyzed by observing
the interaction between each isolate (Figure 2.2). The antagonism of each species was measured
using the antagonism index (AI), a qualitative way to determine species’ ability to outcompete
other species (Morón-Ríos et al., 2017). The AI for each isolate was calculated using the
categories in Table 2.2. Comparisons were made between all non-similar fungi isolated.
Results
In vitro duel interactions
The dual culturing of isolates resulted in a wide range of interactions (Table 2.3). No
single species was tied to a particular interaction type, and interactions changed based on partner
combinations. Fifty-nine percent of intraspecific interactions and 82% of isolates were highly
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competitive, corresponding to the C and D categories in which the fungi grow towards each other
and stop before contact is made or growth towards the center of the plate was mutually inhibited.
A wide range of antagonism index scores was observed. Lecythophora hoffmannii had the
highest antagonism index with 43, while Lophodermium baculiferum had the lowest at 23
(Figure 2.1). The most abundant isolate, Lophodermium sp., which accounted for over 50% of all
isolates, had one of the lowest antagonism indices at 27. Only 15% of interactions were in the A
category of mutual comingling of isolates.
Discussion
Gray (2016) and Arnold (2007) found Lophodermium sp. to be the most abundant species
in eastern Washington and southeastern Arizona, respectively. Presently, Lophodermium sp.
accounted for 52.3% of all species isolated from needles, whereas Arnold (2007) reported L. sp.
being 58.6% of all isolates and Gray (2016) reports simply that L. sp. was the most abundant
species followed by Sydowia polyspora. It is necessary to compare surveys in different areas to
determine the range of fungal endophytes, especially in cases where different growth media is
used, which has unknown effects on results (Arnold 2007). Gray (2016) used a V8 media,
Arnold et al. (2009) used 2.0% MEA, while the present study used 1.5% MEA. Estimations of
global fungal endophyte diversity rely upon assumptions of similarities between hosts in
different geographic regions. Comparing the current results with those of Gray (2016) and
Arnold (2007) demonstrates that the endophyte community of ponderosa pine needles is
relatively stable across much of the western United States. Together, the results suggest that
Lophodermium spp. have high host specificity with ponderosa pine, and may indicate
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coevolution. These findings also highlight the ability of fungal spores to travel long distances in
the air column, land on, and germinate on an appropriate host.
A wide range of biotic and abiotic factors influence fungal endophyte communities. In
addition, this study showed that the community was affected by interactions between fungal
participants. Wide ranges of interactions were uncovered, with over 50% of interactions showing
growth inhibition of one or both partners.
Unexpectedly, the most abundant isolate Lophodermium sp., had one of the lowest
antagonism index (AI) scores (27), suggesting that its abundance was not a consequence of its
competitive capabilities, or that interactions within needles were governed by other factors.
Sydowia polyspora, the next most abundant isolate had a relatively higher AI score (34). S.
polyspora exhibited the fastest growth rate of any isolate, while Lophodermium sp. was
relatively slow growing. The choice to use exclusively 1.5% MEA for fungal interactions likely
affected AI scores.
This study showed that, under laboratory settings, fungi isolated from ponderosa pine
needles exhibited potential competitive interactions. However, this study does not predict how
those same interactions occur in planta. Compared with in vitro interactions, interactions taking
place within a plant involve uneven distributions of nutrients, varying amounts of initial
inoculum, and limited physical space. In addition, interactions do not strictly occur in pairs, and
are subject to the effects of multiple participants, including non-fungal organisms, as well as
plant metabolites and hormones, that will change the outcome of a given interaction. This is a
case of unknown unknowns. We do not know what important factors we are missing that may
have large effects on interactions. For instance, we know that plant genotypes influence
resistance or susceptibility to disease (Lorang, Sweat, & Wolpert, 2007), and that fungal
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pathogen genotypes can influence disease severity (Hardoim et al., 2015). But, fungal
endophytes themselves can be infected with bacteria (Hoffman & Arnold, 2010), of assumed
varying genotypes, which can themselves be infected by viruses (Marvin & Hohn, 1969). The
facts above may be insignificant when thought of in isolation, but when combined, the outcomes
can vary wildly. Thus, assumptions about how fungi interact with plant hosts and other
endophytes should be made carefully.
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Appendix 2

Table 2.1: List of 17 fungal endophytes sequenced from morphological groups.8

Fungal endophytes sequenced
Isolate
Accession Number(s) [# of sequences]
Lecythophora hofmannii
MH859071.1 [5]
MH859265.1 [1]
KX869937.1 [1]
Lophodermium sp.

MG877522.1 [34]

Sydowia polyspora

KP152486.1 [8]
KY659503.1 [1]

Lophodermium nitens

MG877433.1 [3]
MG877436.1 [2]

Lophodermium conigenum

KC283113.1 [3]

Elytroderma sp.

KP152488.1 [4]

Lophodermium baculiferum

MG877527.1 [1]

Mucor plumbeus

EU484245.1 [1]

Phialophora dancoi

MH862214.1 [1]

Rhizopus stolonifera

FN401529.1 [1]

Phaeomoniella sp.

GQ153243.1 [1]
GQ153129.1 [1]

Penicillium chrysogenum

MH865990.1 [2]

Talaromyces rugulosus

KX657255.1 [1]

Lophodermium pinastrii

KY742602.1 [1]

Chaetomium indicum

MH864199.1 [1]

Collophora hispanica

NR_111680.1 [1]

Uncultured fungus

JN032498.1 [4]
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Table 2.2: Type of paired fungal interaction type and corresponding scores used to calculate
antagonism indices (AI)a for each fungal endophyte isolated. Modified from Morón-Ríos et al.
(2017).9

Categories
A
B1

B2
C

D
E1

E2
a

Interaction types
No inhibition of growth with mutual
intermingling of both species
Response species overgrows challenge,
growth rate of challenge species is
reduced
Response species grows up to, on, and
around challenge species
Colonies of both species grow until almost
in contact when growth of both species
stops
Mutual inhibition at a distance between
both challenge and response species
Challenge species overgrows response
species, growth of response species is
reduced
Challenge species grows up to, on, and
around response species

Score
0
1

1
2

3
4

4

The antagonism index (AI) was calculated for each isolate using the following formula:
AI = A(n x 1) + B1(n x 1) + B2(n x 1) + C(n x 2) + D(n x 3) + E1(n x 4) + E2(n x 4),
where n = number of times that a fungus was involved in each interaction type
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Table 2.3: Number of interactions of a given category that each isolate participated in and the antagonism index
(AI) corresponding to each isolate, AI categories are explained in Table 2.1.
10

Symbol Isolate

A

B1

Categories
B2 C D

Le

Lecythophora hofmannii

Mu
Rh
Ph1
Ch
Ph2
Lo1

Mucor plumbeus
Rhizopus stolonifera
Phialophora dancoi
Chaetomium indicum
Phaeomoniella sp.
Lophodermium baculiferum

2
8
6
0
5
1
5

6
5
4
0
2
0
1

3
0
1
0
1
0
0

3
2
4
7
4
6
8

0
0
0
7
1
6
1

1
0
0
1
2
2
0

0
0
0
0
0
0
0

43
24
28
36
25
32
23

Pe
Ta

Penicillium chrysogenum
Talaromyces rugulosus

3
3

0
0

1
1

3
6

6
4

2
1

0
0

30
29

Lo2

Lophodermium sp.

1

0

0

9

2

3

0

27

El

Elytroderma sp.

0

0

0

4

8

3

0

35

Co

Collophora hispanica

1

1

0

4

5

4

0

31

Lo3

Lophodermium pinastri

1

2

0

8

3

1

0

34

Lo4

Lophodermium conigenum

1

1

0

5

4

1

2

29

Sy
Lo5

Sydowia polyspora
Lophodermium nitens

0
0

0
0

0
0

3
6

8
4

4
4

0
1

34
29

7

82 59 29

Total
a

37 22

E1

E2

AIa

3

AI represents the antagonism index. Higher AI corresponds to a stronger ability to outcompete and dominate
competitors.
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FUNGAL ENDOPHYTES RANKED BY
ANTAGONISM INDEX (AI) SCORE
43

LECYTHOPHORA HOFMANNII

36

PHIALOPHORA DANCOI

35

ELYTRODERMA SP.
LOPHODERMIUM PINASTRI

34

SYDOWIA POLYSPORA

34
32

ISOLATES

PHAEOMONIELLA SP.

31

COLLOPHORA HISPANICA

30

PENICILLIUM CHRYSOGENUM
TALAROMYCES RUGULOSUS

29

LOPHODERMIUM CONIGENUM

29

LOPHODERMIUM NITENS

29
28

RHIZOPUS STOLONIFERA

27

LOPHODERMIUM SP.

25

CHAETOMIUM INDICUM

24

MUCOR PLUMBEUS

23

LOPHODERMIUM BACULIFERUM

ANTAGONISM INDEX (AI) SCORE
Figure 2.1: The competitive ability of all sixteen identified fungal endophytes isolated from ponderosa pine needles
ranked by their antagonism index (AI) scores.
13
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Figure 2.2: Examples of in vitro dual culture interactions. Chaetomium indicum (labeled on all four
plates as “5”) in a category A interaction with Penicilium chrysogenum (top left), and a category B1
Lophodermium nitens (top right), and category C interactions with Collophora hispanica (bottom
right) and Phaeomoniella sp. (bottom left). 14
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Chapter 4: General discussion
Burn severity
Burn severity was not found to be a significant factor in proportions of needles infected
with fungal endophytes or total number of endophytes. Although the low burn severity sites did
have higher odds of needles being infected than moderate, high, and unburned sites, these
differences were likely due to the amount of one-year-old needles that were found infected in the
site “low 1”. All one-year-old needles from moderate and high burn severity sites showed no
evidence of endophyte presence. These findings make sense considering the B&B complex fire
occurred over fifteen years ago. Although the B&B fire may have completely removed some rare
species from the landscape, affecting overall fungal species richness, fifteen years is ample time
for the surviving fungal communities to return to pre-fire population numbers. The findings from
our study mirrored similar results from Watts et al. (2018) that ponderosa pine seedling roots are
inhabited by ectomycorrhizal fungi (ECM) just four months after soil microbe communities ae
destroyed by severe fire. Fungi are ubiquitous in a landscape, so even if an area involved in a
wildfire completely loses its fungal community, fungi from unaffected areas will start to move in
to fill the void and slowly the community will start to resemble its pre-fire state. Burn severity
did have an effect on the composition of fungal endophyte communities with high severity site
communities being significantly different from low and unburned sites. High severity sites have
a wider range of species compared to these sites. The wider range of species could potentially be
due to landscape differences. High severity sites were characterized by several types of
successional brush species with interspersed ponderosa pine, whereas low severity and unburned
sites were characterized by larger ponderosa pine with interspersed seedlings and very little
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understory brush. The increase in plant species within high severity sites is likely accompanied
with increased diversity of fungal endophytes.
Needle age
Needle age was demonstrated to have the greatest effect on fungal endophyte community.
One-year-old needles had the lowest numbers of endophytes in all sites sampled. Three-year-old
needles had the highest number of endophytes in all but two sites. These findings are consistent
with Stone (1987), who found infection rates increase with age. This makes sense intuitively.
Coupled with the fact that needle structure tends to deteriorate as needle age increases
(Kerstiens, 1996), older needles are also exposed to an increased number of fungal endophyte
spores as time passes. In the present study, needles were collected in the dry summer season and
the newest needles had not yet been subjected to a full cycle of seasons. Had needles been
collected in the winter we might expect comparatively higher infection rates of the newest
needles, but relatively similar rate between all three needle ages. Endophyte community
composition changes as needle age increases, with the most abundant endophytes being isolated
from two- and three-year-old needles. Counterintuitively, one-year-old needles are infected by
rare species, while the most abundant species are mostly absent.
Needle sections
Needles were originally cut into thirds to help fit them onto a single plate. This allowed
us to record and measure differences of fungal endophyte emergence between the tip,
middle, and base of the needles. Deckert et al. (2002) demonstrated that differences in isolation
frequencies of Lophodermium nitens were found in white pine needle sections, with the distal
portion of needles having the highest isolation frequencies. They concluded that
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isolates from a single needle were genetically diverse and that similar isolates were found
in 4 millimeter (mm) segments, but beyond 4 mm, isolates were genetically dissimilar. In the
present study we found isolation rates to be similar between all needle sections. Endophyte
community was also found to be similar throughout the needles.
In vitro duel interactions
This study shows that, under laboratory settings, fungi are involved in competitive
interactions. However, this study does not predict how those same interactions occur in planta.
Compared with in vitro interactions, interactions taking place within a plant involve uneven
distributions of nutrients, varying amounts of initial inoculum, and limited physical space. In
addition, interactions do not strictly occur in pairs, and are subject to the effects of multiple
participants, including non-fungal organisms, as well as plant metabolites and hormones, that
will change the outcome of a given interaction. This is a case of unknown unknowns. We do not
know what important factors we are missing that may have large effects on interactions. For
instance, we know that plant genotypes influence resistance or susceptibility to disease (Lorang
et al., 2007), and that fungal pathogen genotypes can influence disease severity (Hardoim et al.,
2015). But, fungal endophytes themselves can be infected with bacteria (Hoffman & Arnold,
2010), of assumed varying genotypes, which can themselves be infected by viruses (Marvin &
Hohn, 1969). The facts above may be insignificant when thought of in isolation, but when
combined, the outcomes can vary wildly. Thus, assumptions about how fungi interact with plant
hosts and other endophytes should be made carefully.
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Study design and future research
Odds ratios and total endophyte counts suggest little difference between sites of differing
burn severities. This is likely because the site burned over 15 years ago. Fungi are generally
resilient to many environmental extremes and many reproduce at such a fast rate that even if
there were an almost complete reduction of total fungi on site their numbers would certainly
return to normal levels 15 years post fire. Fire does have the ability to reduce fungal species
richness by eliminating rare species, but after 15 years, it is likely that any species in unaffected
surrounding areas capable of inhabiting ponderosa pine needles have made their way back into
the burn area. In our study, it may be more appropriate to think of burn severity as an indicator of
the structure of the community of plants surrounding sampled ponderosa pine trees. The
community of plants changes as you move from unburned sites to high severity sites
(Maclennan, unpublished) and could possibly change the fungi present at each site.
Odds ratios and total endophyte counts tell a different story within the needle age classes.
One-year-old needles among all severities were infected at the lowest rates and had the lowest
number of total endophytes. Two- and three-year-old needle groups both had significantly higher
odds of infection and total endophyte counts than one-year-old needles (Tables 1.4, 1.5,
respectively). This is likely due to the amount of time needles are exposed to fungal endophyte
inoculum. Our sampling was conducted in the middle of the dry season in the eastern Cascade
Mountains soon after new needle growth occurs. The newest needles have not gone through a
full season of fungal exposure and would be expected to have the lowest number of infections.
Two-year-old needles had gone through the rainy season of fall, winter, and spring by the time
they were sampled which has exposed them to a full season of fungal sporulation. Three-year-old
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needles differed from two-year-old needles in proportion of needles infected but had similar
endophyte counts suggesting that after two years almost all needles are infected.
Community analysis revealed similar patterns with respect to needle age classes, but
different patterns for severity. NMS ordinations show one-year-old needles have the smallest
share of species space indicating that they are infected by the least amount of unique fungi.
Surprisingly, younger needles were found to be infected with rare species and almost none of the
most abundant species. This fact combined with the rarer species having higher antagonism
scores leads us to believe that these rare species are able to initially outcompete the most
abundant species on the landscape, but are eventually overcome by a greater amount of inoculum
of the most abundant species. The pattern continues as needles age with three-year-old needles
having the largest share of species space, indicating that time is an important factor in endophyte
infection of needles. Severity ordinations reveal that unburned sites have the smallest share of
species space. This could likely be due to the stability of the landscape of unburned sites. There
is little understory in these unburned sites which may result in less unique hosts for different
fungal endophytes to occupy. Low and moderate severity sites have a larger but about equal
share of species space, while high severity has the greatest share. High severity sites were
characterized by ponderosa pine growing through a thick and diverse underbrush. High severity
sites could be in a state continual change with different species taking over as time passes
allowing for a wider range of fungal endophytes to occupy the landscape.
While the data present an interesting story there are some issues associated with how the
data was collected. Small sample sizes, nested sampling of needle age classes leading to nonindependence of samples, and low replication of burn severities reduce the scope of inference of
this study. In future studies we would suggest increasing the number of replications per burn
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severity, having independently sampled needle age classes, and increasing the number of needles
plated. A timed series of multiple samplings in fall, winter, and spring (before new needle
growth) would reveal if/how the odds of infection and total fungal endophyte counts change over
time. Watts et al. (2018) concluded that nearly all soil microbial activity is lost shortly after fire
but that one week post fire fungi had returned and ponderosa pine seedlings roots were colonized
within four months. The ideal situation would allow for conducting a series of samplings of
ponderosa pine needles after a burn with similar severity classes to determine how the foliar
endophyte community truly reacts to fires of different severity.
Needles were processed exclusively on malt extract agar (MEA), which likely reduced
the range of fungi that were able to germinate. Some fungi are unculturable on MEA and others
may be slow growing. Using multiple media types such as MEA and potato dextrose agar (PDA)
could potentially increase the number of fungi isolated. Certain fast growing species such as
Sydowia polyspora quickly took over our MEA plates making isolation of other pure cultures
from needles infected with S. polyspora impossible. Also, crushing needles before plating has
shown to triple the amount of fungi isolated (Gray, 2016). Therefore while odds of infection are
probably similar in most cases, the species richness and total abundance of fungal endophytes in
ponderosa pine needles in our study area is likely a large underestimation of the real community
of fungal endophytes that exist.
The takeaway
Our study showed that Lophodermium, Sydowia, and Elytroderma are the most abundant
genera of fungal endophytes in ponderosa pine needles, as was expected
(Ridout & Newcombe, 2015). Although the most common definition of endophyte is
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synonymous with mutualism (Saikkonen, Wäli, Helander, & Faeth, 2004), the ecological role of
endophytism is relatively unknown (Clay & Schardl, 2002). The evolution of endophytism is
likely more complicated than just simple commensalisms. For instance, to manage endophyte
growth, the host must suppress immune response which can increase susceptibility to other
pathogens and, on the other hand, endophyte reproduction can be altered, leading to eventual
speciation (Christensen, Bennett, & Schmid, 2002).
Should a species that causes disease in one plant but improves the health of another be
considered an endophyte and a pathogen, just an endophyte, or just a pathogen? I think a more
appropriate definition of endophyte would include all microorganisms living inside plant tissues,
from mutualist to pathogens. It is likely that what we recognize as pathogens are only pathogens
because we isolate them from infected tissue. There is no real reason to sample uninfected
tissues, so we may be missing entire populations of pathogenic fungi that are living symptomless
in other plants.
Overall, fungal endophytes, mutualists or otherwise, can provide an untold number of
services. They offer a great source of novel natural products and bioactive materials, from those
that they naturally produce to those that they can transform via biotransformation. They can also
be used as bioremediators of environmental degradation which is extremely important because as
biodiversity within plant communities decreases so does the potential fungal endophyte
biodiversity. This study works to add to the collective knowledge of fungal endophytes of
ponderosa pine, should any of the species isolated prove beneficial, we will know where to find
them.
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