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Abstract

Fungal pathogens of trees are an essential component of forest ecosystems as an ecological driver
of diversity and natural selection; however, they can also have devastating effects. My research
aims to understand better Nothophaeocryptopus gaeumannii, the causal agent of Swiss Needle
Cast (SNC), a disease affecting Douglas-fir (Pseudotsuga menziesii). This pathogen infects the
needles of its host, is associated with defoliation, and is endemic throughout the Douglas-fir range.
In the Pacific Northwest of the US and Canada, a rise in the incidence and severity of SNC, which
is thought to be linked to climatic changes and forestry practices, has been observed in the past
few decades. There is a genetic component to SNC tolerance, enabling the selection of SNC
resilient genotypes for reforestation. However, fungal load is not always correlated with needle
loss, suggesting a more complex relationship. My thesis work collected SNC symptom severity
data (measured as stomatal occlusion severity, needle loss severity, and relative growth rate) on a
general combining ability population with a high incidence of SNC from the provincial Douglas-
fir breeding program. Host phenotyping revealed a similar lack of correlation between disease
signs and symptoms. Stomatal occlusion severity and relative growth rate were found to be low-
moderately heritable traits within this breeding population (h> = 0.19-0.34 and 0.28, respectively),
whereas needle loss severity had low heritability (h, = 0.11-0.12), and considerable variation
within families and across locations in the plot. I hypothesize that this is due to this study site's
endemic level of infection. SNC severity at endemic levels is likely not strong enough to drown
out other biotic and abiotic factors contributing to needle loss. I propose stomatal occlusion
incidence as a reasonable trait to breed for resistance under endemic-level conditions. The second
part of my research investigated fungal community composition within Douglas-fir needles.

Community analysis was done to determine if specific communities or taxa determine SNC

il



symptom response or drive this lack of correlation between SNC signs and symptoms. I used ITS
amplicon metagenomics supplemented by fungal culturing to characterize the foliar mycobiome
of a subset of individuals from the same Douglas-fir breeding population. The Douglas-fir foliar
mycobiome was diverse, including mostly rare OTUs and a few highly abundant OTUs, such as M.
gaeumannii (64.5% of reads). N. gaeumannii was found to have a negative correlation with the
second most abundant OTU, belonging to the genus Rhizosphaera, identifying it as a direct
competitor with N. gaeumannii in the foliar environment for some host genotypes. The
genus Rhizosphaera exhibited associations with particular families within the breeding
population, suggesting some level of genetic determination. Foliar mycobiome community
assemblages differed significantly among families but not between disease severity levels or
groupings. The foliar mycobiome's composition, therefore, has implications for breeding programs
in the context of synthetic communities ('SynComs') as seen in the context of white spruce and its
pathogen spruce budworm. Despite no clear patterns in fungal community composition based on
SNC symptom severity, fungal taxa that are known foliar pathogens, as well as taxa that are known
to produce beneficial bio-active compounds (i.e., mycoparasitic taxa), were found within my
dataset. This could explain some of the variation associated with needle loss, which was not

correlated with the fungal load of N. gaeumannii at this site.
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General Introduction

Douglas-fir

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is one of the most important timber
species in the Pacific Northwest of North America. In particular, the coastal variety, Pseudotsuga
menziesii var. menziesii, is known for its high productivity and superior wood quality. Because of
these attributes, it is grown extensively in plantations both within its home range as well as outside
(i.e., Europe, South America and New Zealand) (Hermann and Lavender, 1999). Douglas-fir
accounts for approximately 22% of timber harvest for British Columbia’s (BC) forestry sector,
which in 2021 generated 55,715 jobs and revenue of $1.9 billion in BC (BC Ministry of Forests,

2021).

As well as being one of the most economically important tree species, Douglas-fir
ecosystems hold great ecological and cultural significance. Its entire range is the largest of any
commercial species, with its northern limit in central BC and its southern limit extending as far as
central Mexico (Hermann and Lavender, 1999). There are two different subspecies found in British
Columbia, coastal and interior, with the coastal variety existing along the southern coastal
mainland and most of Vancouver Island. The interior variety occurs throughout southern British
Columbia and north to Takla Lake in various BEC zones, typically including more open forests
with pinegrass and moss-dominated understories (Government of BC, n.d.). While these two
varieties of Douglas-fir exist in high abundance across different ecosystems in BC, specifically,
two different biogeoclimatic (BEC) zones within BC are defined by this species: the Coastal
Douglas-fir zone (CDF) and Interior Douglas-fir (IDF) zone. The CDF is restricted to southeastern

Vancouver Island, the Gulf Islands, and a strip from Powell River along the opposite mainland



coast. It is diverse and boasts over 500 rare species restricted to this range (Straley et al., 1985),
making it an ecosystem of great ecological significance to BC. Along the coast, Douglas-fir forests
are a host for other tree species, western red cedar (Thuja plicata [D.] Don.), hemlock (7Tsuga
heterophylla (Raf.) Sarg.), and grand-fir (Abies grandis [Douglas ex D.Don] Lindl.), while
housing understory species such as: salal (Gaultheria shallon Pursh), huckleberries (Vaccinium
parviflorum Andrews), Oregon grape (Mahonia nervosa (Pursh) Nutt.), and sword ferns
(Polystichum munitum (Kaulf.) C. Presl.), all of which are used in some capacity in indigenous
culture. Indigenous communities have stewarded this ecosystem since the beginning of their
relationship with the land, long before the establishment of Canada as a nation. Their use of fire
regimes to maintain a range of successional stages of these forests, particularly for creating and
maintaining Gary oak ecosystems, remains visible and culturally significant today (Doll, 2022).
Douglas-fir have been traditionally used for fuel, as building material, and carved for tools such
as fish hooks and handles by many indigenous groups (Government of BC, n.d.). Ultimately, the
dynamic nature of Douglas-fir as a species and its role in defining ecosystems necessitates careful
consideration in both management and research, a need accentuated by its global spread.
Recognized for its value, Douglas-fir is extensively cultivated as an exotic species worldwide,
notably in countries like France, Germany, Chile, and New Zealand (Hermann and Lavender,
1999). Because of its widespread distribution and cultivation in and outside its home range,

Douglas-fir is a potential host of numerous pests and pathogens.

Fungal diseases and factors contributing to disease severity
When understanding fungal pathogens, studying the causal factors behind their emergence
is crucial. The emergence of what we consider "new" diseases is primarily attributed to

environmental shifts, predominantly influenced by human activities (Woods et al., 2011). These



changes often stem from agricultural and ecological developments, including the establishment of
plantation forests. Additionally, the impact of climate change, primarily instigated by human
activities, plays a substantial role in this phenomenon (Ghelardini ef al., 2016). This human-driven
change of how pathogen, host, and environment interact ultimately contributes to the emergence

of novel disease patterns and pathogens (Ghelardini et al., 2016).

In the recent past, global trade, despite its associated policies and regulations (i.e., quarantine
policies and phytosanitary regulations), has resulted in an unprecedented number of introduced
alien species worldwide (Ghelardini et al., 2016), many of which have resulted in severe disease
outbreaks (i.e., Dutch elm disease, chestnut blight, ash dieback, and white pine blister rust
(Anderson et al., 2004; Ganley et al., 2008; Liebhold et al., 2012; Gross et al., 2014). The spread
of these pathogens is often due to them having gone undetected in their home range and the
historical lack of phytosanitary regulations (Migliorini ef al., 2015; Rigling and Prospero, 2018;
Langer et al., 2022). Shifts between symptomless endophytic and pathogenic forms have been
observed following exposure to different environmental conditions (Delaye et al., 2013). Studies
have shown that exotic pathogens can exhibit broader host associations than native pathogens,
which makes them more likely to cause adverse indirect effects. For example, pathogens may
opportunistically jump to new hosts or destabilize existing fungal community networks (Bufford
et al., 2020). While posing a novel threat to new ecosystems, latent or emerging pathogens can

also become more damaging within their home ranges, given the right conditions.

Swiss Needle Cast

Nothophaeocryptopus (formerly Phaeocryptopus) gaeumannii (T. Rohde) Videira, C.
Nakash., U. Braun & Crous is the fungal causal agent of a foliar disease called Swiss Needle Cast

(SNC), specific to Douglas-fir. N. gaeumannii is an example of a latent pathogen that did not jump



hosts but reached epidemic levels of infection under different environmental conditions outside of
its native home range (Boyce, 1940). The name "Swiss" Needle Cast originated from its initial
identification in Switzerland, where Douglas-fir had been introduced as an exotic tree species
(Boyce, 1940). With Douglas-fir, N. gaeumannii was brought into Europe and caused an epidemic
of SNC. This disease had not been previously described or noticed within Douglas-fir's native
range of the Pacific Northwest of North America despite its causal agent N. gaeumannii being
present (Boyce, 1940). While Switzerland was the catalyst for this disease's discovery, New
Zealand and other European countries that introduced Douglas-fir experienced similar epidemic-
level outbreaks (Boyce, 1940; Stone et al., 2007). Identifying this disease in different parts of the
world led to the discovery of this pathogen within its native range, suggesting the presence of V.
gaeumannii, predating symptoms and disease concerns (Hansen et al., 2000). It was only in the
1990s that significant reports of forest stand damage in Oregon and Washington caused by SNC,
specifically premature needle loss, emerged (Hansen et al., 2000; Shaw et al., 2011; Ritokova, et
al., 2016). Needle loss is induced indirectly by stomatal occlusions, not by direct pathogenicity of
the fungus. In the late spring/early summer, spores are released and colonize the surface of newly
flushed needle tissue. The fungus enters through stomates via an appressorium into the intercellular
space. The fungal hyphae then colonize the interior of the needle. It is essential to note that this
colonization does not cause any symptoms such as necrosis, hypersensitive response, or chlorosis.
Not before the following year, pseudothecia (ascospore-producing fruiting bodies) grow out
through and plug the stomates (Stone et al., 2007). The life cycle of this fungi thus indirectly causes
a reduction in gas exchange, which directly impacts growth and eventually wood volume due to a
loss of function of photosynthetic tissue (Manter et al., 2000). An incidence of 50% of stomates

occluded with pseudothecia has been suggested as the threshold to cause needle abscission



(Hansen et al., 2000). However, this simple causation has been questioned recently (Montwé et

al., 2021).

Initially, it was believed that severe cases of the disease were primarily caused by planting
Douglas-fir trees in unsuitable habitats, often sites that had previously been dominated by alder,
spruce, and hemlock. Such sites are typically characterized by low elevation, high rainfall, and
coastal conditions (Hansen et al., 2000). Although historically present in these sites, Douglas-fir
was a minor component (Hansen et al., 2000). It is likely a culmination of these and other factors
that have caused an unprecedented increase in the severity and range of Swiss Needle Cast.
Additional factors include seed sources not adapted to local site conditions, high tree densities,
and changing climate patterns that become more conducive to the disease (Hansen et al., 2000;
Wilhelmi et al., 2017; Shaw et al., 2021). In recent decades, the incidence of Swiss Needle Cast
along the Pacific Northwest coast of North America has coincided with higher winter temperatures
and increased spring rainfall, resulting in conditions such as increased leaf wetness that promote
spore dispersal and fungal colonization (Manter et al., 2005). These conditions conducive to
disease are typically seen at lower elevations along the coast, where the most severe symptoms
have been observed (Hansen er al., 2000; Rosso and Hansen, 2003; Shaw et al, 2014).
Extrapolating the Manter et al. (2005) model to BC suggests a northward spread of SNC based on
climate predictions for wet springs and warm winters, which is a cause for concern for British
Columbia, in particular the west coast of Vancouver Island (A. Hamman, University of Alberta,

unpublished).

Recent research has focused on better understanding Swiss Needle Cast's effects
(i.e., stomatal occlusion incidence, needle loss, impact on growth) on highly impacted sites. One

area of long-standing research is Coastal Oregon, where aerial surveys have been conducted over



the past three decades (1996-2018) (Ritoékova et al., 2016; Shaw et al., 2021). Similar surveys have
also been conducted to a slightly lesser extent in Washington and British Columbia (Hood, 1982).
These studies have consistently revealed that the disease significantly impacts sites with wetter

and milder coastal conditions (Ritokova et al., 2016).

While the impact of the environment on SNC severity is widely supported, researchers
have also observed genetic variability in the susceptibility of Douglas-fir trees to Swiss Needle
Cast (Johnson, 2002; Temel et al., 2005; Hood, 1982; McDermott & Robinson, 1989). Offspring
originating from provenances from drier climates have shown higher susceptibility to the disease
than those from wetter conditions (e.g., Wilhelmi et al., 2017), suggesting local adaptation to
higher pathogen pressures in wetter and milder conditions. Despite numerous studies highlighting
the variability in disease symptoms across populations, only a few published academic studies
have quantified the heritability of these traits. They found that needle retention ranges from low to
moderate and stomatal occlusion exhibits relatively low heritability (Temel et al., 2005; Johnson,

2002). Further studies, however, are needed to support or refine these findings.

In 2021, Montw¢é et al. conducted a study close to the west coast of Vancouver Island,
British Columbia. The aim was to assess whether screening for SNC traits is an effective strategy
to identify resistant (i.e., low levels of infection by SNC as determined by stomatal occlusion
incidence and fungal load) or tolerant individuals (i.e., low levels of needle loss regardless of high
levels of infection by SNC) within a breeding population; findings which could be used to select
for tolerance and/or resistance within these Douglas-fir breeding populations. Their study, which
assessed the variance of SNC, found that SNC resistance (stomatal occlusion incidence) and
tolerance (needle retention) vary significantly across families. Only needle loss scores strongly

correlated with growth metrics such as height, stem diameter, and wood volume. In contrast,



stomatal occlusion scores did not exhibit such a correlation, nor did they correlate with needle loss
scores. These findings contradict our current understanding of SNC disease interactions. Since
pseudothecia block stomates, this impairs CO> uptake, and as pseudothecia increase, this
proportionally decreases CO; uptake. Once these needles take in less carbon than they release
(i.e., they become a carbon source rather than a sink), they are abscised. This implies that a
correlation between the proportion of stomata occluded with pseudothecia and needle loss should
be expected, and this is what has been previously described (Manter et al., 2003a; Cannell and
Morgan, 1990). In contrast, Montw¢ et al. (2021) suggest more complex mechanisms to be at play,
at least in that site and population. However, it remains enigmatic what other factors may be
involved in modulating this plant-pathogen interaction. Besides more complex factors in plant or
pathogen physiology or biochemistry, another possible explanation could be the foliar fungal

endophytic community's influence on disease severity.

The role of endophytic communities in pathosystems

The definition of endophytes, describing fungi or bacteria living within plants, is
inconsistent in the literature. Some describe endophytes based on their found space (i.e., ‘endo’ —
within ‘phyte’ — plant). Others more explicitly define endophytes based on the nature of their
interaction type with their host (i.e., fungi or bacteria within a plant that do not cause disease
symptoms) (Wilson, 1995). For this thesis, I will define endophytes as any fungi that live within
plants regardless of their host association. I choose this definition because of the continuum on
which endophytes exist, with some exhibiting different host associations throughout their lives,
making defining based on their relationship difficult (Newton et al., 2010). For example, N.
gaeumannii begins its life cycle as a symptomless endophyte but, given the proper environmental

conditions, eventually causes disease symptoms.



Numerous ex-situ experiments have addressed the impact of endophyte communities on
plant pathogens and stressors. One of the most well-studied and successful examples of this is the
reduction of damage caused by insect pathogen spruce budworm (Choristoneura fumiferana
Clemens) on its host white spruce (Picea glauca Moench). The native endophytic fungus
Phialocephala scopiformis DAOM 229536 Kowalski & Kehr (Helotiales, Ascomycota) has been
found to decrease survival of eastern spruce budworm by releasing anti-insect metabolites (Frasz
et al., 2014; Quiring et al., 2019). This has proved successful, resulting in JD Irving Ltd. nurseries
(New Brunswick) generating enough beneficial inoculum for tens of millions of seedlings annually
to mitigate this disease. Instead of inoculating with a single beneficial endophyte, hosts can be
treated with a cocktail of different endophytes in the hopes that one, or interactions of few or many,
confer host tolerance towards the biotic or abiotic stress of interest. Recent studies have shown the
potential of introducing symbiotic fungal endophytes as an alternative to time-intensive and costly
plant breeding programs and the use of fungicides (Schardl ef al., 2004). Examples of this include
improved drought tolerance in both P. menziesii and Thuja plicata when treated with endophyte
consortia (Aghai et al., 2019); and a reduction of white pine blister rust symptoms (causal agent
Cronartium ribicola) when Pinus monticola seedlings were treated with endophyte communities

isolated from healthy individuals (Ganley ef al., 2008).

Although more and more fungal endophytes are being recognized to provide various
benefits to their hosts, including pathogen suppression (Schardl et al, 2004), they are a
taxonomically diverse group and remain poorly characterized for many plant species (Porras-
Alfaro & Paul Bayman, 2011). Therefore, a detailed characterization of the endophytic microbial
community is essential and holds significant economic potential for Douglas-fir and other tree

species of commercial importance. Another critical gap that I hope to address with my research is



the lack of research at present on community interactions between a native pathogen and native
endophytes. The SNC pathosystem is unique compared to previously studied systems (i.e., White
Pine Blister Rust caused by Cronartium ribicola; Ganley et al, 2008) in the sense that V.
gaeumannii has co-evolved with the other members of the Douglas-fir foliar mycobiome (Boyce,
1940). Understanding how these relationships change when N. gaeumannii switches to epidemic
levels, as seen in Oregon and Washington (Ritokova et al., 2016), is an essential piece of
information needed to understand better foliar fungal endophyte interactions in the context of SNC

disease.

Objectives

In the first data chapter, I will assess SNC sign and symptom severity levels and will
analyze the heritability of and correlation between SNC disease signs, disease symptoms and plant
growth rate measured from approximately 600 trees in a BC Ministry of Forests breeding
population. Given Montwé et al.’s (2021) study, I hypothesize that we will see a similar lack of
correlation between SNC disease signs and disease symptoms at this close-by study site comprised
of similarly aged trees. The second data chapter will test the hypothesis that differences in fungal
endophytic communities within the Douglas-fir foliar mycobiome influence disease signs and
symptoms associated with SNC. To date, limited research has focused on the foliar mycobiome of
Douglas-fir despite its significant economic and ecological importance (Carroll & Carroll 1978;
Daniels et al., 2018; Gervers et al., 2022), and no studies have investigated these mycobiomes in
the context of SNC. To describe the foliar mycobiome of Douglas-fir, I will use high throughput
metagenomic ITS sequencing to look at community composition in parallel with a traditional
culture-based Sanger sequencing approach. I will explore community composition across samples

to determine the presence of any differentially abundant taxa among genetically distinct families



expressing different disease signs and symptoms. [ will also examine how community composition
may differ based on tree-relatedness within the breeding program (i.e., as a consequence of vertical
endophyte transmission). Lastly, I will wrap up data chapter 2 by highlighting the fungal taxa
found within our study and how this compares with the few recent studies published on the
Douglas-fir foliar mycobiome. This aims to provide a comprehensive overview of the Douglas-fir

foliar mycobiome to better understand this complex pathosystem.
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Data Chapter 1 - Phenotypic Responses to SNC and Heritability

Scientific Contribution to data chapter 1

Jiirgen Ehlting and Paul de la Bastide conceived and designed the initial pilot of this study. Emma
Hayward contributed to aspects of study design while working as a research technician prior to her
thesis work. The study was designed to be compatible with pre-existing data collected on the
Jordan River progeny trial. Two-year’s worth of data was collected and compiled for this site by
Dr. David Noshad (MoF) and team prior to Emma Hayward’s thesis work. This data was used to
supplement field data for this site collected by Emma Hayward and a team of collaborators in the
years 2021 and 2022. (Keith Bird (MoF), Dr. Joey Tanney (NRCAN), Robert Kowbel (NRCAN),
Annie Dicaire (NRCAN), Cameron D’Amours (NRCAN), Connor Connolly-Moyls (UVic), Dr.
Jirgen Ehlting (UVic), Dr. Paul de la Bastide (UVic), Sarah Lane (UVic), Isabella Laughton
(Uvic), Niya Kelpin (Uvic). Emma Hayward did all data analysis with help from Dr. Jonathan

Degner with ASReml heritability analysis,

Introduction
Resistance and tolerance to Swiss Needle Cast in a breeding population

This thesis uses the definition of resistance and tolerance put forth by Temel et al. (2004)
and the interpretation of this adapted to SNC by Montwé et al. (2021). Signs of disease are defined
as the amounts of fungal material within the leaves (i.e., fungal load) and/or the proportion of
stomata occluded with pseudothecia (stomata occlusion scores hereafter). Disease symptoms are
defined as needle loss. A tree with low signs of the disease (i.e., stomatal occlusion score, fungal
load) would be considered resistant, and a tree with few symptoms (i.e., low needle loss regardless

of high stomatal occlusion scores or fungal load) would be considered tolerant.
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It has been a longstanding question what the most suitable phenotyping method for
quantifying disease severity to Swiss Needle Cast is (Temel et al, 2005). Methods explored
include needle/foliage color (Temel et al., 2005), needle retention (Temel et al., 2005; Montwé et
al., 2021), foliage density (Maguire et al., 2002; Johnson, 2002) proportion of stomata occluded
by pseudothecia (stomatal occlusion) (Hansen et al., 2000; Temel et al., 2005; Montw¢ et al.,
2021), and amount of N. gaeumannii DNA in needles, quantified through qPCR (Temel et al.,
2005; Montw¢ et al., 2021). Several studies have shown differences in the severity of disease
symptoms within and across populations. Variability across populations can be attributed to
genetic variation (Johnson, 2002; Temel et al., 2005; Montw¢ et al., 2021). What causes this
genetic variation is still largely enigmatic; few studies have tried to address this with no clear
conclusions as to whether resistance (i.e., trees that inhibit the level of SNC infection) or tolerance
(i.e., trees that grow and retain foliage despite disease infection) or both drive this variation. Larger
variation in measured needle loss has led to the conclusion that needle loss (tolerance) may be the
best indicator when selecting genetically more adept trees (Johnson, 2002; Temel et al., 2004;
Montw¢ et al., 2021). This, however, becomes more complicated when looking at how stomatal

occlusion scores interact with this variable (needle loss).

Our current understanding of SNC states that the average proportion of occluded stomata
is causally correlated with the severity of needle loss in Douglas-fir. This relationship is plausible
in the context of this disease, as reduced photosynthetic rates caused by increased incidence of
stomatal occlusion result in premature needle abscission (Manter et al., 2000). Fungal load should
also be correlated with stomatal occlusion incidence because fungal load increases each year as
SNC continues to colonize the same needle after the initial infection (Manter et al., 2003a), and

ultimately, this accumulation of fruiting bodies is what results in needle abscission as a
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consequence of blocked gas exchange as described above (Temel et al., 2004; Stone et al., 2008).
Because of this, fungal load should also correlate with needle loss, thus all the above (i.e., fungal
load, needle loss, and stomatal occlusion) should be acceptable ways of phenotyping this disease.
In a study based out of Tillamook, Oregon, USA, Temel ef al. (2004) found that fungal load was
positively associated with needle loss in families classified as experiencing mild symptoms,
negatively associated with needle loss in families classified as experiencing high symptoms, and
no correlation with needle loss in families classified as experiencing moderate symptoms. In a
similar study out of Vancouver Island, BC, Montwé¢ et al. (2021) found no significant correlation
between fungal load or stomatal occlusion incidence and needle loss. While it could be that distinct
adaptations within some families conferring either tolerance or resistance explain this lack of
correlation seen by Montwé¢ ef al. (2021), the fact that family ranks (based on sign and symptom
severity) were not consistent between plantation sites suggests this may not tell the whole story.
Another question not addressed by Montwé ef al. (2021) was the heritability of needle loss, fungal
load, and stomatal occlusion incidence within these breeding populations. Heritability is defined
by the portion of phenotypic variation for a specific measurement (i.e., needle loss, stomatal
occlusion incidence, fungal load) attributed to genetic variation. Heritability can be further defined
as narrow-sense (an estimate of additive genetic effects) and broad-sense heritability (an estimate
of both additive and non-additive genetic effects) (Barry ef al., 2022), the former being my focus
for this research because these narrow-sense heritability calculations (h. = VA/VP; VA = genetic
variation due to additive genetic values, VP = variation due to phenotypic variance) have
significant implications for future selections in tree breeding programs if the goal is to breed for

disease resistance or tolerance of SNC.
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Objectives

In this first data chapter, phenotype data will be described and analyzed for a breeding
population of approximately 600 individuals within the BC Ministry of Forests Coastal Douglas-
fir breeding program. The purpose is first to test the hypothesis that, similar to Montw¢é et al.
(2021), there will be no clear correlation between SNC disease signs and symptoms. Additionally,
variation in disease signs and symptom severity will be addressed between years and families. The
second objective of this data chapter is to determine the heritability of these traits and whether
there is any genetic or phenotypic correlation between them. Both objectives will add to our base
knowledge of mechanisms affecting variation in SNC symptom severity (particularly in BC, where
fewer studies have been conducted) and how this may influence the genetic selection of Douglas-

fir families.

Methods

Site and sample collection

This study was conducted in a Douglas-fir progeny trial near Jordan River on Vancouver
Island, BC (48.430120, -124.033993). It is situated in the fog belt of the west coast, close to the
Pacific Ocean, where the prevalence of Swiss Needle Cast (SNC) is relatively high (fig. 1). The
site falls within the Coastal Western Hemlock Biogeoclimatic (BEC) zone and was established in
2001 as a third-generation general combining ability population by the Douglas-fir breeding
program of the BC Ministry of Forests (Jonathan Degner, personal communication). Forty-five
families consisting of 607 trees total were sampled in June 2021, and a subset of trees (12 families,
five individuals each) included in our mycobiome analysis were resampled the following year
during the same period (June 2022). In cases where branches could not be collected due to

excessive tree height or tree mortality, this was noted. Needle loss scores and diameter at breast
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height (DBH) scores (only in 2021) were collected in the field, while the percentage of stomata
occluded with pseudothecia (stomatal occlusion incidence) were obtained in the laboratory. Two

years of previous data were also available for this study site (provided by Dr. David Noshad,

unpublished).

Jordan River GCA Progeny Trial

Vancouver Island,
BC

%, Desolation
Wi Creekgiine,

Figure 1. Location of Jordan River, British Columbia, third generation general combining ability progeny

trial established in 2001 by the BC Ministry of forests (48.430120, -124.033993).

Needle loss scoring

For needle loss assessment, a branch from the mid-crown, between 20 and 30 feet above
the ground, preferably from the south side of the tree, was cut using 12' pole pruners and 12'
orchard ladders. A score ranging from 0 to 10 was assigned to branches based on their needle loss
for the past four years of growth (Y1, Y2, Y3, Y4), with 0 indicating no needle loss and 10
representing 100% needle loss (fig. 2). Scores were recorded from a lateral branch and compared
to 2-3 other lateral branches to ensure accuracy. In cases of variation, an average score was
estimated ad hoc. The branch leader was not assessed, as needle retention on the leader often differs

from that of laterals. When possible, lateral branch scores were recorded closer to the branch leader
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to avoid shaded sections near the base that might exhibit lower-than-expected needle retention.
Two-year-old sections from multiple laterals were retained and transported in coolers with ice

blocks and then refrigerated at 4°C until they could be processed.

A

Figure 2. A) SNC Symptomatic Douglas fir branch B) Non-symptomatic (healthy) tree branch. Numbers 1-3
indicate last three years of growth. Not pictured measurements for 4" year age class needles were scored as
well. Each year of growth (vears 1-4) was scored on a scale of 0-10 (0 indicating no needle loss, 10

indicating 100% needle loss).
Stomatal occlusion scoring

Ten two-year-old needles were randomly selected from each individual and mounted on a
microscope slide with the stomatal side facing up. A label with 2.5 mm segment lines was attached
to the slide, and the needles were mounted on top using double-sided tape (fig. 3). Care was
exercised to touch only the ends of the needles during mounting to prevent any disruption of

pseudothecia present on the needle surfaces for counting. The number of stomata occluded with

16



pseudothecia was counted within a 2.5 mm segment in the middle of each needle, covering the
outermost four complete rows of stomata in each stomatal band. The proportion of stomata
occluded with pseudothecia was calculated by dividing the number of pseudothecia by the average
number of stomata in this region (425 stomata; region as described above) and will be referred to
as stomatal occlusion hereafter. Results for individual needles were averaged for each tree to obtain

a mean.

Figure 3. Douglas-fir needles mounted on microscope slides with 2.5 mm segment lines to indicate where to

count. The x indicates the section where counting took place. The proportion of occluded stomata on the
outermost 4 complete rows of stomata in each of the stomatal bands was counted for 10 needles per tree and

averaged. (4) a tree with high stomatal occlusions (B) a tree with low/ almost no stomatal occlusions.

Relative growth rate

Relative growth rate was calculated using diameter at breast height (dbh) measurements from
trees at age 11 (collected in 2012) and 20 (collected in 2021). The equation used to calculate
relative growth rate was (Hoffmann and Poorter, 2002):

Ln (S3) — Ln(S,)
T,-T,

RGR =

Where:

S1 = size at first time point
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S, = size at second time point
T, = first time point (age)
T, = second time point (age)
Statistical analysis of phenotypic and genetic response to SNC
Unless otherwise noted, all data analysis and figures were performed and created in R (R

Core Team, 2015), and plots were made in ggplot2 (Wickham, 2009).

Correlation analysis on needle loss, stomatal occlusion scores, and relative growth rate
(RGR) was conducted using Spearman correlation to account for the non-normal distribution of
data across all samples and years. To test whether family significantly impacts stomatal occlusion,
needle loss, and RGR measurements, a linear mixed model (LMM) was applied using restricted
maximum likelihood in ASReml (Butler, 2023). A LMM allows for control of the data's random
effects, such as spatial biases. Replicate blocks within the plot were treated as random effects, and
family as a fixed effect. Phenotype (i.e., stomatal occlusion, needle loss, and RGR) scales were
normalized using scale() in base R package. Residual plots and q-q plots were assessed for
assumptions of normality and homogeneous variance of residuals, determining a good fit of the
model (Zurr et al., 2009). Conditional F-statistic tests (pseudo-ANOVA) were performed using
the function wald to test for significance. LMM models were subsequently used to calculate
narrow-sense heritability estimates and genetic and phenotypic correlations. Our model was
designed to account for both the fixed effects of 'trait' and the random effects associated with the

hierarchical structure of our data. The data is modeled as such:

1] yii=p+ gk + bj + &k,

Where:
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yjii 1s the observation of the ith tree of the kth family in the jth block
W is overall mean

9x s the fixed effect for the kth family

bj is the random effect for the jth block

&ijk 1s the plot error effect corresponding to yik.

To estimate genetic variance for each of the traits, an additional model was run with component
gk estimated as a random effect, incorporating pedigree information supplied by the BC Ministry
of Forests (Jonathan Degner, personal communication). In this model, additive genetic variance is
simultaneously estimated across parents and offspring via an “animal model” (Henderson 1984),
where gk = 6%a A, with A denoting a genetic relatedness matrix. Narrow-sense heritability was
estimated for each trait independently [2]. Numerous variance and covariance model structures
were tested for the best fit of the data. AIC, BIC, and log-likelihood values were used to determine
the best fit. Ultimately, a simple univariate model was found to have the lowest AIC and BIC

scores, and this was used.

O'AZ

2]

0p% + 02
Where:
0,2 is the additive genetic variance

0,2 is the residual variance

To estimate genetic and phenotypic correlations between all measured traits, a multivariate model
was run using an unstructured genetic covariance matrix to account for covariance between the

traits at the level of individual trees (due to genetic effects) and the residual level while accounting
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for block effects. Variances and covariances were extracted for each trait, allowing for the

calculation of both additive genetic (r4)[3] and phenotypic correlation (7,)[4] independent of each

other.

Cove(xy)
31 ry, = f—
Bl Ta = ooy
Where:

Covy(x,y) is the additive genetic covariance between traits x and y

042 (x), 4% () are the additive genetic variance components for traits x and y

Covy (x,y)+ Cove(xy)

[4] rp =
J(ea20+ 02 ()x (042 01+ 02 )

Where:

Covy(x,y) is the additive genetic covariance between traits x and y
Cov.(x,y) is the residual covariance between traits x and y

042%(x), 04%(y) are the additive genetic variance components for traits x and y

0,%(x), 0,2 (y) are the residual variance components for traits x and y

Results
SNC phenotypic responses

607 individuals representing 45 families from a third-generation GCA population in the
BC Ministry of Forests coastal Douglas-fir breeding program were phenotyped for SNC signs,
symptoms, and growth traits. SNC, having known associations with climate, is variable from year
to year; this can impact how results regarding disease severity are interpreted. I first assessed
annual variations in SNC signs and symptoms across the site to address this. As expected, needle

loss scores increased as the age of needles increased, which was consistent for all years of
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measurement (fig. 4). I also observed annual variation in SNC signs and symptoms. Needle loss
in 2020 (at age 19) for 3- and 4-year-old needles was higher than in any other year. Stomatal
occlusion scores were higher on average in years sampled prior to my thesis work (2019 and 2020)
(fig. 4). Because stomatal occlusion and needle loss measurements were consistently non-normally
distributed and data transformation attempts did not significantly improve normality, non-
parametric tests were used going forward for correlations and significance testing. In my analysis

of average needle loss the 2019 dataset was not included because branch scoring was conducted

differently that year.
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Figure 4. Average scores for each year of measurement for needle loss and proportion of stomata
occluded with pseudothecia across 607 individuals (45 families) in JR GCA breeding population. For
needle loss this covers 4 age classes of needle (i.e., 1y, 2y, 3y, 4y) and for stomatal occlusion all

measurements were taken in 2y age class needles. The errors bars represent SE.
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Phenotypic correlations in space and time

To determine whether disease signs and symptoms are correlated or not (as seen previously
in other Vancouver Island breeding population stands; Montw¢ et al., 2021), these relationships
were assessed for this stand. Both needle loss scores and stomatal occlusion scores were weakly
to moderately correlated between years across the whole population (607 individuals covering 45
families) (fig.5a). This was also seen in correlations based on family averages for stomatal
occlusion scores but to a lesser extent in needle loss scores (fig.5b). No notable correlation was
detected between stomatal occlusion scores (disease sign) and needle loss scores (disease
symptom) in any comparison. This observation is notable because while stomatal occlusion in
2019 (SO2019) served as a metric for disease signs in 2-year-old branches, subsequent years'
symptoms within the same age class, i.e., third-year needle loss in 2020 (NL3y2020) and fourth-
year needle loss in 2021 (NL4y2021), did not demonstrate correlation with this level of infection
although they all represent the same infection year. A significant but weak negative correlation

was seen between needle loss and relative growth rate in individual-level correlations (fig.5a).
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Figure 5. (left(A)) Spearman correlation (r-value = rho) of phenotypes for 607 individuals (trees) in JR
GCA breeding population (right(B)) is based on average scores for the 45 families within the same
population. NL (needle loss) is followed by the age class of needles (3y or 4y) and the year of sampling;
SO (proportion of stomata occluded with pseudothecia followed by year of sampling); RGR (relative

growth rate between ages 11 and 20). X's indicate non-significant results.

Block effects

Microenvironmental effects may impact observed phenotypes and are a confounding factor to
consider when asking the question of how much phenotypic variation is due to genetics. To address
this, trends in phenotypes by block were assessed. While there was some variation across blocks
when considering stomatal occlusion, there was only one year where these differences in stomatal
occlusion were significant (variance: 2019 =0.072,2020=0.051, 2021 = 0.025; fold change varied
from 1.39-fold to 1.63-fold, fig. 6). Likewise, in one year of the two years measured (2020) there
was a significant difference in mean needle loss scores by location (block) (variance: 2020 = 1.823,

2021 = 0.236; fold change varied from 2-fold to 5.8-fold, fig. 6).
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Figure 6. (Left) differences in average proportion of stomata occluded with pseudothecia (Stomatal
Occlusion) for 2" year age class needles from different blocks in JR GCA breeding population (n= 607).
(Right) differences in average needle loss for 3" year age class needles from different blocks in JR GCA
breeding population (n= 607). p-values are results from a Kruskal-Wallis test. Error bars represent

standard error for group averages and red line indicates the overall mean.

Family effects and heritability

To initially assess the extent to which genetic factors explain variation in SNC sign and symptom
severity, I looked at differences in these measured traits across families in my study population.
There were significant across-family differences in the average proportion of stomatal occlusion
for all years of measurement (variance: 2019 = 0.147, 2020 =0.181, 2021 = 0.0696; fold change

varied from 2.29-fold to 2.94-fold, fig. 7). There was considerable variability seen within these
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families for average needle loss, with no significant differences between them (variance: 2020 =

0.998, 2021 = 0.343; fold change varied from 2.89-fold to 3.65-fold, fig. 7).
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Figure 7. (Left) Family differences in average proportion of stomata occluded with pseudothecia

(Stomatal Occlusion)) for 2" year age class needles for all 45 families (n= 607) in JR GCA breeding
population. (Right) Family differences in average needle loss for 3 year age class needles for all 45
families (n= 607) in JR GCA breeding population. P-values are results from a Kruskal-Wallis test. Error

bars represent standard error for group averages and red line indicates the overall mean.
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Because location within the plot potentially contributed to variation within the dataset, a Linear
Mixed Model (LMM) was employed to determine the fixed effect of family while considering
location in the plot (block) as a random variable. This was conducted to assess whether family
alone significantly affected measured phenotypes. F-tests for LMM indicate significant effects of
family on stomatal occlusion across years of measurement and relative growth rate. No significant
effects were seen regarding needle loss at either age class (3 or 4-year-old) (Table 1). Estimated
narrow-sense heritability for SNC and growth traits (needle loss, stomatal occlusion, and RGR)
were low to moderate for stomatal occlusion (0.19-0.34) and relative growth rate (0.28) and low

for needle loss in three-year-old needles (0.11-0.12) (table 1).

Table 1. Based on JR GCA breeding population (n = 607). P-values of F-tests for fixed effects of family on
SNC phenotypes calculated with conditional sum of squares. Narrow-sense heritability scores for needle
loss, stomatal occlusion, and relative growth rate (relative growth rate (RGR) * this is from age 11- 20).
The standard error associated with that trait is given in brackets below heritability scores.

Phenotype SO SO SO  NL3y NL4y NL3y NL4y RGR

Year 2019 2020 2021 2020 2020 2021 2021

Effect of Family <0.001 <0.001 <0.001 0.0605  0.191 0.306  0.469 <0.001

Heritability 027 019 034  0.11 013 012 013 028
0.10) (0.09) (0.11) (0.06) (0.07)  (0.06) (0.06) (0.08)

Genetic correlations were calculated from an unstructured covariance model to determine
the extent to which correlations (fig. 5) are attributed to genetics. Stomatal occlusion incidence
had a high genetic correlation between all years of measurement (r-value = 0.80 to 0.90, fig. 8),
suggesting that its overall phenotypic correlation year to year (fig. 5a) is driven by genetics, not
environmental effects. A moderate genetic correlation was observed between years when assessing

needle loss in three-year-old needles (r-value = 0.47). However, this was not significant due to
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considerable variation resulting in high standard errors (fig. 8). Together with the low but
significant phenotypic correlation of three-year-old needle loss across years (r-value = 0.16, fig.
5a), this suggests that environmental factors drive variability in needle loss in this population and
assessment. Relative growth rate was consistently phenotypically correlated with three-year-old
needle loss (r-value = -0.13 to -0.14, fig 5a). However, there was no genetic correlation (fig 8).
While not phenotypically correlated with relative growth rate (fig. 5a), stomatal occlusion
incidence did show a weak yet significant negative genetic correlation with relative growth rate (r-
value = -0.14 to -0.28), suggesting a genetic relationship but not one strong enough to observe

phenotypically (fig. 8).
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Figure 8. Based on JR GCA breeding population (n = 607). Estimated genetic correlations between Swiss
Needle Cast severity traits. Calculated using an unstructured model in ASReml R and visualized using
Corrgram. Colouring indicated the strength of the Pearson correlation (r-value) and X’s indicate non-

significant correlations (p>0.05). X's indicate non-significant results.
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Discussion

This study found that for this breeding population, stomatal occlusion scores are controlled
more by genetic factors and are less impacted by extrinsic factors such as microenvironment than
needle loss. This could have implications because tolerance traits (needle loss) are typically being
selected over resistance (stomata occlusion) for breeding programs to reduce SNC severity.
Stomatal occlusion scores showed consistent correlations across years, had moderate heritability,

and were found to be significantly impacted by family.

Narrow sense heritability estimates for growth were similar to what has previously been
reported in the literature for similar traits within breeding programs. Douglas-fir growth and wood
yield traits typically display narrow sense heritability values (h2) ranging from 0.13 to 0.32 (Yeh
and Heaman, 1987; Vargas-Hernandez and Adams, 1991; St. Clair, 1994; Ukrainetz et al., 2008).
Stomatal occlusion and relative growth rate displayed similar low to moderate heritability
estimates in our study (h2 = 0.19 to 0.34 and 0.28, respectively). For stomatal occlusion, this was
paired with a high genetic correlation (r-value = between 0.8 and 0.9) across different years of
measurement. A high genetic correlation between two traits indicates that the same gene(s)
influence the expression of these traits (Lynch and Walsh, 1998), and a correlation between the
same trait over years would suggest that the genetic factors influencing the trait are stable over
time. However, we can’t exclude the possibility that distinct genes contributing to these traits in

different years are co-inherited.

Stomatal occlusion was the most consistently correlated trait across years and exhibited the
smallest variability within families across numerous years of measurement. The extent of
correlation observed for stomatal occlusion (r-value between 0.24 and 0.39) incidence across years

is consistent with previous work on SNC in the same geographic area (Montwé et al., 2021).
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Increased correlation coefficients when looking at family-level correlation (r-value ranging from
0.34 to 0.58) indicate an important impact of family on this trait within this breeding population.
A high genetic correlation corroborated this. At the individual level, reduced correlations are likely
caused by specific microenvironmental effects that are dampened when grouped by family. There
was a significant but weak correlation between years of needle loss scores for this site. In contrast,
Montw¢ et al. (2021) found that needle loss was moderate to strongly correlated (r-value = 0.63-
0.77) between three consecutive years of measurement. The inconsistency of these findings
suggests stronger environmental variables and site-specific effects on the current site that may be
playing a role in needle loss. There was high variability within families for needle loss, which may
have impeded the detection of any significant familial differences. Significant differences in needle
loss across blocks in the plot (used as a rough approximation of location) corroborate that location
(microenvironment) does influence this phenotype. Fixed effect tests were used to isolate the effect

of family on needle loss.

These fixed effect tests showed that family significantly affects stomatal occlusion and
relative growth rate within this population but not needle loss for either the third or fourth-year
class of needles when accounting for spatial biases (block). These findings appear to contradict an
earlier study by Montw¢ et al. (2021) that determined that family had an effect on needle loss
within two other BC Coastal Douglas-fir breeding populations, one of them very close to our study
site. Unlike my study site, which is laid out in a randomized complete block design, meaning that
we can account for spatial variation (Shieh and Jan, 2004), Montwé’s experimental plot was laid
out with all family members located within one block (non-replicated family plots) making it
difficult to disentangle family from microenvironmental effects. This was a limitation of their

study and why they refrained from reporting heritability values for their populations. While they

29



used an auto-spatial correlation within their fixed effect test to account for spatial dependencies,
the plot term still confounded their family term (Cappa & Stoehr, 2016). My data suggests that the
plot term likely plays a prominent role in the significant fixed effect of family on needle loss in
their study. From this, I speculate that some aspects of needle loss have a genetic basis, as this has
been reported in the literature with narrow sense heritability value means of 0.15 (Johnson, 2002)
and 0.18 (Temel et al, 2005). However, the influence of genetic factors appears to be
overshadowed by more pronounced site effects, such as localized pathogens and abiotic factors,
which are likely contributing to needle loss at this site. These effects will be discussed in more

detail below.

Needle loss within our population was found to have low narrow-sense heritability (h2 =
0.11 to 0.13), pointing towards the role of environmental influences in the variation for this trait.
The literature for SNC reports higher heritability of needle loss-associated traits than seen in our
study (Temel et al., 2005). However, these study results come from substantially younger trees,
ranging from two to 12 years of age (Temel ef al., 2005). Crown size, causing different vertical
profiles, impacts infection by N. gaeumannii, which could have implications for comparing these
data to our larger 20-year-old trees (Lan et al., 2019; Gervers et al., 2022). Temel et al. (2005)
tested juvenile field and laboratory trials (two years old) as well as more mature field trial
plantations (12 years old). All field trials planted in Coastal Oregon were naturally inoculated by
surrounding heavily infected Douglas-fir plantations. Needle loss scores were taken from two-
year-old foliage, and the means for all test groups ((field, lab (juvenile), and field (mature))) were
similar, ranging from 2.15 to 2.81. These values are slightly higher but comparable to needle loss
levels observed at our site for two-year-old foliage (mean = 1.53 to 2.08). While the means were

similar across test groups, the range of values for needle loss in the mature field trials was smaller
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than both juvenile trials and exhibited a smaller hy value of 0.1 compared to juvenile trials whose
values were ho = 0.21 (laboratory) and h, = 0.23 (field). Temel et al. 's (2005) narrow-sense

heritability value for the mature field trees is comparable to our study site's, where h, = 0.11-0.13.

A possible explanation for this low heritability of needle loss in older field trial trees is a
combination of endemism/epidemics, stand age, and associated dynamics. SNC epidemic areas
are defined by sites with less than three age classes of needles retained (Ritokova et al., 2016).
Where SNC is present but not causing these severe levels of needle loss, it is referred to as endemic.
My site falls explicitly into the range of endemic infection, showing high levels of infection but
relatively benign symptom levels. I hypothesize there is low heritability associated with needle
loss within my population and Temel et al.’s (2005) mature field trial due to other pressures at
these more mature endemic sites. It has been observed that foliar pathogenic endophytes or latent
pathogens typically increase with tree age, as well as beneficial endophytic communities (Yu et
al., 2021). This is due to most members of the foliar mycobiome being horizontally transferred
and thus increasing with systemic re-infection. However, N. gaeumannii is unique because it does
not follow this typical trend (Ritokova et al., 2020). It is known to infect young stands, likely due
to its ubiquitous presence on the landscape (Ritokova et al., 2020) and its ability to withstand sun-
exposed sites within the canopy (Gervers et al., 2022), which is more prevalent in young stands
prior to crown closure. Given proper environmental conditions, this latent pathogen can reach high
levels in these young stands where competition for its niche space is limited. This would explain
the higher heritability and variance in needle loss in young stands of Douglas-fir infected with
SNC (Temel et al., 2005). Any genetically determined tolerance would be tested with reduced
noise due to abiotic and other pathogen-associated reasons for needle loss. Meanwhile, more

mature endemic-level stands are impacted by abiotic factors such as shading and have additional
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disease pressures acting on them while at the same time having possibly more developed beneficial
endophytic communities (Yu et al., 2021) that could confer some benefit against SNC. Both could
be driving the variance in needle loss across the population. Ultimately, while SNC may partially
explain needle loss, other complex dynamics associated with needle loss at these mature sites are

likely masking any quantifiable genetic differences in tolerance to SNC.

The implications for this work are that this disease's current outlooks and management
strategies may need to be more flexible to understand how (and if) host factors change impacts
when sites shift from endemic conditions to outbreak levels. From my research, stomatal occlusion
incidence may be the optimal phenotype to select for in endemic-level stands. Strong correlations
have been observed between the proportion of stomata occluded with pseudothecia and needle loss
(Manter and Kavanagh, 2003). This appears to be a consistent finding across epidemic-level sites
(e.g. Hansen et al., 2000; Maguire et al., 2002; Manter et al., 2003a). The only exception to this is
Temel et al., (2004) who observed trees with severe symptoms (high needle loss and poor growth)
having a negative correlation with fungal load as measured through qPCR. This correlation,
however, starts to fall apart when looking at sites where SNC is present but below that epidemic
threshold. Examples of this are Montw¢'s (2021) study, whose trees retained most of their third-
year-age class needles on average, and Ritokova ef al.’s (2021) study sites, which had 4.7 years of
mid-crown needles still intact on average. Both studies are examples of sites exhibiting moderate
endemic infection and low to undetectable correlation between stomatal occlusion and needle loss.
These findings and my own suggest endemic sites do not have disease pressure high enough to
cause an observable difference in needle loss. However, my study indicates that stomatal occlusion
incidence significantly differs between families. Hence, stomatal occlusion incidence traits could

reasonably be used to select more resistant trees to SNC at these endemic-level sites. I speculate
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that families selected for reduced stomata occlusion will have both fewer stomata occluded and
less severe needle loss under epidemic conditions, even if impacts on needle loss may not be

detectable under endemic conditions.

While stomatal occlusion showed a negative genetic correlation with relative growth rate
in our study, needle loss negatively correlated phenotypically with relative growth rate. This could
be a potential trade-off. While selecting trees that show more resistance could mitigate SNC
symptoms under future epidemic conditions, selection of resistance to one pathogen poses the risk
of making hosts unintentionally more susceptible to other biotic and abiotic defoliation causes, as
has been observed in agricultural settings (Gruner et al., 2020). The phenotypic correlation
between relative growth rate and needle loss suggests that other microenvironmental factors
driving needle loss must also be considered. Hence, it is essential to understand what other foliar
mycobiota may be impacting needle loss and how host genetics may impact such microbial

communities.

I attributed the lack of correlation between needle loss, stomatal occlusion, and low
heritability to our choice of an endemic stand. The same argument may be brought forward to
explain low correlations with relative growth rate. Shaw et al. (2021) suggest quantifiable volume
growth losses typically occur in trees with fewer than three years of retained foliage. Despite some
needle loss observed for the third-year class and younger, most trees at my site still had at least
some of the third-year class needles. The higher correlations with growth metrics in Montwé et
al.’s study could be partly due to the confounding effect of position in the field in Montw¢é ef al.’s

(2021) study, where family blocks introduced spatial biases.
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Another variable to take into consideration for needle loss variance is sampling effects.
When sampling from the ground via orchard ladders and pole pruners, the height of a tree will
significantly impact sampling efforts. This is an essential factor to consider as N. gaeumannii is
known to prefer the upper, open canopy (Gervers ef al., 2022; Lan ef al.,2022) and is found to be
associated with higher severity in the south-facing side of the canopy (Manter et al., 2003b).
Although within our study, best efforts were made to sample from as high in the canopy as
possible, the height of these trees when sampling from the ground could have had impacts on the
quality and consistency of samples that we were able to collect. While height was not measured
for my study site, height growth models suggest heights upwards of 10 meters (32.8 feet) based
on the age of this site (Wang and Kimmins, 2002). Sampling heights for this study varied from 6
— 9 m, which could have resulted in sampling of the lower canopy for taller individuals. Aside
from SNC presence likely being higher up in the canopy (Gervers et al., 2022), the lower canopy
is more likely to have branches that have started to be shaded out, likely driving needle loss scores
up, independent of SNC severity. However, within our data, the needle loss scores were relatively
low for second and third-year age classes, meaning that we likely were sampling from within the
crown areas where needle retention is still generally high. Yet another aspect to consider when
discussing tree height and sampling position is that vertical height within the crown also impacts
fungal endophyte communities (Gervers et al., 2022). This could affect colonization by N.
gaeumannii and disease severity. This is an aspect I will explore in the second data chapter of this

thesis.

Measuring crown density metrics through alternative ways may be useful, especially for
older stands. Aerial surveys could provide a more reliable phenotype for trees of this age and size.

This method has been employed successfully for the last few decades at a large scale in Oregon
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(Shaw et al., 2021) to assess for obvious chlorosis and thinning of crowns. While very effective in
obtaining quantitative data over large areas, it is a land-scape level tool that cannot quantify SNC
symptoms at the individual tree level, which is required in the context of tree breeding.
Alternatively, recent work with drones is attempting to establish standards for SNC phenotyping
that will allow for the delineation of specific trees and their SNC-associated symptoms, which
could hopefully become a more affordable and time-efficient method for sampling these older,

harder-to-sample breeding populations (Dr. Miriam Isaac-Renton, personal communication).

Summary

In summary, given high genetic correlation and reasonable heritability, I propose stomatal
occlusion as a trait that has the potential to mitigate SNC disease severity under increasing disease
pressure. As hypothesized, my study found no significant correlation between needle loss and
stomatal occlusion. I hypothesize that this lack of correlation is predominantly linked to the
absence of epidemic levels of SNC in the study site, and I speculate that stomatal occlusion
(measured under endemic conditions) is a predictor of needle loss under epidemic conditions given

that stomatal occlusion and needle loss correlate under epidemic conditions.

It is also plausible that the symptoms of SNC (needle loss) did not exert a significant
enough influence to surpass the impact of other contributing factors within this stand. Other
contributing factors may include variation in the fungal endophyte community within Douglas-fir
needles. Consequently, my second data chapter will explore the contributing effects of other fungal

taxa to determine if other community members could be promoting or dampening needle loss.

35



Data Chapter 2: Mycobiome

Contributions by others to data chapter 2

A portion of fungal culturing and processing was done at the Pacific Forestry Center (PFC) by Dr.
Joey Tanney and Robert Kowbel. Emma Hayward conducted a portion of the culture-based DNA
extractions and sequencing while working as a lab technician with Dr. Joey Tanney, who also
aided in the identification of some of these fungal species. Isabella Laughton assisted with lab

work for the second field season.

Introduction
Microbiomes

The recently coined holobiont concept refers to the association between a host and its microbiome.
This model considers complex dynamics like those observed in ecological systems of higher
organisms (Sanchez-Caiiizares et al., 2017). Related to plant microbiomes, the pioneering research
on Arabidopsis thaliana in 2012 by Lundberg et al. sparked numerous studies on model plants
(Tkacz et al., 2015; Zgadzaj et al., 2016; Alcaraz et al., 2017) and crops (Peiffer et al, 2013;
Sugiyama et al., 2014; de Souza et al., 2016; Bulgarelli e al., 2015) and continues to be a very
active area of research. The plant microbiome can be divided into the above-ground phyllosphere
and the below-ground rhizosphere. The phyllosphere coined by Last (1955) can be broken down
into the different aerial portions of the plant: leaves, flowers, buds, and the vegetative foliar zone
(Sanchez-Caiiizares et al., 2017), all of which are hosts for a variety of microorganisms that
include bacteria, filamentous fungi, and yeasts (Vorholt ef al., 2012). Here, I aim to shed light on
the foliar microbiome, focusing on the tissue that N. gaeumannii, the causal agent of Swiss Needle
Cast (introduced in previous chapters), infects. While bacteria are important and abundant, and

their role in the microbiome can benefit their plant hosts (Miiller et al., 2016), only fungal
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community members were surveyed for this study. This focus is motivated by the anticipation of
many unidentified fungal species occupying this niche and the potential role that these taxa may
play in disease response (Gakuubi et al., 2021). The foliar mycobiome can be categorized into two
main groups: epiphytes, residing on the surface of the foliage, and endophytes, colonizing the
interior of the foliage. It is worth noting that some fungi exhibit both modes within their life cycle,
blurring the distinction between the two (Porras-Alfaro and Bayman, 2011). My research targets
the predominantly endophytic taxa, recognizing the importance of understanding their role in the

foliar mycobiome and how they interact with the endophytic foliar pathogen N. gaeumannii.

Foliar mycobiomes and their functions

Fungal endophytes are known to inhabit all major lineages of plants (Rodriguez et al.,
2009) and occupy the entire extent of possible relationships with plants, ranging from latent
pathogens, mutualists, commensals, temporary residents to latent saprotrophs (Davis and Shaw,
2008; Porras-Alfaro and Bayman, 2011; Christian et al., 2017; de 1a Bastide et al., 2019). Because
of this, both partners employ many different strategies to maintain or prevent these
relationships (Suryanarayanan, 2013), and understanding these interactions is an essential ongoing
area of research. Molecular detection techniques have allowed new insights into how these
relationships manifest, finding numerous taxa exhibiting multiple relationship types with plants
throughout their lifecycles. These shifts are often triggered by different life cycle stages initiated
by environment, host, or microbe-specific triggers (Newton et al., 2010). For example,
Phytophthora infestans (causing potato blight) is a symptomless biotroph that may go undetected
for phases of its life before causing necrosis upon a temporal trigger (Sowley et al., 2010). On the
other two extreme sides of this, there are strictly necrotrophic fungi that always kill host cells when

growing (e.g., Botrytis cinerea, known as grey mold (Van Kan, 2006)) and mutualistic fungi that
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can protect hosts from specific stressors (e.g., Neotyphodium sp., which protects the leaves of

fescue grasses from herbivory by eliciting loline alkaloids (Roberts and Lindow, 2013)).

Among the possible interactions, mutualism, particularly in the context of agricultural
crops, has been investigated most often in the literature. This is because of the prospect of using
these mutualistic taxa as a form of biocontrol to treat pathogens or plant stressors (Grabka et al.,
2022). Studies have shown that endophytes can mediate disease severity by direct competition
with pathogens (Olivia et al., 2021) or indirectly by up/down-regulating plant defense responses
via modulation of phytohormones and expression of genes related to defense and growth (Mejia
etal., 2014; Ahmad et al., 2022). Benefits provided by foliar mycobiomes have also been observed
for conifer species. Successful inoculation of Ponderosa Pine (Pinus ponderosa) and White Spruce
(Picea glauca) with endophytic fungi has reduced the impacts of their respective pathogens:
Dothistroma pine needle blight and spruce budworm (Ridout and Newcombe, 2015; Quiring et al.,

2019).

Drivers of foliar mycobiomes

Numerous factors influence the species diversity present in these foliar endophytic
communities. Both biotic and abiotic factors, such as plant species and developmental stage (Yang
et al., 2022; Zahid et al., 2021) or elevation, mean annual temperature, and precipitation (Huang,
2020) can impact these community assemblages. However, experimental conditions such as
isolation procedure, size of sample and sampling strategy (dos Reis et al., 2022; Faticov et al.,
2023) can affect communities. These communities are generally shaped by the horizontal
transmission of endophytes via wind-dispersed spores. However, some taxa are known to be
transmitted vertically via the seed coat (Mejia et al., 2014). These vertically transferred endophytes

are thought to play a role in seed germination and seedling growth, with some then systemically
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colonizing the phyllosphere (Shearin ef al., 2018; Hodgson et al., 2014). While these studies have
elucidated some of the factors that shape these communities, little is known about community

composition, dynamics, and function in most plant species, particularly in tree species.

Douglas-fir foliar mycobiome

Despite its economic value in BC, in the last decade only two papers have explored the fungal
mycobiome of Douglas-fir (Daniels et al.,, 2018; Gervers et al., 2022). Earlier and pioneering
research in the pre-genomics era was pivotal in identifying common endophytes of Douglas-fir
(Bernstein and Carroll, 1977; Carroll and Carroll, 1978; Sherwood-Pike et al., 1986), but their
methods relied on traditional culture-based approaches only, which are biased towards prolific
taxa that can grow in culture (Wijayawardene et al., 2021). With the development of metagenomic-
based approaches for identifying microbiome community compositions, we can better
quantitatively identify cryptic, unculturable taxa (Wijayawardene et al., 2021). Despite what we
know about the benefits that endophytes can confer to their host plants (Grabka et al., 2022), no
literature currently details how these fungal endophyte communities may change under different
environmental conditions or disease pressures in Douglas-fir, particularly with SNC. Given the
lack of correlation observed between stomatal occlusion severity and needle loss in endemic-level
Douglas-fir stands, as seen in data chapter 1 and previous literature (Ritokova et al., 2016;
Montwe et al., 2021), I hypothesize that differences in the foliar mycobiome have contributed to
this lack of correlation. While N. gaeumannii is common in these sites and infection is visible,
family-level differences in mycobiome community composition could be driving heightened
resistance to needle loss, or conversely, the presence of other pathogenic species could cause even

more severe needle loss.
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Objectives

In this second data chapter, the foliar mycobiome will be characterized for a subset of the
population from data chapter 1 (n = 60, 5 individual trees each from 12 families). Characterization
will be done using metagenomics and complemented and cross-validated with a traditional culture-
based approach. My first objective is to examine differences in diversity and community
composition related to SNC and whether this is related to host genotype. Ultimately to test my
hypothesis that differences in endophyte community composition are influencing the observed lack
of correlation between SNC disease signs and symptoms within this endemically infected
population of Douglas-fir. To do this, I will compare alpha and beta diversity metrics from the
metagenomic data across levels of SNC disease severity and among different families within the
breeding population. I will also determine the presence of any differentially abundant taxa and
whether these differences correlate with disease severity groupings or families. The second
objective of this data chapter is to compare endophyte community data observed in my study with
the two other publicly available datasets on the foliar mycobiome of Douglas-fir; one study
employed culture-based methods (Daniels et al., 2018) and the other a metagenomic method
(Gervers et al., 2022). Pioneering studies on Douglas-fir endophytes (Bernstein and Carroll, 1977;
Carroll and Carroll, 1978; Sherwood-Pike et al., 1986) were excluded from this portion of the
analysis. This decision is attributed to the likelihood of taxonomic reassignment of numerous
species since the publication of these studies and the unavailability of DNA sequences for
comparison with our current study. I will determine to what taxonomic level the fungal diversity
is conserved across these different studies and geographic regions in the same host organism.
Overall, this second data chapter aims to determine differences in endophyte community

composition of Douglas-fir in a BC Coastal Douglas-fir breeding population in the context of an
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economically important pathogen and to provide baseline knowledge of the Douglas-fir

mycobiome.

Methods
Cultured fungal endophytes protocols
Surface sterilization and culture isolation

Two-year-old needles collected from the field during phenotyping (refer to data chapter 1) were
stored for up to 2 weeks at 4°C before surface sterilization. Second-year needles were surface-
sterilized via immersion in 95% ethanol for one minute, seven minutes in 3% bleach, and one
minute in 70% ethanol, followed by a sterile distilled water rinse. This series was done twice. The
sterilized samples were then cut into approximately one cm long sections and aseptically
transferred to 2% malt extract agar (MEA). Plates were incubated at 20°C to allow fungal growth
within the sterilized tissue. If distinctly different mycelial colonies were present on a plate for a
single needle, these were assumed to be different isolates and were aseptically transferred to fresh
Petri dishes containing 2% MEA media. This was done as many times as necessary to obtain pure
cultures. Cultures were observed for morphological characteristics (i.e., growth rate, colour,
texture, aerial mycelia, sporulation), and a number of distinct morphotypes were selected for
further analysis by DNA extraction, PCR amplification, and DNA barcode sequencing to

determine the taxonomic affinity.

Culture preservation and storage

To maintain viable cultures, cultures were stored in duplicate for future use. Plugs of hyphae were
taken using core borers. Cores were stored in both water (short-moderate term storage) and in 10%

glycerol-distilled water solution for long term storage.
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Fungal DNA extraction

Approximately 10-20 mg of fungal biomass collected aseptically from pure, solid medium
cultures was transferred to 2 mL screw cap microtubes (Starstedt) containing 70 uL Prepman Ultra
extraction buffer (Applied Biosystems) and 30 pg of Zirconia/Silica beads (0.5 mm diameter;
Fisher Scientific). Each tube was agitated for 30 s with a Mini BeadbeaterTM (Biospec Products
Inc.), followed by centrifugation for 30 s at 14,000 g; this process was repeated twice. The resulting
homogenates were incubated at 100°C for 10-15 min, cooled at room temperature (2 min), and
centrifuged for 5 min at 14,000 g. A 40 puL volume of supernatant containing extracted DNA was
transferred to a new 1.5 mL tube and stored at -20°C until used. The purity and concentration of
selected DNA extractions were determined using the Nanodrop ND-100 spectrophotometer
(Thermo Fisher Scientific) before preparing DNA template dilutions for subsequent PCR
reactions. If DNA concentrations were too high, samples were diluted 1/10 with sterile, distilled

water. All DNA samples were stored at -20°C until used.

PCR and nucleotide sequence analysis

The internal transcribed spacer region (ITS) of the rDNA region was amplified using
forward primer ITS1F-KY02 (5’-TAGAGGAAGTAAAAGTCGTAA -3’; Toju et al., 2012) and
reverse primer ITS4 (5°- TCCTCCGCTTATTGATATGC -3’; White et al., 1990) or forward
primer V9G (5~ TTACGTCCCTGCCCTTTGTA  -3°) and  LS266 (5°-
GCATTCCCAAACAACTCGACTC -3’; Gerrits van den Ende and Hoog, 1999) (fig. 9). The PCR
reaction volume was 50 uL using DreamTaqTM DNA Polymerase (ThermoFisher Scientific).
Each reaction contained 31.5 uL dH20, 1.0 uL dANTPs (10mM), 5.0 uL buffer (10x), 2.5 uL forward
primer (10 uM), 2.5 uL reverse primer (10 pM), 2.5 uL BSA (10 mg/mL), 2.5 uL DMSO, 0.5 uL.

Taq (10X), and 2.0 uL DNA (1 pg). Reactions were completed in a thermocycler (S1000 Thermal
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Cycler, Bio-Rad) and included an initial 3 min denaturation step (2 min at 94°C), followed by 35
cycles of denaturation (45 s at 94°C), annealing (30 s at 55°C), extension (40 s at 72°C), and a final
extension (10 min at 72°C). Post-reaction samples were held at 10°C until processed. Positive
amplicons were visualized by agarose gel electrophoresis. Amplicons were purified with the
Column Pure PCR Clean-up Kit (Applied Biological Materials Inc.) following the manufacturers
protocol. Amplicons were Sanger-sequenced in both directions by the sequencing facility at
University of Laval (CHUL) (Montreal, QB, Canada). Forward and reverse nucleotide sequences
were aligned using Geneious (Biomatters) and edited manually. Final consensus sequences were
subject to a BLASTn (nucleotide query) search with default parameters using the National Centre

for Biotechnology Information database.

ITS1-F_KYO2 ITS3_KYO2
ITS1-F_KYO1 ITS3_KYO1
V9G
i ITS1-F S58A2F
NSA3 NSI1 ITSS S58A1F
N ITSQmun ITS‘I ITSJ
ITS1 ITS2
ITS2 ITS4 ITS4 B8 NLCZ NLSAmur\ LR
reglon ‘ reglon (_ (_ (_
58A2R ITS8mun NL4B NL6Bmun
ITS10mun ITS4_KYO1 NL3B
ITS2_KYO1 ITS4_KYO2 [$266
ITS2 KY02 ITS4_KYO3

Figure 9. Internal transcribed spacer region (ITS) of the rDNA with primers used for amplification. Blue
highlights primers used for culture-based methods and green highlights primers used for metagenomic

based methods. Adapted from Ben Hassine Ben Ali and Kluthe (2016).

ITS amplicon metagenomics protocols
Total DNA extractions
60 trees from 12 families (five trees per family) covering the full ranges of all phenotypes

were selected for this portion of the analysis.
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To avoid an overrepresentation with DNA from N. gaeumannii pseudothecia and to
minimize epiphytes, all needles were cleaned prior to extraction by soaking in 0.01% Tween 20
(Phytotech Labs) for 5 minutes and agitated by vortexing to remove surface contaminants and
debris. Needles were then wiped clean with a Kimwipe paper. This was done for approximately
15 needles randomly selected from 2-year-old branch sections for each tree. Plant material was

ground in liquid nitrogen and stored at -20°C until processing.

DNA extractions were performed using a CTAB-based protocol described as
follows: Extraction buffer (50 mL Tris-HCL [1 M, pH 8.0], 10 g PVP-40, 175 mL Sodium
Chloride [4 M], 20 mL Disodium Salt EDTA [0.5 M], 20 g CTAB, 5 g PVPP, 50 uL RNase A,
dH>O to final volume of 500 mL) was prewarmed to 65°C and 224 mg of Extraction powder (0.48
g Aurintricarboxylic acid [1 mM], 2.16 g Dithiothreitol [10 mM], 0.48 g Thiourea [5 mM], 28.8 g
PVPP, 1.44 g Activated Charcoal) was added to a 28 mL aliquot of the prewarmed extraction
buffer. Approximately 100 mg of the ground frozen issue was transferred to a prechilled 2 mL
screw cap tube with 1 mL of extraction buffer with extraction powder per sample. Two glass beads
were added, and the sample was homogenized in a bead beater (2 x 45 s). The sample was
incubated at 65°C for 15 min and then centrifuged at 12 000 x g for two minutes at 4°C. The
supernatant was transferred to a new centrifuge tube and washed with Chloroform:Isoamyl alcohol
(24:1). This was repeated twice. The supernatant was transferred into a new tube with a 2-2.5x
volume of prechilled (-20°C) 100% ethanol. The sample was mixed and centrifuged at 12 000 x g
at 4°C for two minutes. The supernatant was discarded, and 1 mL of wash buffer (400 ml Ethanol
[95%], 3300 uL Ammonium Acetate [1.5 M], dH20 to 500 mL) was added to the pellet. This was

centrifuged at 12 000 x g at 4°C for 30 min. The supernatant and wash buffer were discarded. The
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DNA pellet was dried and resuspended in nuclease-free H>0. Samples were stored at -20°C until

needed.

ITS amplicon library production and high-throughput sequencing

PCR amplification of fungal ITS regions (as described above) and gel electrophoresis were
performed to confirm the presence of quality fungal genomic DNA from Douglas-fir needle

extractions.

High-quality genomic DNA samples were sent to the Sequencing and Bioinformatics
Consortium at the University of British Columbia (Vancouver, Canada) for quality control and
ITS1 amplicon library preparation using the I[llumina MiSeq v3 2x300bp kit with a target of 30,000
paired-end reads per sample. The service facilities standard operating procedure were as follows:
extracted DNA was quantified using Qubit fluorometry. ITS fragments were PCR amplified using
primers ITS1F (5’- CTTGGTCATTTAGAGGAAGTAA-3’; Gardes and Bruns, 1993) and ITS2
(5’-GCTGCGTTCTTCATCGATGC-3’; White et al., 1990) (fig.8). These amplicons were then
converted to sequencing libraries using an 8-cycle indexing PCR with Illumina DNA/RNA UD
index primers (Illumina). These libraries were sequenced on MiSeq v3 flow cells (Illumina) to
generate paired-end 300 bp reads. Raw base call data (bcl) were converted into FastQ format using

the bcl2fastq conversion software from Illumina.

To validate the use of metagenomics-based read abundance to measure species abundance,
I quantified N. gaeumannii fungal load using an alternative approach, namely qPCR. The kit used
was Luna qPCR Master Mix (New England BioLabs Inc.), and I followed methods as described
by Montw¢ et al. (2021) to amplify and quantify the LEAFY gene (P. menziesii) and B-tubulin

gene (N. gaeumanii). This was done for a subset of 18 DNA extracts prepared for Illumina
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sequencing as described above and was replicated three times to account for variation.
A Spearman correlation was conducted to compare the proportion of N. gaeumannii DNA to P.
menziesii DNA determined by qPCR with the relative abundance of N. gaeumannii reads from

[llumina Miseq metagenomic data.

Bioinformatics analysis

Paired-end sequences were assessed for quality using FastQC (v0.11.9; Babraham
Bioinformatics), and low-quality data were removed (using a median quality score threshold of
less than 30). Primer sequences were trimmed using CutAdapt (v3.5; Martin, 2011) within
QIME2 (Boylen et al., 2019), Using ITSxpress (Rivers et al., 2018) implemented as a QIIME2
plug-in, the ITS1 region was extracted from these reads, which were then aligned to the 2023-25-
07 UNITE Fungi release with singletons included (Abarenkov et al., 2023)) using VSEARCH
(Rognes et al., 2016). If alignments to the fungal references had an identity score of >0.5, they
were considered fungal sequences and retained. Utilizing DADA2, amplicon sequence variants
(ASVs) were generated. DADA?2 corrects for errors in the sequencing reads using an error model
based on quality scores; merges overlapping forward and reverse reads into consensus sequences;
and denoises the sequences, employing statistical methods to distinguish true biological variation

from sequencing errors and noise (Callahan et al., 2016).

Taxonomic assignment

ASVs were clustered into operational taxonomic units (OTUs) to reduce the number of
erroneous ASVs using the LULU R package (Freslev et al., 2017), with parameters as follows:
minimum match = 97% similarity and minimum relative occurrence = 95%. OTUs were then
classified using classify-consensus-blast in QIIME2 by alignment with the 2023-25-07 UNITE

Fungi release database with singletons included (Abarenkov et al., 2023). Default parameters were
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used (query cover = 0.8, percent identity = 0.8) except for the e-value threshold, which was set to
10-1° (a less stringent approach was used to enable the classification of OTUs at a higher taxonomic
level). Before alignment, the ITS1 region was extracted from this UNITE database for this query
(using ITSXpress, Rivers ef al., 2018). All OTUs with assigned taxonomy, a frequency table, and
metadata for each sample as described in Chapter 2 were exported, and all further analysis was
done in R studio (R Core Team, 2015) using the microbiome analysis package Phyloseq
(McMurdie and Holmes, 2013). Any OTU’s without classification were removed from the dataset.
To filter out taxa with low abundance, a rule adopted from Milici et al. (2016) was used: Only taxa
with an abundance level higher than 0.001 were kept. Among those, only taxa that satisfied at least
one of the following conditions were retained: 1) were present in at least one sample at a relative
abundance higher than 1% 2) were present in at least 2% of samples at a relative abundance higher

than 0.1% for a given sample or 3) were present in at least 5% of samples at any abundance level.

Community composition and ecological analysis

In order to compare samples, each sample library's features were normalized through
rarefaction (without replacement) to a consistent depth determined by visual inspection of species
accumulation curves (Sanders, 1968; Cameron et al., 2021). A depth of 7000 was chosen to select
a depth accommodating the maximum number of samples while preserving diversity and read
counts as indicated by the curves plateauing. To address potential biases caused by the very high
abundance of N. gaeumannii, an additional data set that excluded N. gaeumannii was rarefied
without replacement as described above (to a depth of 1500) and was used in further analysis. All
plots were created in R using ggplot2 (Wickham, 2009), and all functions used, unless otherwise
noted, are from the packages Vegan (Oksanen et al. 2023) and Phyloseq (McMurdie and Holmes,

2013).
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Disease groupings

For visualizations of data and analysis where discrete variables were necessary the
following groupings based on phenotype data collected in data chapter 1 were used: stomatal
occlusion severity: low = less than or equal to 10% of stomata occluded, medium = greater than
10% stomata occluded, but less than 15% stomata occluded, high = greater than or equal to 15%
of stomata occluded; needle loss severity: low = less than or equal to 40% of needles
lost, medium = greater than 40% of needles lost, but less than 70% of needles lost, high = greater
than or equal to 70% of needles lost). An additional category aimed at understanding overall
disease expression grouped individual trees as non-tolerant and non-resistant (needle loss and
stomatal occlusion scores greater than average across all individuals), tolerant and non-
resistant (needle loss scores less than the average, and stomatal occlusion scores greater than the
average), or tolerant and resistant (needle loss scores less than the average and stomatal
occlusion scores less than the average), non-tolerant and resistant (needle loss scores greater

than the average and stomatal occlusion scores less than the average.)

Differentially abundant genera

To determine if any genera were differentially abundant across different groupings, OTUs
were collapsed into their respective genus using the function taxa glom(), and a Kruskal-Wallis
test was performed using the R base package to test for significant differences between groups.
This was done on mean centered log ratio (clr) transformed data (Aitchison, 1982). Clr transformed
data was chosen instead of relative abundance transformed or rarefied data to account for the
compositionality of data (Gloor et al., 2017) while still considering any low occurrence of

differentially abundant taxa that may not have been addressed using rarefied data. P-values were
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adjusted to control for the false discovery rate due to multiple comparisons using a Benjamini-

Hochberg correction (Benjamini and Hochberg, 1995).

o-diversity

To determine whether alpha diversity varied among levels of disease symptom severity
(discrete categories as described above) or between different families, Observed Richness and
Shannon entropy were estimated for each sample usingthe estimate richness() function
in phyloseq. Variation in these estimates was tested using analysis of variance (ANOVA) F-tests
(40V() function) across all levels of previously defined groups to determine if any had an impact
on diversity within samples. Assumptions of normality (Shapiro_test() in package Rstatix) and
homoscedasticity (levenTest() in package Car; Fox and Weisberg, 2019) were investigated prior
to testing, and error adjustments were added if needed. If significant, a Tukey honest significant
differences test (alpha = 0.05) was performed using the R base package to determine which levels
in the respective grouping were significantly different. Spearman rank correlations were
additionally employed to understand if alpha diversity is correlated with stomatal occlusion or

needle loss severity when treated as a continuous variable.

[-diversity

A Bray-Curtis dissimilarity (Bray and Curtis, 1957) matrix was calculated for all trees
based on OTU abundance data. To test for significant differences in community composition based
on family and disease symptoms permutational analysis of variance (PERMANOVA; Anderson,
2001; Bakker, 2024) using the adonis2() function was run. Betadisper() (using PERMDISP2;
Anderson et al., 2006) was used to assess the homogeneity of variances among different levels of
disease symptoms and between families. The permutest() function was employed to test for

significant differences between betadisper() results to determine if differences in group dispersion
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impacted differences in fungal community composition. These tests each employed 999 random
permutations; unless otherwise noted, this was the case for all permutational tests. Distance-based
redundancy analyses (dlbRDA) of the community dissimilarity matrix were constrained on disease
symptoms and family using the function capscale(). This aimed to determine how much variation
in the foliar mycobiome is explained specifically by phenotypes or family data. For both ordination
methods, the function envfit() in the package Vegan (Oksanen et al., 2023) was used to measure
the strength and direction of the linear relationship between environmental variables and the
untransformed relative abundance of OTUs with the ordination axes. Significant taxa in explaining
these ordinations were uploaded to FUNguild database (Nguyen et al., 2016) for fungal functional

prediction.

Association network visualization

Association networks using the R package NetCoMi (Peschel et al., 2020) were employed to
understand co-occurrence or competition with N. gaeumannii and identify network hubs. Network
hubs using this package are identified by Eigenvector centrality (nodes with a centrality value
above the empirical 95% quantile) (Peschel et al., 2020). Data was aggregated to genus, and clr
transformations (adding pseudo values where zeros were present) were performed to avoid
compositional effects. Networks were constructed using the function netConstruct(), which
employed Pearson correlations with a threshold of 0.40 to exclude weak correlations from the
network. The network was visualized using the function netdnalyze(), and network hubs indicative

of interconnected nodes and genera strongly associated with N. gaeumannii were noted.

Role of Rhizosphaera
Rhizosphaera was recognized as a taxon of interest due to its significant presence in the

dataset and negative correlation with N. gaeumannii. To confidently identify the two OTUs
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associated with this genus to species, alignments and phylogenetic trees were generated (using
Clustalw multiple alignment, Gblocks, and PhyML maximum likelihood; Dereeper et al., 2008).
Sequences were trimmed before alignment to only include the ITS region as applicable. Reference
Rhizosphaera sequences from all known species within this genus, as described in Taylor and
Koukol (2023), were combined in an alignment of whole ITS sequences for Rhizosphaera
sequenced from culture (described in Chapter 2) and the resulting phylogenetic tree was visualized
using ITOL (Letunic and Bork, 2007). Subsequent alignments of the two Rhizosphaera OTUs
(only ITS1) from the metagenomic dataset were generated with culture derived sequences to assess

their taxonomic placement.

Mycobiome meta-analysis

OTUs classified by presence or absence data were compiled from available studies
(Daniels et al., 2018; Gervers et al., 2022) and collapsed to the most appropriate taxon, based on
the levels of resolution possible by using function tax_glom() in Phyloseq. Classes present in these
different studies were mapped to a recently published fungal phylogenetic tree (James et al., 2020)
to visually inspect any trends in taxa present between different studies, locations, and methodology

(i.e., culture-based versus metagenomics).

Results
Cultured endophytes

As a means of complementing ITS amplicon metagenomics analysis, cultures of
endophytic fungi were isolated from a subset of 100 individuals within the breeding population,
covering a range of disease incidence and symptoms. In total, over one thousand subcultures were
grown from 500 initial cultures, from these 100 trees. These cultures were sorted roughly into 72

morphotypes based on macroscopic features (i.e., growth rate, colour, texture, aerial mycelia,
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sporulation) (Table 2). Approximately 200 isolates that included the observed morphotypes were
chosen for genomic DNA extraction, subsequent amplification of the whole ITS region, and sent
for Sanger sequencing. Of these, 97 cultures produced sufficient quality sequences that could be
identified to at least fungal class. 14 cultures could not be identified to species level despite quality
sequences due to no close matches in the database. The successfully identified sequences covered
38 species, 30 genera, 19 families, 14 orders, and 7 Classes. Of the 38 unique isolates identified at
the genus level, all but three were Ascomycetes with almost half (46%) of these taxa belonging to
the class Sordariomycetes (fig. 10). Of these sequenced cultures the most abundant were found to
be Jackrogersella multiformis, Rhizosphaera sp., Xylaria hypoxylon, Plectania melastoma,
Hypoxylon fuscum, Rhabdocline parkeri, Nothophaeocryptopus gaeumanni, and Sydowia
polyspora (Table 3). Based on representative culture sequences, the morphotypes containing
Rhabdocline parkerii and Nothophaeocryptopus gaeuamannii dominated this dataset. However,
there were a few cases where numerous taxa within a singular morphotype were seen (i.e.,
Rhabdocline parkeri; Table 2). This indicates the presence of distinct yet morphologically similar
taxa within a morphotype group, so some of these estimates may be slightly inflated (table 3). The
majority of cultures were preserved for future work that may require viable cultures of these fungal
taxa (e.g., bio assays, metabolomics and controlled inoculation studies).

Class

m Agaricomycetes
m Dothideomycetes
® Eurotiomycetes
Fungi cls Incertae sedis
® Leotiomycetes
W Pezizomycetes

W Sordariomycetes

Figure 10. Fungal endophytes from JR GCA breeding population surface sterilized needles. Graph shows

proportion of fungal classes represented by fungal culture sequencing of the whole ITS region. 5



Table 2. Most abundant of the 72 described morphotypes cultured from JR GCA breeding population.

Grouped based on growth and hyphal morphology. The accession number of DNA sequence matching these

cultures is provided when a close match was found. Some morpho-groups contained more than one taxa

indicating similar morphology between these taxa.

Morphotype

Species Culture

Black

Rhizosphaera sp.
(ON784043)

Light Yellow

Lachnum virgineum
(MZ087787.1)

Black-grey

Jackrogersella Multiformis
(ON453667.1)

cf. Coleospora
(GQ153148.1)

Sydowia polyspora
(KP152486.1)

Rings-white

Jackrogersella muliformis
(ON453667.1)

White-powdery

No close hits

White-brown-

spots

Clypeosphaeria mamillana
(HQ228266.1)
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Morphotype

Species

Culture

White-black-1

Xylaria hypoxylon
(MK577428.1, MH864103.1)

Black-brown-

ring

Rhizosphaera sp.
(ON784043)

Brown-white-

spores

Penicillium glaucoalbidum
(MG490875.1)

Yellow-brown-2

Mollisia cf. melaleuca
(MH861785.1)

White-radial

Xylaria hypoxylon
(MK577428.1, MH864103.1)

Black-

Slow growing

Nothophaeocryptopus gaeumannii

(MT154259.1)
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Morphotype Species Culture
Phenotype
suggestive of Rhabdocline parkeri
Rhabdocline (AF462426.1)
parkeri Coniochaeta lignaria
(OM337547.1)
(Dark yellow,
light yellow, Hypoxylon fuscum

(MW367856.1, 0Q831970.1)

dark green,

light green)

Trichophaea hybrida
(AF351582.1)

Table 3. Taxonomic assignment and frequency from 97 cultures derived from surface sterilized Douglas-

fir needles grown on 2% MEA media. Sequences were reported at 95% identity match unless otherwise

noted.
Species Frequency Accession Number(s)
Biscogniauxia bartholomaei 1 AF201719
Botrytis fabae 1 CP136209
Caliciopsis pseudotsugae 1 MT334518
Chromelosporium carneum 1 MG098273.1
cf. Clypeosphaeria mamilana’ 3 HQ228266.1
Coleospora sp. 1 GQ153148.1
Coniochaeta taeniospora 1 KU762325.1
Coniochaeta ligniaria 3 OM337547.1
Coprinellus micaceus 1 MT644910.1
Diaporthe sp. 1 OP783986.1
Diaporthe crousii 2 MK792299.1
Diaporthe eres 1 MW040531.1
Helminthosporium velutinum 1 KY984354.1
Heterobasidion occidentale 2 KC492946.1
Hypoxylon fuscum 5 MW367856.1, 0Q831970.1
Hypoxylon rubiginosum 2 00Q831968.1
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Species Frequency Accession Number(s)
Jackrogersella multiformis 12 ON453667.1

Lachnum virgineum 1 MZ087787.1
Lasiosphaeria lanuginosa 1 MZ435277.1

Xylariales aff. Linteromyces' 2 no close match

Mollisia melaleuca 1 MH861785.1
Mollisiaceae sp.’ 1 no close match
Sordariomycetes sp. 2 FN548158.1, JQ761451.1
Nemania serpens 3 0Q831989.1
Nothophaeocryptopus gaeumanni 6 MT154259.1

Penicillium sp. 1 MF942967.1

Penicillium glaucoalbidum 2 MG490875.1
Phialocephala scopiformis 1 KP972465.1

Plectania melastoma 5 OR778447.1,0Q694434.1
Cladosporium aff. Pseudocladosporiodes’ 1 OP590136.1

Rhadocline parkeri 7 AF462426.1
Rhizosphaera merioides 2 ON784015.1
Rhizosphaera sp. 8 ON784043

Sydowia polyspora 3 KP152486.1

Trichoderma gamsii 1 KM491887.1
Trichoderma caerulescens 1 MT217122.1
Trichophaea hybrida 1 AF351582.1

Xylaria hypoxylon 8 MK577428.1, MH864103.1

'Taxonomic affinity as indicated by dr. Joey Tanney
cf ("compare with", indicating uncertainty)
aff (short for “species affinis”, indicates a potentially new or undescribed species)

ITS amplicon metagenomics approach
Foliar mycobiome composition and diversity

12 families consisting of 5 individuals each (n = 60) were selected to cover the full range
of SNC signs and symptoms, representing all possible combinations (i.e., tolerant and non-
resistant, tolerant and resistant, non-tolerant and non-resistant, non-tolerant and resistant). ITS
amplicon metagenomic data were obtained for a total of 59 individuals (one was lost due to
sampling error). Initial number of reads across all 59 samples was 1,801,928 with a mean of 30,541
and a median of 27,627 per sample. The number of reads was reduced to 1,694,167 after ITS1
region extraction, meaning nearly 110,000 (6%) reads were not found to contain the ITS1 region.
Merging sequences into amplicon sequence variants (ASV) resulted in 1,820 distinct ASV’s. To

eliminate any non-fungal ASVs, sequences with a global alignment <0.5 identity against UNITE
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reference database were removed, which reduced the number of fungal ASVs to 1,780. Collapsing
ASVs that were more than 97% similar into operational taxonomic units (OTUs) yielded 1,512
OTU’s. This was done to minimize intragenomic or artifactual ASVs. Aligning these OTUs against
the UNITE reference sequence database resulted in 941 OTUs with at least some level of
taxonomic identification while 571 OTUs remained ‘unassigned’. The final filtering step was to
remove low abundance OTUs to reduce noise in subsequent analyses, and this resulted in 232

distinct OTUs (Table 4).

Table 4. Number of reads, ASVs or OTUs after respective quality control or filtering steps of ITS1 amplicon
sequence data (lllumina Miseq) from JR GCA breeding population.

Initial ITS reads Trimming  Fungal ASVs OTUs OTUsw/  Contingency
reads and ASV blast Filtered
generation result Fungal
OTUs
Package - ITSexpress DADA2 VSEARCH LULU QIME2 R studio
Number
Reads 1,801,928 1,694,167 1,441,840 1,438,057 1,337,348 1,087,261 1,080,099
(% retained)  (100%) (94%) (80%) (80%) (74%) (60%) (60%)
ASVs/OTUs 1,820 1,780 1,512 941 232

Species accumulation curves (species referring to OTUs) generated from the Biodiversity
package (Kindt and Coe, 2005) indicate that each tree was adequately sampled (fig. 11). Four
samples showed a considerably low number of reads (<7000) and were removed from the dataset
for subsequent analysis by rarefaction. Rarefying decreased read counts from 1,080,099 to 385,000
for the 232 OTUs (fig. 11A). Reads from N. gaeumanni were the most frequent in the dataset,
making up more than 60% of the reads. To avoid possible biases introduced by the high abundance

of N. gaeumannii reads, all analyses were performed with and excluding N. gaeumannii reads.
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Rarefaction of the dataset without N. gaeumannii reads to 1,500 decreased read counts from
399,706 to 82,500 (fig. 11B). Species accumulation curves show species counts and associated
reads before (left) and after (right) rarefaction. Species retained after rarefaction (right) in datasets

including and excluding N. gaeumannii reads display similar trends in species regardless of

differences in sequencing depth (fig. 11).
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Figure 11. Rarefaction curves show the number of OTUs present in each sample as a function of

sequencing depth before (left) and after (right) rarefaction. (A) shows rarefaction of the dataset including

N. gaeumannii normalized to a depth of 7000, and (B) shows rarefaction of the dataset excluding N.

gaeumannii (normalized to a depth of 1500).
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The number of unique OTUs within rarefied samples ranged from 21 — 88 with an average
of 54.3 unique OTUs and a standard deviation of +/- 13.3 per individual tree. Across the whole
dataset, the by far most abundant OTU (corresponding to 64.5%) was N. gaeumannii
(Mycosphaerellales, Dothideomycetes). The second most abundant OTU, Rhizosphaera merioides
(Dothideales, Dothideomycetes), was more than ten time less abundant and represented by 5.6%
of reads. This was followed by Chaeotothyriales sp. (3.6%) (Chaetothyriales, Eurotiomycetes),
Zasmidium sp. (3.22%) (Mycosphaerellales, Dothideomycetes), Rhizosphaera sp. 2 (2.26%)
(Dothideales,  Dothideomycetes),  Rhabdocline  pseudotsugae  (1.94%)  (Helotiales,
Hemiphacidiaceae), and Exobasidium sp. (1.38%) (Exobasidiales, Exobasidiaceae). In total only
nine, that is less than one tenth of all OTUs identified, achieved relative abundances of greater
than 1%. This means that most of the fungal diversity observed is among rare species each less
than 1% abundant (appendix 6). N. gaeumannii was found in all 54 samples, yet with a wide
variance, ranging from 91% to only 4% abundance for each sample. Yet, N. gaeumannii was only
found with a relative abundance less than 50% in 11 of the 55 samples. I validated the approach
of using metagenomics based read abundance as a measure of species abundance by quantifying
fungal load using an alternative approach, namely qPCR as described earlier (Montw¢ et al, 2021).
I observed an overall positive correlation between N. gaeumannii abundance determined by gPCR
and metagenomics-based sequence read abundance (appendix 4, fig. 1). This supported relative

read abundance as a reasonable measure for fungal abundance.

The other eight most abundant OTUs (relative abundance greater than 1%) were found
consistently across samples (i.e., found in 18 to all of the 55 samples). When N. gaeumannii reads
were excluded from the dataset, 23 genera were found to have read abundances greater than 1%

(fig. 12). OTUs were grouped by genus for this portion of analysis due to lower number of
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successful identifications to the species level. Specifically, 143 OTUs (61%) were identified to
genus while only 19 (8%) OTUs could be identified to species. Six genera had abundances that
significantly differed (a/pha = 0.05) between families (Kruskal-wallis p-values of: Exobasidium =
8.09e-05, Rhizosphaera = 2.00e-03, Tremellales gen Incertae sedis = 7.45e-03, Orbiliales gen
Incertae sedis = 1.37e-02, Rhabdocline = 2.31e-02, Retiarius = 3.17e-02, alpha = 0.05), however,
when p-values were corrected for multiple testing (Benjamini-Hochberg method) only
Exobasidium significantly differed across families (p-adjust = 0.006; fig. 13). No genera showed
significant abundance differences across any disease phenotype classification grouping (i.e., non-
tolerant and non-resistant, non-tolerant and resistant, tolerant and resistant, tolerant and non-
resistant) or when categorized by stomatal occlusion or needle loss severity (as described in

Methods).
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Figure 12. Relative abundance of fungal genera comprising the foliar mycobiome of 59 Douglas-fir trees (12 families)

in a GCA breeding population, Jordan River BC. A) is including highly abundant genera Nothophaeocryptopus B)

is excluding Nothophaeocryptopus. Taxa found at an abundance of <1% in a sample are assigned together. NA

represents taxa that could not be resolved to genus level.
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Figure 13. Differentially abundant genera across different families within the JR GCA breeding
population. Plotted is log relative abundance transformed data; however, significance testing was done
using CLR transformed data to account for the compositionality of the data. * Signifies Kruskal-wallis test

p-values < 0.05. *** Signifies p-values adjusted for multiple comparisons (using Benjamini-Hochberg

correction) < 0.05.

Alpha Diversity

Alpha Diversity (Shannon and Observed) was not significantly different across any levels
of disease severity or family groups (Table 5, fig.14; Observed in appendix 1). For all groupings,
except for family, Shannon diversity p-values increased when N. gaeumannii reads were removed
from the dataset prior to rarefaction (Table 5). While not significant, Shannon diversity was
observed to be higher in samples grouped based on low incidence of stomatal occlusion, in
comparison to samples with high incidence of stomatal occlusion. A similar trend was seen in
terms of disease interaction classification with ‘tolerant and resistant’ displaying higher alpha
diversity compared to other groupings (fig. 14). I observed a significant negative correlation
between stomatal occlusion incidence and Shannon diversity when treated as a continuous variable

(r-value =-0.285, p = 0.0388) (fig.15). However, no statistically significant correlation was found
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between the observed richness and the severity of stomatal occlusion (r-value =-0.139, p = 0.320).
This suggests that evenness of these species, not richness, is what decreases with increased

stomatal occlusion pressure.
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Figure 14. Comparison of Alpha Diversity metrics based on Shannon Diversity Indices for individual disease
phenotypes (i.e., needle loss and stomatal occlusion: low, medium, and high), disease grouping (based on
tolerance and resistance), and family. The dataset was rarefied to a depth of 7000 (N = 55, with 4 to 5 individuals
per each of the 12 families).
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Table 5. ANOVA results comparing Shannon Diversity Indices for disease groupings and family as
described in figure. 14 (alpha < 0.05). Top refers to dataset with N. gaeumannii (rarefied to depth of 7000)
and bottom refers to dataset excluding N. gaeumannii reads (rarefied to depth of 1500).

Df Sum Sq Mean Sq F value Pr(>F)
With N. gaeumannii
Needle Loss 3™ Year 2022 2 0.21 0.11 0.47 0.63
residual 52 11.85 0.23
Stomatal Occlusion 2021 2 1.10 0.55 2.56 0.087
residual 50 10.75 0.22
Family 11 1.71 0.16 0.64 0.78
residual 43 10.36 0.24
Disease Grouping 3 1.35 0.45 2.09 0.11
residual 49 10.51 0.21
Relative Growth Rate 3 0.94 0.16 0.72 0.54
residual 51 11.61 0.23
Without N. gaeumannii
Needle Loss 3™ Year 2022 2 0.015 0.008 0.029 0.97
residual 52 13.64 0.26
Stomatal Occlusion 2021 2 1.12 0.56 2.33 0.11
residual 50 11.99 0.24
Family 11 3.84 0.35 1.53 0.16
residual 43 9.82 0.23
Disease Grouping 3 0.91 0.30 1.22 0.31
residual 49 12.20 0.25
Relative Growth Rate 3 0.50 0.17 0.73 0.54
residual 53 12.06 0.23
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Figure 15. Spearman correlation (r-value = rho) of stomatal occlusion incidence (% out of 100) with
Shannon diversity index based on rarefied ITS1 amplicon data from 55 trees within JR GCA breeding

population.

Beta Diversity/ Community Composition

Analysis of variance showed that foliar mycobiome community assemblages differed
significantly between different families but not between different disease severity groupings. This
was observed both for data sets including N. gaeumannii (F = 1.63, P = 0.036, R? = 0.297) and
when excluding N. gaeumannii (F = 2.28, P = 0.001, R? = 0.361) (Table 6). Analysis of variance
was conducted with multiple normalization methods, and consistent results indicate robustness of
the observation that mycobiomes differ among families (appendix 2). Analysis of multivariate
homogeneity of group dispersions (PERMDISP2, Anderson, 2006) confirmed that this was not

influenced by unequal variance within families).
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Table 6. Permutational multivariate analysis of variance of the compositional dissimilarity between foliar
mycobiome fungal assemblages associated with Douglas-fir 2nd year age class needles (n = 55) in a subset
of JR GCA breeding population. The analysis is based on rarefied data including (top) and not including
N. gaeumannii reads (bottom). The compositional dissimilarity between assemblages was assessed with the

Bray-Curtis dissimilarity index.

Df Sum Sq R? F value Pr(>F)
With N. gaeumannii
Family 11 1.375 0.297 1.633 0.036*
Block 21 1.919 0.414 1.194 0.279
Needle Loss 2™ Year 2021 1 0.018 0.004 0.230 0.973
Needle Loss 3™ Year 2022 1 0.038 0.008 0.490 0.807
Stomatal Occlusion 2021 1 0.106 0.023 1.389 0.237
Relative Growth Rate 1 0.025 0.005 0.320 0.95
Disease Grouping 3 0.160 0.035 0.697 0.767
Residual 13 0.995 0.215
Total 52 4.636 1
Without N. gaeumannii
Family 11 4.849 0.361 2.279 0.001**
Block 21 4.577 0.341 1.127 0.196
Needle Loss 2™ Year 2021 1 0.213 0.016 1.104 0.336
Needle Loss 3™ Year 2022 1 0.146 0.011 0.754 0.721
Stomatal Occlusion 2021 1 0.222 0.017 1.149 0.289
Relative Growth Rate 1 0.141 0.010 0.727 0.739
Disease Grouping 3 0.758 0.056 1.306 0.136
Residual 13 2515 0.187
Total 52 13.422 1
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Non-metric multidimensional scaling of the Bray-Curtis dissimilarity matrix obtained for
the rarefied metagenomic sequencing dataset generally showed overlap between families (Figure
15). However, the spread of the hulls varies between certain families, indicating distinct patterns
in the distribution of data within these families. Despite these differences, no pairwise comparisons
between families were significantly different after controlling for multiple comparisons (using
Benjamini-Hochberg adjustment; Benjamini and Hochberge, 1995). Visualized in the NMDS plot,
the majority of points clustered along the ordinate axes indicate low mycobiome community
composition dissimilarity among trees, which appears to be correlated with presence of N.
gaeumannii (r-value = 0.888, p-value < 0.05; fig. 16). Few non-clustered community assemblages
are associated with the presence of genera such as Rhizosphaera merioides, Rhabdocline

pseudotsugae, and Cosmospora sp. (r-values = 0.901, 0.783, 0.707; p-values < 0.05; fig. 16).

Because family was the only grouping that explained community composition differences,
a distance-based redundancy analysis (dlbRDA) was run. The aim of this analysis was to explain
variation in community composition when constrained on the explanatory variable, Family. The
community dissimilarity between the 12 families explained 28% of the total variance (fig.17). For
the latter, N. gaeumannii had the strongest correlation (r-value = 0.96, p-value = 0.001) with
community dissimilarity, followed by Rhizosphaera (r-value= 0.92, p-value = 0.001). Community
composition appears to be driven by Rhizosphaera and Exobasidium for families 3494, 3507,
3473, and 3386, which are the only families that display separation on the ordinate axis (fig. 17).
This is supported by the high abundance of these taxa in fig. 12, where Exobasidium is high in

3386 and 3473 versus Rhizosphaera in 3494 and 3507.
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Figure 16. NMDS plot of foliar mycobiome fungal assemblages within 54 Douglas-fir trees representing 12

families within JR GCA breeding population. Community dissimilarity between samples was assessed with a

Bray-Curtis dissimilarity matrix of fungal ITS metabarcoding sequences. Vectors indicate a significant

correlation between individual OTUs or disease phenotype and ordination axes (alpha =0.05), the length of

the vector signifies the strength of the correlation. Only OTUs with a r-value > 0.5 are visualized, table below

summarizes all significant correlations with OTUs and disease phenotypes with classification from FUNguild.
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Figure 17. Distance-based redundancy analysis of Douglas-fir foliar mycobiome constrained on family.
This ordination describes 28 % of variation in community composition. Vectors indicate a significant
correlation between genera or disease phenotype and ordination axes (alpha =0.05), the length of the
vector signifies the strength of the correlation. Each point denotes an individual tree'’s mycobiome and are
coloured based on Family. Genera with a significant correlation (p <0.05) and an r-value >0.3 are plotted

while weaker associations are listed.

Abundance correlations between all taxa identified at the genus level were analysed to test for co-
occurrence or competition with N. gaeumannii. Hub taxa were determined based on Eigenvector
centrality (Peschel et al., 2020), i.e. nodes were considered hubs if they are connected to other
central nodes in the network. Hub-OTUs were identified as genera Sloofia, Fusicola,
Agaricostilbales gen Incertae sedis and Kriegeriales gen Incertae sedis. Importantly,
Rhizosphaera was the only genus found to have a strong negative correlation

with Nothophaeocryptopus (R-value = -0.43, p-value < 0.05) (fig. 18).
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Network on genus level with Pearson correlations
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Figure 18. (Pearson correlation) Co-occurrence network of fungal genera detected in a SNC infected GCA breeding
population of Douglas-fir. The network was generated using R package NetCoMi. Edge colour represents negative (red)
and positive (blue) associations. Hub-taxa nodes have a black outline. Node size represents differences in relative read

abundance. Only correlations with an absolute value (r-value) of 0.4 or greater were used to calculate edges.

Two distinct species were identified belonging to the negatively correlated genus Rhizosphaera.
These two species obtained from metagenomics data were aligned with other previously published
Rhizosphaera sequences (Taylor and Koukol, 2023) as well as sequences obtained from my
cultures of Rhizosphaera. One OTU closely aligned with a Rhizosphaera sp. described by Taylor
and Koukol (2023) and one to Rhizosphaera merioides (fig. 19). Abundance of the two
Rhizosphera species both exhibited strong negative correlations with N. gaeumannii (r-values = -
0.572, -0.433; p-values = 2.25 x 10, 6.21 x10%4; fig.19). To determine if this directly impacted

disease severity, correlations between both Rhizosphaera OTUs and stomatal occlusion and needle
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loss were analysed. No strong or significant correlations were found, indicating that they do not
measurably impact disease symptoms in our experimental setting (appendix 3, table 1).
Additionally, there was a strong positive correlation observed between the

two Rhizosphaera species (r-value = 0.680, p-value = 3.19¢-09; fig. 20).
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Figure 19. Phylogenetic relationship of Rhizosphaera cultures with published Rhizosphaera sequences (Taylor
and Koukol, 2023) based on whole ITS region. Sequences were aligned using ClustalW and visualized using
iTOL. Seperate alignment of my cultures and metagenomic sequences show that Rhizosphaera sp.1 is most
similar to cultures grouped with Rhizosphaera merioides and Rhizosphaera sp. 2 is most similar to cultures

grouped with Rhizosphaera sp.
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Figure 20. Pearson correlations of clr transformed data from JR GCA metagenomics for both Rhizosphaera
species and N. gaeumannii reads. The lower triangle reports r-value (corr) and significance denoted by
asterisks * (alpha < 0.05). Blue graphs show density plots for each respective taxa representing the

distribution across all (59) samples. Data was clr transformed to account for compositionality.

Mycobiome Meta-analysis

The most holistic approach to capturing fungal community diversity is via the
complementary use of culture-based and non-culture-based (metagenomic) methods. Through
culture methods I identified 37 unique species comprising 28 genera. Through metagenomics 143
OTUs out of 232 could be identified to the genus level of which 76 unique genera were identified.
However, only 19 of these OTUs could be identified to species due to the limited resolution of just
the ITS1 region or the absence of close matches in the databases. To supplement this data I have
compiled information from two more publications allowing for comparisons across geographical
regions and methods. The goal of this meta-analysis is to provide a comprehensive look at what

taxa constitute the Douglas-fir foliar mycobiome based on all currently available data.
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Fungal Class Sordariomycetes comprised the largest percentage of taxa found in my
culture-based data (fig. 21) and the same class was most abundant in culture-based studies from
Oregon and Washington (Daniels et al., 2018). While this class was present in my metagenomics
data, the abundance of Sordariomycetes was substantially lower compared to many other
taxonomic groups. This was seen both in count and abundance data. Despite sequencing fewer
cultures than Daniel ef al. (2018), the diversity and proportion of fungal classes represented in my
data set and theirs remain similar, suggesting that diversity in culturable fungi, at least at this
taxonomic level, is comparable across large geographic distances (fig.17). Daniel et al.’s (2018)
study found the genera Diaporthe, Penicillium, Rhabdocline, and Xylaria as some of the most

commonly occurring across their sites, which was also observed in my culture-based data.

In terms of metagenomics, I identified only one other published study that has used this
method to characterize the foliar mycobiome of Douglas-fir. Gerver et al. ’s (2022) study addressed
community composition in six individual old-growth Douglas-fir in central Oregon. They similarly
found N. gaeumanniito be the most abundant species, followed by Rhabdocline
parkerii. Rhabdocline parkerii, while present in my metagenomic dataset, was at a much lower
level. Similar to my study, the majority of Gerver et al.’s (2022) reads were associated with a
limited number of taxa, while the remainder were distributed among numerous less abundant taxa,
including Phyllosticta abietis, Rhabdocline pseudotsugae, Raustoria pseudotsugae, and
Hormonema macrosporum (Gervers et al., 2022). Of these species the only one found within my
metagenomic data was Rhabdocline pseudotsugae at an abundance 1.94% of all reads. Fungal
classes between my study and Gervers ef al. ’s (2022) were similar (fig. 21). However, this became
less the case for the family, genus, and species level, suggesting the role of more localized taxa

within these more commonly associated higher-level groupings. The use of a different ITS region
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(ITS2) in Gerver et al.’s (2022) study and study design differences (e.g., stratified sampling and

different surface sterilization techniques) did not allow for further comparison.
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Figure 21. Taxa represented in Jordan River GCA breeding population culture and metagenomic sequences
data compared to other available studies using these respective techniques: metagenomics (Gervers et al.,

2022) and culture-based (Daniels et al., 2018).

To summarize what is currently known about the Douglas-fir foliar mycobiome I mapped
all fungal classes and orders represented in the studies discussed above as well as my own to a
recent and complete fungal phylogenetic tree (James et al., 2020). The taxa represented in the
Douglas-fir mycobiome are wide spread across the subkingdom Dikarya (composed of
Ascomycota, Basidiomycota and Entorrhizomycota) within the fungal phylogeny and exclude the
early diverging fungal taxa (Mucoromycota, Zoopagomycota, Chytridiomycota,
Monoblephardomycota, and Blastocladiomycota were not found in any study’s data). Overall, the
diversity of fungal taxa represented by metagenomics is far higher than that of culture-based

approaches, and it captures more within the Basidiomycota (fig. 22).
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Figure 22. Fungal taxonomic tree from James et al. (2020) modified to include fungal class and orders
present in my study and two other available studies that used metagenomics (Gervers et al., 2022) and
culture-based approaches (Daniels et al., 2018) to characterize the foliar mycobiome of Douglas-fir. Orders
not represented by this tree but present were: Cladosporiales, Mycosphaerellales, Taphriles, Triblidiales,

Wallemiales, Zeloasperisporiales.
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Discussion

A novel finding of this study was the genus Rhizosphaera’s significant negative correlation with
the Swiss Needle Cast causing fungus N. gaeumannii. Considering N. gaeumannii's abundance,
exceeding that of any other fungal OTU, including Rhizsophaera, by at least a ten-fold factor, a
fungal taxon that could alleviate some of the fungal pressure imposed by N. gaeumannii is of great
interest. Rhizosphaera was the second most abundant genus within the metagenomic dataset and
was represented by two distinct OTUs. Given these findings, I will first discuss the taxonomic

placement of these two species of Rizosphaera and what ecological roles they may play.

The genus Rhizosphaera is currently described to contain around a dozen species, many of
which are known pathogens of plants (Taylor and Koukol, 2023). Known hosts of the
genus Rhizosphaera include conifer species of the genera Pinus, Abies, and Picea, as well as P.
menziesii. Different species exhibit different lifestyle preferences, with some found to be
associated with diseased tissue (pathogenic), green/ healthy tissue (latent pathogen or endophytic),
and some with dead tissue (suggesting saprotrophic life styles) (Taylor and Koukol, 2023). Two
distinct species of Rhizosphaera were found in my metagenomic data: Rhizosphaera sp. 1 (relative
abundance of 5.64%) identified as R. merioides (ON784015.1) and Rhizosphaera sp. 2 (relative
abundance of 3.59%) identified as Rhizosphaera sp. (ON784044.1) (Taylor and Koukol, 2023). A
recent study characterized R. merioides as a latent saprotroph (isolated from dead Douglas-fir leaf
litter) and proposed R. merioides as a new name for two suspected conspecific
species: Hormonema merioides and Rhizosphaera pseudotsuga (Taylor and Koukol, 2023).
Pathogenicity has been suspected but not proven for both original species (Funk et al., 1985; Butin

and Kehr, 2000). Rhizosphaera sp. was described by Taylor and Koukol (2023) as a pathogen
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because it was isolated from alive but diseased tissue of Douglas-fir; however, this has not been

confirmed using Koch’s postulate and remains speculative.

The moderate negative correlation between both Rhizosphaera OTUs  and N.
gaeumannii fungal load suggests a potential relationship between these genera, representing the
only significant negative co-occurrence observed in my metagenomic results. Two Douglas-fir
families (3494 and 3507) showed consistent elevated abundance of Rhizosphaera despite their
scattered distribution across the plot, indicating a genetic influence on associations with this genus.
Further exploration, considering potential heritability and the negative correlation with V.
gaeumannii, is warranted. Possible additional avenues include confirming the presence or absence
in other Vancouver Island plantations and investigating the presence of inhibitory bioactive
compounds (e.g., fungicides; Adeleke and Babaloala, 2021). Conducting a comprehensive study
on the histopathology of this genus is warranted to understand how and if'its lifecycle may compete
with N.  gaeumannii. Knowledge  about Rhizosphaera is largely  derived from  studies
on Rhizosphaera kalkhoffii, which causes a disease highly similar to SNC in spruce. R.
kalkhoffii's lifecycle shares similarities with N. gaeumannii, including favored environmental
conditions, infection through stomata of new tissue, and overwintering as an endophyte (Hansen et
al., 2018; Brazee, 2015). While the pathogenicity of R. merioides remains uncertain, its described
lifecycle is comparable to that of R. kalkhoffii's (Funk et al., 1985; Butin and Kehr,
2000). Rhizosphaera sp.'s remains completely unknown to date. This is a gap that needs to be
filled to understand how the species present within our site may interact with and impact V.

gaeumannii.

Despite the negative correlation between both Rhizosphaera species and N. gaeumannii,

no correlation was observed with disease signs and symptoms such as stomatal occlusion incidence
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and needle loss severity (see appendix 3). However, this lack of correlation is not unexpected given
the weak and non-significant correlations between N. gaeumannii reads and disease signs and
symptoms. The role of this genus (and the respective species identified in this study) in foliar

health remains uncertain and warrants further study.

In addition to findings associated with Rhizosphaera, this study showed that Douglas-fir
needles host a highly diverse community of fungal species dominated by Ascomycetes. Despite
very high species richness, a small number of fungal taxa comprised the majority of reads
associated with the foliar mycobiome. Most of the observed diversity is based on rare species,
consistent with a previous mycobiome metagenomic study in Douglas-fir (Gervers et al., 2022).
Numerous fungal taxa remain unknown or unresolved to lower taxonomic levels (i.e., genus and
species), meaning numerous endophytes remain to be identified, emphasizing the need for better
characterization and a more complete reference database(s). This is similarly seen in my culture
based data in which numerous cultures could not be identified to lower taxonomic levels,
indicating poor resolution of the ITS region alone or a potentially undescribed species. In addition
to poor characterization of some fungal OTUs, high abundance of N. gaeumannii relative to all
other taxa may have obscured the impact of these less abundant taxa, even when employing data
transformations (e.g., centered log ratio transformations) to deal with sparse, right-skewed, high-
dimensional, compositional data (Pan, 2021). Consequently, when N. gaeumanniiis not
considered, this leaves even the metagenomics dataset quite small and sparse, impacting the

statistical power and conclusions that can be drawn based on the many rare taxa I observed.

Ultimately, phenotypes (as defined in my study; page 48) had no significant impact on both
alpha and beta diversity of fungal species in the foliar mycobiome of Douglas-fir in this stand.

However, significant differences in beta diversity across families indicate that genetics could play
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a role in determining specific taxa that constitute the foliar mycobiome. As discussed above, two
families in particular, appear to have unique community compositions correlated with two genera,
namely the previously discussed Rhizospheara and the genus Exobasidium (discussed in more

detail below).

The degree to which host genotype affects the community composition within the plant
mycobiome is an understudied but active area of research. Substantial work has been done to
elucidate this interaction in commercially important crops such as cereals (e.g., Sapkota et al.,
2015), maize (e.g., Wagner et al., 2020), and in model organisms such as Arabidopsis (e.g., Horton
etal., 2014). Research on the root-associated microbiota has identified plant developmental stages,
weather events, and host genotypes as driving factors (e.g., Walters et al., 2018). Genotypic
differences are speculated to be driven by specific gene loci (Deng et al., 2021). These findings
have sparked similar research in trees, where host genotypes also impacted the foliar microbiome
(Cordier et al., 2012; Balint, 2013; Rajala et al., 2013; Balint, 2014; Cregger et al., 2018; Redondo
et al., 2022). Phyllosphere mycobiome research has identified genes associated with immune
receptors in hosts thought to control mycobiome community composition (VanWallendael et al.,
2022). One study found that genetic distance between trees was a more significant driver of fungal
mycobiome community dissimilarity between European beech trees (Fagus sylvatica) than the
geographic distance between these trees (Cordier et al., 2012). This is consistent with the results
of my community analysis, in which no dissimilarity was observed in the mycobiome community
assemblage based on location (block) within the plot. However, significant differences were
associated with maternal half-sibling families (i.e., genetically similar individuals). Redondo et

al.’s (2022) more recent study found a similar effect, in which different Norway Spruce clones had

79



significant dissimilarities in fungal mycobiome assemblage, but more genetically similar clones

were more similar.

A major implication for foliar mycobiomes being genetically determined is the possibility
of breeding for specific endophytic taxa (Mueller and Linksvayer, 2022). Possible candidates are
taxa that act antagonistically to N. gaeumannii or other identified beneficial endophytes or
consortia that could result in genetic gains within the breeding program. The term Synthetic
Communities is used to describe the selection of these beneficial taxa (‘SynComs’) (GroBkopf and
Soyer, 2014). SynComs are small consortia of microorganisms designed to mimic the structure
and function observed under natural conditions, with the rationale of these communities
incorporating desired traits into their host organism (de Souza ef al., 2020). For example,
identifying natural communities of microbes associated with specific plant stress tolerance (i.e.,
salt tolerance; Schmitz et al., 2022) could be applied to make plants more adaptable in saline
conditions. SynComs have, for the most part, been applied to agricultural crops (Singh and Trivedi,
2017). However, in the context of reforestation practices in BC this may be a suitable option in
forestry systems as well. To date, this method has been successfully employed at an industry scale
to improve tolerance to spruce budworm (JD Irving, 2017). Inoculations are done with up to five
fungal endophytes known to reduce damage caused by spruce budworm, including Phialocephala
scopiformis. Successful inoculation has been shown to have long-lasting positive effects on the
host's fitness against spruce budworm (Calhoun et al., 1992; Frasz et al., 2014; Quiring et al.,
2019). In agricultural crops, studies have shown significant differences between microbiomes of
commercial genotypes and their relative wildtype genotypes, with wildtype genotypes typically
showing more resilience to environmental stresses (Nerva et al., 2022). Acknowledging that crops

differ from trees is essential (i.e., faster growth, shorter life span, and more established selective
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breeding). Because of this, some trends will likely not translate between these separate groups.
However, research in agricultural crops is more extensive than in trees and could help structure

future research questions to be addressed in the context of trees.

Given that the coastal Douglas-fir breeding program in British Columbia is the most
advanced program in BC, established in the 1950s (BC Ministry of Forests, n.d.), the cultivation
and recurrent selection of individuals within this breeding program has likely already caused shifts
in the associated mycobiota of these populations (Nerva et al., 2022). While research regarding
the foliar mycobiome is lacking, research on rhizosphere soil microbial communities in plantation
versus natural stands suggests that microbial co-occurrence networks are more complex and robust
in the latter (Nakayama et al., 2019). Given that foliar mycobiomes are shaped in part by the
horizontal dispersion of fungi (Mejia ef al., 2014) and host genotype is thought to impact foliar
microbiomes (Cordier et al., 2012; Cregger et al, 2018; Redondo et al., 2022) single-age
plantation-style forestry and genetic selection should drive some level of microbiome
determination. To address this knowledge gap, comparisons to wild stands and their associated
disease responses could elucidate how fungal dynamics may shift between wild and genetically
selected individuals and to what benefit or detriment. This study only addressed one cultivated
stand of Douglas-fir. There are likely more complex community dynamics to discover at a broader
scale. To address the ecological complexity within the Douglas-fir foliar mycobiome for this
second half of the discussion, I will describe what is known about some of the differentially
abundant and most abundant taxa found within my study site and will discuss if and how they
could impact SNC disease severity. Understanding some of these taxa's functional roles could help

explain the lack of correlation between SNC disease signs and symptoms. [ will also compare my

81



findings to two previously published studies and discuss how culture-based and metagenomic

methods may give different perspectives on these community dynamics.

The genus Exobasidium comprises over 170 globally distributed species, many of which
are pathogenic, causing various plant diseases such as leaf lesions, leaf and flower galls, and leaf
blight. Exobasidium is commonly associated with hosts within the Ericaceae, Escalloniaceae,
Theaceae, and Symplocaceae (Dong et al., 2019), but there is no published literature indicating
Douglas-fir as a host for this genus. However, Vaccinium parvifolium, a member of the Ericaceae
family, often coexists with Douglas-fir in the Coastal Western hemlock (CWH) BEC zone (Pojar et
al., 1991). Although no literature mentions interactions between Douglas-fir and Exobasidium,
their co-occurrence within the same BEC zone suggests the potential for Douglas-fir to serve as
an alternate or intermediary host. Exobasidium is known to overwinter on the stems of its known
hosts (Wilson and Cline, 2022), indicating an epiphytic phase is part of its life cycle. This behavior
aligns with our data, where Exobasidium was not found in any culture data (which is limited more

to strictly endophytes).

Rhabdocline pseudotsugae, a known pathogen of Douglas-fir needles (Van Vloten, 1932),
was the sixth most abundant OTU (1.94% of normalized reads). It was not found consistently
across trees but dominated one sample, tree 2718, and was a large component in another (tree 964,
fig. 12). This high incidence in a low number of samples coincided with higher than average needle
loss for this age class of needles (2718 and 964 respective needle loss scores of 9 and 4 in 2-year-
old needles, mean = 1.83; fig.4) and likely explains why 2-year-old needle loss measured in 2021
was the only variable that correlated with community composition (fig.16). While I did not notice

a high incidence of Rhabdocline needle cast disease signs, which morphologically is very distinct
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from N. gaeumannii infection (Van Vloten, 1932), it does appear to be present at this site,

potentially influencing the variance observed in needle loss at this site.

Among the most abundant OTUs were numerous taxa described to the order
Chaetothyriales (OTU4 = 3.6% reads, OTU17 = 1.04%, OUT19 = 0.91% of normalized reads),
which is recognized for containing black yeasts and filamentous relatives, some known for causing
infections in humans. Species-level resolution for this order is sparse, with many species likely

undescribed (Quan et al., 2020).

Zasmidium sp. (represented by one OTU not identified to the species level) constituted
3.2% of the reads from the metagenomic dataset. Belonging to the order Capnodiales and within
the same family as N. gaeumannii (Dothideomycetes), the genus comprises approximately 150
different species (Wijayawardene et al., 2020). Although the closest match within NCBI to the
OTU found in this study was Zasmidium commune (KY979763.1) with a 97.9% percent identity,
the OTU is more likely to be Zasmidium pseudotsugae. Z. pseudotsugae is known to associate with
Douglas-fir foliage (Gonzalez-Montiel ez al.,, 2020) and has been identified in another
metagenomic study of the Douglas-fir foliar mycobiome; Gervers et al., 2022). While Zasmidium,
in the context of my study, did not exhibit significant correlations with differences in community
compositions or N. gaeumannii reads, its significance lies in recent research on the secondary
metabolites it produces (Gonzalez-Montiel et al., 2020). These secondary metabolites include
Perylenequinone small molecules, which are thought to influence the virulence of plant pathogens
on their hosts by absorbing light energy and creating reactive oxygen species, resulting in necrosis
(Chooi et al., 2017; Hu et al., 2018). While in cases harmful to their hosts, the production of these
bioactive compounds can also play important roles in resilience to biotic and abiotic stressors

(Omomowo et al., 2023).
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Among the frequent taxa described through metagenomics (appendix 5, table 1)
was Niesslia endophytica, a suspected mycoparasitic species (fungi that parasitize other fungi;
Jefferies, 1995). N. endophytica is an endophyte recently isolated and described from Picea
mariana and P. glauca. N. endophytica and others within this genus produce resorcyclic acid
lactones, products recognized as being antifungal (Ayer et al., 1980; Ayer and Penarodriguez
1987; Tanney et al., 2023). The exact role of N. endophytica is unknown, but other microparasitic
species within this genus that also produce resorcyclic acid suggest that N. enophytica may play a
similar role (Tanney et al., 2023). From culture, numerous taxa belonging to the family
Mollisiaceae, known to produce secondary metabolites that inhibit pests and pathogens, were
identified (Tanney and Seifert, 2020). Among these cultures, one had a suspected taxonomic
affinity to P. scopiformis, as discussed earlier, which confers resistance to eastern spruce budworm

in spruce by the production of a bio-active pigment called rugulosin (Quiring ef al., 2019)

Other frequent endophytes included taxa previously identified as members of the Douglas-
fir foliar mycobiome in previous studies, such as Xylaria hypoxylon, known for its antimicrobial
properties (Canli et al., 2016; Daniels et al., 2018); Penicillium, a genus recognized for its potential
as a biocontrol agent against phytopathogens (Daniels et al., 2018; Toghueo and Boyom et al.,
2020; Gervers et al., 2022); and Diaporthe, a diverse genus with members reported as plant
endophytes, pathogens, and saprobes (Gomes et al., 2013; Daniels et al., 2018; Gervers et al.,
2022). These commonalities suggest consistent relationships between Douglas-fir and these
species and genera across geographical scales, with some potentially aiding the plant in defending

against pathogens and others potentially behaving as pathogens themselves.

The most abundant endophyte observed in the culture based approach (apart from M.

gaeumannii) was the endophyte Rhabdocline parkeri. Like N. gaeumannii, R. parkeri is a species
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that is ubiquitous in Douglas-fir (Sherwood-Pike et al., 1986). Unlike the common pathogen R.
pseudotsugae mentioned earlier, R. parkeri occurs as a localized non-pathogenic endophyte on
dying or dead needles and prefers the lower, shaded canopy (Sherwood-Pike et al., 1986;
Gervers et al., 2022). R. parkeri infects single epidermal cells and remains latent until the onset of
leaf senescence (Sherwood-Pike et al., 1986). While abundant among the cultured endophytes, R.
parkeri was found in relatively low abundance within the metagenomic data (OTU41 = 0.21% of
normalized reads; appendix 5, table 1). Only a few representative strains were sequenced from
culture for this species, but morphology based groupings indicated a very high incidence at our
study site. R. parkeri infects epidermal cells, and infection by R. parkeri increases with needle age
(Stone, 1987). However, despite a high incidence, the percentage of infected epidermal cells
remains very low, never exceeding 5% in any age class of needles in that study. While my first
thought was that the low incidence in the metagenomic data was due to inherent sequencing biases,
it could be that the high incidence, but low abundance lifestyle of R. parkeri is what makes this
species highly abundant in cultures but rare within our metagenomics dataset. R. parkeri stops
growing once it has infected one of the epidermal cells and does not continue growing again until
leaf senescence (Stone, 1987). Since the metagenomic data originates from 2-year-old live needles,
where the incidence of R. parkeri is likely lower (as it has not yet resumed growth), there will be
significantly less genetic material available for amplification. In comparison, R. parkeri was
prolific in my cultures. I speculate this results from its preferred life history to exploit resources
and proliferate when given the opportunity (as seen during post senescence; Stone, 1987).
This leads me to my last point of discussion on how these two different but complementary
methods (culture-based and metagenomic) can give us very different results and interpretations of

community dynamics.
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In traditional fungal taxonomy, culture-based methods are crucial for linking sexual and
asexual forms, identifying synanamorphs, and discovering bioactive secondary metabolites.
However, these methods have limitations, especially in understanding community dynamics, as
some taxa remain unculturable (the so-called 'dark taxa') (Wijayawardene et al., 2021). Culture-
independent or metagenomic approaches reveal these taxa, but the trade-off is that classification
can be difficult without morphology and based on partial ITS sequence data alone. In addition,
follow-up experimental work with identified taxa of interest is not possible for metagenomic work.
An example of the discrepancy between these two methods can be seen when looking at R.
parkeri. My culture-based studies showed high R. parkeri levels, likely due to its high incidence
(despite overall low abundance), faster growth, and better utilization of the MEA
media. Analyzing only culture-based data might have suggested communities dominated by M.
gaeumannii and R. parkeri while acknowledging metagenomic data reveals a dramatically
different community structure with lower R. parkeri prevalence. While it has become increasingly
common to use these techniques as compliments to each other (Schmertmann et al, 2019;
Shivaji et al., 2022), metagenomic methods were most suitable for examining community
structure dynamics in my research due to their ability to provide a more comprehensive and
quantitative representation of fungal diversity (National Research Council (US) Committee on
Metagenomics: Challenges and Functional Applications, 2007). Although my primary focus was
on metagenomic methods for data analysis, cultures were still cultivated and maintained to offer
better species-level resolution when necessary, as observed with Rhizosphaera. In addition, they
served both as a general point of comparison and a tangible record of the culturable fungal species

present, providing an accessible 'hard copy' version for any potential future work.
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While metagenomics (culture-independent technique) was chosen preferentially for the
large amount of data it produces, it is essential to understand that these culture-independent
approaches do come with their challenges. With numerous steps in this process, from collecting
the sample, sample storage, sample prep, DNA extractions, amplification, and sequencing of target
gene regions, to subsequent data quality control and normalization, there are many places where
errors or biases can be introduced into this workflow (Bharti and Grimm, 2021). In addition, with
the onslaught of ways and still evolving gold standards to analyze the mass amounts of data that
this method produces, accurate interpretations and meaningful comparisons between studies
become difficult (Nearing ef al., 2022). The selection of primers also has implications, particularly
when trying to compare studies. While ITS is the standard barcode region to study fungal diversity
(Roe et al., 2010; Dentinger et al., 2011; Schoch et al., 2012), Illumina sequencing only allows for
sequencing of either the ITS1 or the ITS2 region due to sequencing length constraints. The choice
of locus introduces biases into the data as some taxa are known to be detected exclusively by
sequencing of either the ITS1 or ITS2 region (Mbareche et al., 2020). Future work should include
additional loci to ensure that the complete fungal diversity is being captured. Ultimately, while
both methods introduce their own biases (Wijayawardene et al., 2021), and while metagenomics
has more moving parts that could introduce error, it also has the most potential to yield more
meaningful results in the context of community composition. This trade-off has been consistently

observed in the literature as e-DNA and -omic microbiome studies become increasingly abundant.

Summary

Here, my investigation examined the influence of foliar mycobiome community
composition on Swiss Needle Cast (SNC) symptom severity within a Douglas-fir breeding

population, specifically a population lacking clear correlations between disease signs and
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symptoms. Metagenomic analysis of the ITS rRNA region, supplemented by traditional culturing,
revealed a highly diverse fungal community dominated by Ascomycetes in Douglas-fir needles,
with N. gaeumannii being the most abundant fungus followed by species within the genus
Rhizosphaera. While disease phenotypes were not significantly influenced by fungal diversity, an
inverse correlation between Rhizosphaera and N. gaeumannii suggested a potential competitive
relationship. My study also highlighted host genetic influences on mycobiome composition, with
specific families exhibiting unique compositions correlated with particular genera. The findings
underscore the potential for genetic manipulation of the mycobiome to enhance disease resistance
in breeding programs. Additionally, comparisons between culture-based and metagenomic
methods revealed complementary insights into community dynamics, emphasizing the importance
of employing both approaches for comprehensive analysis despite inherent biases and challenges
associated with each method. Next steps should include further characterization of the Douglas-fir
foliar mycobiome across a broader geographical scale, representing healthy, epidemic, and
endemic levels of SNC infection and between natural and cultivated stands. Coordination in
methods across studies and research groups will be essential to ensure that data is comparable. In
addition, a better understanding of Rhizosphaera and the role of this genus in the Douglas-fir foliar
mycobiome is necessary, as it appears to be a commonly occurring genus that may suppress M.
gaeumannii. The frequent occurrence of Rhizosphaera within specific families and the
dissimilarity in community composition linked to these families prompts inquiry into the
underlying factors driving this pattern. A future study that looks at the seed mycobiome or different
field sites with the same families of trees present could elucidate whether family differences in
mycobiota are driven by horizontal or vertical transmission. Regarding the mass of data and fungi

I have collected and cultivated, additional work on identifying the fungi in this culture collection
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is necessary. Basic morphological groupings overlook diversity, as was displayed in my data.
Additional sequencing will be required to identify the fungal diversity within that dataset as well

as the identification of fungal taxa that could not be described to species.
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General Conclusion

The degree of stomatal occlusion caused by N. gaeumannii infection is heritable and
comparable to known Douglas-fir growth and wood yield traits (Yeh and Heaman, 1987; Vargas-
Hernandez and Adams, 1991; St. Clair, 1994; Ukrainetz et al., 2008). While not intuitive, it may
be the trait of choice to breed for when it comes to selecting Douglas-fir for stands experiencing
an endemic level of infection. This has implications for our current breeding program in BC as this
is not a trait that is currently selected for. Further studies at other endemic and epidemic levels are
needed to confirm and complement my interpretations and speculations. Assessing heritability and
correlation of SNC signs and symptoms at epidemic level sites could provide important insight

into how my findings shift under increased disease levels.

In terms of the foliar mycobiome, my study suggests that genetics drives community
composition, at least in part. The role of genetics in microbiome community assemblage is
recognized within the literature (Cordier et al., 2012; Balint, 2013; Rajala et al,, 2013; Balint,
2014; Cregger et al., 2018; Redondo et al., 2022); suggesting that the findings of this thesis are
plausible. The extent of genetic determination of the foliar mycobiome requires further study,
particularly regarding how recurrent selection of Douglas-fir within breeding populations may
affect or has already affected these communities. The genus Rhizosphaera warrants specific
attention due to its negative correlation with N. gaeumannii and its association with specific
families. This association with specific families may indicate vertical transmission of this
endophyte or genetic-based preferential selection of this genus as a horizontally transmitted
endophyte. Future studies on seed-associated mycobiota (Bergmann and Busby, 2021), which

could be collected from this study site, could help elucidate this.
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Community composition difference, based heavily on the relative abundance of present
taxa, did not explain different levels of SNC disease signs and symptoms. However, this could
result from overabundant taxa overwhelming the effect of rare taxa. The presence of specific
genera and species that exhibit pathogenic life strategies or are known to produce beneficial
bioactive compounds (i.e., fungicides) within this population hints at effects that could not be
derived from abundance-based analyses of this dataset. Larger sample sizes and additional analysis
strategies, such as more targeted association network analyses, could help disentangle the role of
these rare but interesting taxa. Continued use of culture-based methods and incorporating
additional media types could expand the culture collection that we currently have to include less-
competitive, more substrate-specific taxa. This, alongside metagenomics, is necessary as this
research expands to allow for species-level identification and future work that may require viable

cultures of these fungal taxa (e.g., bio-assays, metabolomics, and controlled inoculation studies).

In conclusion, this thesis has contributed to our knowledge of Swiss Needle Cast dynamics
in BC in the context of novel microbiome research. I hope this research continues and can build
upon our knowledge of these microbial communities, which play essential roles in the health of
our forests. Ultimately, the goal is to consider microbiome health when breeding for or managing

healthy and productive forests.
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Appendices

Appendix 1.

Table 1. ANOVA of Shannon and Observed Diversity Indices for individual disease phenotypes, phenotype
grouping and family (alpha < 0.05). Using dataset with N. gaeumannii (rarefied to depth of 7000) and
bottom refers to dataset with out N. gaeumannii (rarefied to depth of 1500).

Df Sum Sq Mean Sq F value Pr(>F)
Shannon
NL 3y 2022 2 0.21 0.11 0.47 0.63
residual 52 11.85 0.23
SO 2y 2021 2 1.10 0.55 2.56 0.087
residual 50 10.75 0.22
Female 11 1.71 0.16 0.64 0.78
residual 43 10.36 0.24
Disease 3 1.35 0.45 2.10 0.11
residual 49 10.51 0.21
Observed
NL 3y 2022 2 37.93 18.96 0.11 0.90
residual 52 9244.87 177.79
SO 2y 2021 2 52.59 26.30 0.15 0.86
residual 50 8630.95 172.62
Female 11 2163.75 196.70 1.19 0.32
residual 43 7119.05 165.56
Disease 3 189.41 63.14 0.36 0.78
residual 49 8494.14 173.35
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Appendix 2.

Table 1. Permutational analysis of variance (PERMANOVA) for community dissimilarity based on different
data normalization criteria (i.e., rarefied, rarefied without N. gaeumannii, log relative abundance, centered

log ration) and different dissimilarity matrices metrics.

Df  SumOfSqs R’ F Pr(>F)
Rarefied- Bray Curtis
Family 11 1.38 0.30 1.63 0.036
Block 21 1.92 0.41 1.19 0.279
Needle Loss 2™ Year 2021 1 0.018 0.0038 0.23 0.97
Needle Loss 3™ Year 2022 1 0.038 0.0081 0.49 0.81
Stomatal Occlusion 2021 1 0.11 0.023 1.39 0.24
Relative Growth Rate 1 0.025 0.0053 0.32 0.95
Disease Grouping 3 0.16 0.035 0.70 0.77
Residual 13 0.99 0.21
Total 52 4.64 1
Rarefied No N. gaeumannii- Bray Curtis
Family 11 4.85 0.36 2.28 0.001
Block 21 4.58 0.34 1.13 0.196
Needle Loss 2™ Year 2021 1 0.21 0.016 1.10 0.336
Needle Loss 3™ Year 2022 1 0.15 0.011 0.75 0.721
Stomatal Occlusion 2021 1 0.22 0.017 1.15 0.289
Relative Growth Rate 1 0.14 0.010 0.73 0.739
Disease Grouping 3 0.76 0.056 1.31 0.136
Residual 13 2.51 0.19
Total 52 13.42 1
Logged Relative Abundance- Bray Curtis
Family 11 1.47 0.30 1.78 0.014
Block 21 1.79 0.36 1.14 0.296
Needle Loss 2™ Year 2021 1 0.029 0.0058 0.38 0.904
Needle Loss 3™ Year 2022 1 0.035 0.0070 0.46 0.894
Stomatal Occlusion 2021 1 0.10 0.021 1.37 0.199
Relative Growth Rate 1 0.034 0.0069 0.45 0.888
Disease Grouping 3 0.18 0.036 0.79 0.698
Residual 17 1.28 0.26
Total 56 4.92 1
Centred Log Ratio (CLR)- Euclidean
Family 11 3348.54 0.28 1.60 0.001
Block 21 4372.49 0.36 1.10 0.128
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Df  SumOfSqs R’ F Pr(>F)
Needle Loss 2™ Year 2021 1 186.62 0.015 0.98 0.499
Needle Loss 3™ Year 2022 1 131.29 0.011 0.69 0.939
Stomatal Occlusion 2021 1 166.12 0.014 0.87 0.661
Relative Growth Rate 1 128.74 0.011 0.68 0.96
Disease Grouping 3 584.30 0.048 1.02 0.404
Residual 17 3231.50 0.27
Total 56 12149.60 1
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Appendix 3.

Table 1. Pearson (r-value) and Spearman (rho value) correlations between clr normalized abundance of

Rhizosphaera species, N. gaeumannii, and SNC Disease Symptoms.

Variables Correlation Coefficient (r-value) P-value
N. gaeumannii vs Rhizosphaera sp. 1 -0.572 0.000*
N. gaeumannii vs Rhizosphaera sp. 2 -0.433 0.001*
Rhizosphaera sp. 1 vs Rhizosphaera sp.2 0.680 0.000*
Correlation Coefficient (rho-value)

N. gaeumannii vs stomatal occlusion 2021  0.126 0.349
Rhizosphaera sp. 1 vs stomatal occlusion  -0.018 0.895
Rhizosphaera sp. 2 vs stomatal occlusion  -0.068 0.615
N. gaeumannii vs needle loss 2™ year -0.280 0.032*
Rhizosphaera sp. 1 vs needle loss 2™ year  0.144 0.275
Rhizosphaera sp. 2 vs needle loss 2™ year  -0.037 0.784
N. gaeumannii vs needle loss 3 year -0.075 0.573
Rhizosphaera sp. 1 vs needle loss 3" year  0.241 0.066
Rhizosphaera sp. 2 vs needle loss 3 year  0.212 0.107

N..gacumannii Rhizosphaera.sp. 1 Rhizosphaera.sp.2 NL2y2021 $02021

0.8

Corr Corr Corr Corr
0.572*** 0.433*** 0.280* 0.126

ovydsoziy

Corr Corr

wdsoz

-0.037 -0.068

ATIN

H
-
120208

.
o %

— ~ o <+

0.0

Figure 1. Pearson (r-value) and Spearman (r-value = rho) correlations of Rhizosphaera species and N.
gaeumannii) as described in Appendix 3, table 1. Upper triangle reports correlation and lower triangle
plots the correlation The diagonal shows density plots for each respective taxa representing the distribution

across all (59) samples. Data was clr transformed to account for compositionality.
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Figure 1. Spearman correlation (r-value = rho) comparing the relative abundance of N. gaeumannii reads from Illumina
Miseq metagenomic data with the proportion of N. gaeumannii DNA to P. menziesii DNA determined by gPCR. gPCR methods
were as described by Montwé et al. (2021) using Luna gPCR Master Mix (New England BioLabs Inc) and respective primers
and probes for amplification and quantification of Douglas-fir and N. gaeumannii DNA (Douglas fir: Leafy probe and primer;

N. gaeumannii: beta-tubulin probe and primers).
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Appendix 6.

Table 1. All OTUs in JR GCA breeding population foliage determined by metagenomics (based on rarefied
data; n = 55). The relative abundance of each OTU is given along with their closest taxonomic

classification identified with the UNITE Fungal ITS database.

Percentage kingdom
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Basidiomycota

Basidiomycota

class
Dothideomycetes
Dothideomycetes
Dothideomycetes
Eurotiomycetes
Dothideomycetes
Leotiomycetes
Exobasidiomycetes
Eurotiomycetes
Orbiliomycetes
Eurotiomycetes
Eurotiomycetes
Exobasidiomycetes
Eurotiomycetes
Exobasidiomycetes
Sordariomycetes
Eurotiomycetes
Leotiomycetes
Eurotiomycetes
Ascomycota_cls_Incertae_sedis

Dothideomycetes

Agaricomycetes
Exobasidiomycetes
Leotiomycetes
Eurotiomycetes
Eurotiomycetes
Dothideomycetes
Cystobasidiomycetes
Sordariomycetes
Dothideomycetes
Dothideomycetes
Leotiomycetes
Tremellomycetes
Dothideomycetes
Ascomycota_cls_Incertae_sedis
Dothideomycetes
Dothideomycetes
Orbiliomycetes
Agaricostilbomycetes
Tremellomycetes
Taphrinomycetes
Eurotiomycetes
Tremellomycetes
Tremellomycetes
Dothideomycetes
Tremellomycetes

Tremellomycetes

order
Mycosphaerellales
Dothideales
Dothideales
Chaetothyriales
Mycosphaerellales
Helotiales
Exobasidiales
Eurotiales
Orbiliales
Chaetothyriales
Chaetothyriales
Exobasidiales
Chaetothyriales
Exobasidiales
Hypocreales
Chaetothyriales
Helotiales
Chaetothyriales
Ascomycota_ord_Incertae_sedis

Mycosphaerellales

Russulales
Exobasidiales
Helotiales
Eurotiales
Chaetothyriales

Capnodiales

Diaporthales

Dothideomycetes_ord_Incertae_sedis

Mycosphaerellales
Helotiales
Tremellales
Pleosporales

Ascomycota_ord_Incertae_sedis

Mycosphaerellales
Orbiliales
Agaricostilbales
Cystofilobasidiales
Taphrinales
Chaetothyriales
Tremellales
Tremellales
Dothideales
Tremellales

Tremellales

family

Mycosphaerellaceae
Dothioraceae

Dothioraceae

Mycosphaerellaceae
Hemiphacidiaceae
Exobasidiaceae
Aspergillaceae

Orbiliaceae

Exobasidiaceae

Exobasidiaceae

Niessliaceae

Helotiales_fam_Incertae_sedis

Ascomycota_fam_Incertae_sedis

Teratosphaeriaceae
Stereaceae
Exobasidiaceae
Hemiphacidiaceae
Aspergillaceae

Neodevriesiaceae

Diaporthaceae

Dothideomycetes_fam_Incertae_sedis

Mycosphaerellaceae
Helotiales_fam_Incertae_sedis
Tremellales_fam_Incertae_sedis
Pleosporales_fam_Incertae_sedis

Ascomycota_fam_Incertae_sedis

Orbiliaceae
Ruineniaceae
Mrakiaceae

Taphrinaceae

Tremellaceae

Tremellaceae

Bulleribasidiaceae

Tremellales_fam_Incertae_sedis

genus

Nothophaeocryptopus
Rhizosphaera

Rhizosphaera

Zasmidium
Rhabdocline
Exobasidium
Penicillium

Retiarius

Exobasidium

Exobasidium

Niesslia

Ascomycota_gen_Incertae_sedis

Aleurodiscus
Exobasidium
Rhabdocline

Thysanophora

Neodevriesia

Diaporthe

Dothideomycetes_gen_Incertae_sedis

Helotiales_gen_Incertae_sedis
Tremellales_gen Incertae_sedis
Pleosporales_gen_Incertae_sedis

Ascomycota_gen_Incertae_sedis

Orbiliaceae_gen_Incertae_sedis
Ruinenia
Krasilnikovozyma

Taphrina

Tremella

Tremella

Derxomyces

Tremellales_gen Incertae_sedis
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Fungi

phylum

Ascomycota
Ascomycota
Ascomycota
Ascomycota
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Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
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Ascomycota
Ascomycota
Ascomycota
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Basidiomycota
Ascomycota
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Basidiomycota
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Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota

Basidiomycota

class
Orbiliomycetes
Leotiomycetes
Dothideomycetes
Sordariomycetes
Leotiomycetes
Microbotryomycetes
Tremellomycetes
Dothideomycetes
Eurotiomycetes
Eurotiomycetes
Dothideomycetes
Dothideomycetes
Eurotiomycetes
Dothideomycetes
Microbotryomycetes
Dothideomycetes
Tremellomycetes
Microbotryomycetes
Candelariomycetes
Exobasidiomycetes
Dothideomycetes
Taphrinomycetes
Orbiliomycetes
Eurotiomycetes
Microbotryomycetes
Tremellomycetes
Dothideomycetes
Orbiliomycetes
Dothideomycetes
Exobasidiomycetes
Eurotiomycetes
Leotiomycetes
Dothideomycetes
Agaricostilbomycetes
Dothideomycetes
Dothideomycetes
Agaricomycetes
Microbotryomycetes
Microbotryomycetes

Dothideomycetes

Tremellomycetes
Tremellomycetes
Microbotryomycetes
Orbiliomycetes
Lecanoromycetes
Leotiomycetes
Orbiliomycetes
Eurotiomycetes
Dothideomycetes
Dothideomycetes
Agaricomycetes
Microbotryomycetes
Eurotiomycetes
Eurotiomycetes

Exobasidiomycetes

order

Orbiliales

Helotiales

Venturiales

Xylariales

Helotiales
Microbotryomycetes_ord_Incertae_sedis
Tremellales

Pleosporales

Chaetothyriales

Chaetothyriales

Capnodiales

Capnodiales

Chaetothyriales

Dothideales

Sporidiobolales

Zeloasperisporiales

Tremellales
Microbotryomycetes_ord_Incertae_sedis
Candelariales

Exobasidiales

Capnodiales

Taphrinales

Orbiliales

Chaetothyriales
Microbotryomycetes_ord_Incertae_sedis
Tremellomycetes_ord_Incertae_sedis
Capnodiales

Orbiliales

Mycosphaerellales

Exobasidiales

Chaetothyriales

Helotiales

Zeloasperisporiales

Agaricostilbales

Capnodiales

Cantharellales
Microbotryomycetes_ord_Incertae_sedis
Microbotryomycetes_ord_Incertae_sedis

Mycosphaerellales

Filobasidiales
Filobasidiales
Microbotryomycetes_ord_Incertae_sedis
Orbiliales
Lecanorales
Helotiales
Orbiliales
Phacomoniellales
Pleosporales
Mycosphaerellales
Russulales
Leucosporidiales
Chaetothyriales
Chaetothyriales

Exobasidiales

family

Orbiliaceae

Venturiaceae

Microbotryomycetes_fam_Incertae_sedis
Tremellaceae

Pleosporales_fam_Incertae_sedis

Capnodiales_fam_Incertae_sedis
Neodevriesiaceae

Herpotrichiellaceae

Sporidiobolaceae
Zeloasperisporiaceae
Tremellaceae

Chrysozymaceae

Pycnoraceae

Exobasidiaceae
Capnodiales_fam_Incertae_sedis
Taphrinaceae

Orbiliaceae

Herpotrichiellaceae

Tremellomycetes_fam_Incertae_sedis
Dissoconiaceae
Orbiliales_fam_Incertae_sedis
Mycosphaerellaceae

Exobasidiaceae

Trichomeriaceae

Zeloasperisporiaceae

Chionosphaeraceae

Capnodiales_fam_Incertae_sedis
Cantharellales_fam_Incertae_sedis

Microbotryomycetes_fam_Incertae_sedis

Teratosphaeriaceae

Filobasidiaceae
Piskurozymaceae
Microbotryomycetes_fam_Incertae_sedis

Orbiliaceae

Orbiliaceae
Phacomoniellaceae
Pleosporales_fam_Incertae_sedis

Teratosphaeriaceae

Leucosporidiaceae

Chaetothyriaceae

Exobasidiaceae

genus

Orbiliaceae_gen_Incertae_sedis

Microbotryomycetes_gen_Incertae_sedis
Tremella

Pleosporales_gen_Incertae_sedis

Microcyclospora

Rhodosporidiobolus
Zeloasperisporium
Tremella
Pseudohyphozyma
Pycnora
Exobasidium
Microcyclospora
Taphrina

Orbiliaceae_gen_Incertae_sedis

Tremellomycetes_gen_Incertae_sedis
Ramichloridium

Orbiliales_gen_Incertae_sedis

Exobasidium

Knufia

Zeloasperisporium

Kurtzmanomyces
Pseudoramichloridium

Cantharellales_gen_Incertae_sedis

Curvibasidium

Naganishia
Piskurozyma
Microbotryomycetes_gen_Incertae_sedis

Orbiliaceae_gen_Incertae_sedis

Orbiliaceae_gen_Incertae_sedis

Pleosporales_gen_Incertae_sedis

Leucosporidium

Exobasidium
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Fungi
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi

Fungi

phylum

Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota

Ascomycota

Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota

Basidiomycota

Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota

Basidiomycota

class
Microbotryomycetes
Exobasidiomycetes
Tremellomycetes
Sordariomycetes
Dothideomycetes
Eurotiomycetes
Taphrinomycetes
Cystobasidiomycetes

Eurotiomycetes

Malasseziomycetes
Microbotryomycetes
Dothideomycetes
Orbiliomycetes
Dothideomycetes
Dothideomycetes

Dothideomycetes

Microbotryomycetes
Dothideomycetes
Pucciniomycetes
Dothideomycetes
Eurotiomycetes
Orbiliomycetes
Microbotryomycetes
Dothideomycetes
Cystobasidiomycetes
Cystobasidiomycetes
Sordariomycetes
Cystobasidiomycetes
Microbotryomycetes
Agaricostilbomycetes
Agaricostilbomycetes
Orbiliomycetes
Orbiliomycetes
Cystobasidiomycetes
Dothideomycetes

Dothideomycetes

Taphrinomycetes
Microbotryomycetes
Leotiomycetes

Agaricomycetes

Leotiomycetes
Taphrinomycetes
Agaricostilbomycetes
Eurotiomycetes
Tremellomycetes

Cystobasidiomycetes

Dothideomycetes
Microbotryomycetes
Leotiomycetes
Dothideomycetes

Agaricomycetes

order
Microbotryomycetes_ord_Incertae_sedis
Exobasidiales

Tremellales

Hypocreales

Mycosphaerellales

Phacomoniellales

Taphrinales

Cystobasidiales

Chaetothyriales

Malasseziales
Microbotryomycetes_ord_Incertae_sedis
Venturiales

Orbiliales

Mycosphaerellales

Myriangiales

Capnodiales

Microbotryomycetes_ord_Incertae_sedis
Dothideales

Septobasidiales

Dothideales

Chaetothyriales

Orbiliales
Microbotryomycetes_ord_Incertae_sedis

Mytilinidiales

Hypocreales

Microbotryomycetes_ord_Incertae_sedis
Agaricostilbales

Agaricostilbales

Orbiliales

Orbiliales
Cystobasidiomycetes_ord_Incertae_sedis
Mycosphaerellales

Pleosporales

Taphrinales

Helotiales

Cantharellales

Helotiales
Taphrinales
Agaricostilbales
Phacomoniellales

Filobasidiales

Venturiales
Leucosporidiales
Helotiales
Pleosporales

Cantharellales

family

Chrysozymaceae
Exobasidiaceae
Tremellaceae
Nectriaceae
Teratosphaeriaceae
Phacomoniellaceae
Taphrinaceae

Cystobasidiaceae

Malasseziaceae
Microbotryomycetes_fam_Incertae_sedis
Sympoventuriaceae
Orbiliales_fam_Incertae_sedis
Mycosphaerellaceae

Myriangiaceae

Capnodiales_fam_Incertae_sedis

Microbotryomycetes_fam_Incertae_sedis
Dothioraceae

Septobasidiaceae

Chaetothyriaceae
Orbiliaceae
Chrysozymaceae

Mytilinidiaceae

Niessliaceae

Chrysozymaceae

Kondoaceae

Chionosphaeraceae

Orbiliaceae

Orbiliales_fam_Incertae_sedis

Mycosphaerellaceae

Pleosporales_fam_Incertae_sedis

Taphrinaceae

Sclerotiniaceae

Ceratobasidiaceae

Taphrinaceae

Kondoaceae

Filobasidiaceae

Sympoventuriaceae

Leucosporidiaceae

Didymellaceae

Ceratobasidiaceae

genus species
Oberwinklerozyma

Exobasidium
Tremella
Nectriaceae_gen_Incertae_sedis

Catenulostroma elginense

Taphrina

Cystobasidium oligophagum

Malassezia
Curvibasidium
Sympoventuriaceae_gen_Incertae_sedis

Orbiliales_gen_Incertae_sedis

Myriangium

Capnodiales_gen_Incertae_sedis
Curvibasidium

Septobasidium

Orbilia

Bannozyma yamatoana

Lophium arboricola

Fellozyma

Bensingtonia

Kurtzmanomyces
Orbiliaceae_gen_Incertae_sedis

Orbiliales_gen_Incertae_sedis

Ramularia

Pleosporales_gen_Incertae_sedis

Taphrina

Taphrinaceae_gen_Incertae_sedis
Bensingtonia

Heterocephalacria

Sympoventuriaceae_gen_Incertae_sedis

Leucosporidium

Ceratobasidium
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Fungi
Fungi
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Fungi
Fungi
Fungi
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Fungi

phylum

Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Fungi_phy_Incertac_sedis
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Fungi_phy_Incertac_sedis
Ascomycota
Basidiomycota
Ascomycota
Basidiomycota
Fungi_phy_Incertac_sedis
Basidiomycota
Ascomycota
Ascomycota

Basidiomycota

class
Cystobasidiomycetes
Eurotiomycetes
Sordariomycetes
Dothideomycetes
Agaricomycetes
Taphrinomycetes
Leotiomycetes
Sordariomycetes
Leotiomycetes
Fungi_cls_Incertae_sedis
Eurotiomycetes
Taphrinomycetes
Cystobasidiomycetes
Leotiomycetes
Taphrinomycetes
Cystobasidiomycetes
Taphrinomycetes
Cystobasidiomycetes
Dothideomycetes
Eurotiomycetes
Pucciniomycetes
Dothideomycetes
Dothideomycetes
Tremellomycetes
Tremellomycetes
Agaricomycetes
Agaricomycetes
Dothideomycetes
Cystobasidiomycetes
Exobasidiomycetes
Leotiomycetes
Eurotiomycetes
Leotiomycetes
Orbiliomycetes
Agaricomycetes
Ascomycota_cls_Incertae_sedis
Leotiomycetes
Agaricomycetes
Dothideomycetes
Tremellomycetes
Dothideomycetes
Dothideomycetes
Sordariomycetes
Eurotiomycetes
Leotiomycetes
Agaricomycetes
Fungi_cls_Incertae_sedis
Eurotiomycetes
Tremellomycetes
Dothideomycetes
Agaricostilbomycetes
Fungi_cls_Incertae_sedis
Tremellomycetes
Leotiomycetes
Dothideomycetes

Microbotryomycetes

order

Chaetothyriales
Hypocreales

Dothideales

Agaricales

Taphrinales

Helotiales

Hypocreales

Helotiales
Fungi_ord_Incertae_sedis
Chaetothyriales

Taphrinales

Helotiales

Taphrinales

Taphrinales

Mycosphaerellales
Chaetothyriales
Septobasidiales
Dothideomycetes_ord_Incertae_sedis
Pleosporales
Tremellales
Tremellales
Polyporales
Cantharellales
Mytilinidiales
Sakaguchiales
Exobasidiales
Helotiales
Chaetothyriales
Helotiales
Orbiliales
Agaricales

Ascomycota_ord_Incertae_sedis

Polyporales

Dothideales

Tremellales
Mycosphaerellales
Mycosphaerellales
Sordariomycetes_ord_Incertae_sedis
Chaetothyriales
Helotiales

Russulales
Fungi_ord_Incertae_sedis
Chaetothyriales
Filobasidiales
Mycosphaerellales
Agaricostilbales
Fungi_ord_Incertae_sedis
Tremellales

Helotiales
Mycosphaerellales

Microbotryomycetes_ord_Incertae_sedis

family

Chaetothyriaceae

Cordycipitaceae

Strophariaceae

Taphrinaceae

Nectriaceae

Fungi_fam_Incertae_sedis
Herpotrichiellaceae

Taphrinaceae

Hemiphacidiaceae

Taphrinaceae

Taphrinaceae

Mycosphaerellaceae
Herpotrichiellaceae
Septobasidiaceae
Dothideomycetes_fam_Incertae_sedis
Amorosiaceae
Tremellales_fam_Incertae_sedis
Tremellales_fam_Incertae_sedis
Ganodermataceae
Ceratobasidiaceae
Mytilinidiaceae

Sakaguchiaceae

Exobasidiaceae

Tympanidaceae

Trichomeriaceae

Orbiliaceae
Strophariaceae

Ascomycota_fam_Incertae_sedis

Fomitopsidaceae

Tremellaceae

Teratosphaeriaceae

Sordariomycetes_fam_Incertae_sedis

Herpotrichiellaceae

Fungi_fam_Incertae_sedis
Trichomeriaceae
Piskurozymaceae
Teratosphaeriaceae
Chionosphaeraceae
Fungi_fam_Incertae_sedis
Tremellaceae
Hyaloscyphaceae
Teratosphaeriaceae

Chrysozymaceae

genus species
Hypholoma

Taphrinaceae_gen_Incertae_sedis
Fusicolla
Fungi_gen_Incertac_sedis
Taphrina

Rhabdocline

Taphrina

Taphrina

Cladophialophora

Septobasidium

Dothideomycetes_gen_Incertae_sedis
Amorocoelophoma cassiae
Tremellales_gen Incertae_sedis

Tremellales_gen Incertae_sedis

Ganoderma

Ceratobasidium

Mytilinidion

Sakaguchia

Exobasidium
Trichomerium

Orbiliaceae_gen_Incertae_sedis
Hypholoma

Ascomycota_gen_Incertae_sedis
Fomitopsis

Tremella
Salinomyces polonicus

Sordariomycetes_gen_Incertae_sedis

Fungi_gen_Incertac_sedis
Knufia

Piskurozyma
Salinomyces polonicus
Kurtzmanomyces
Fungi_gen_Incertac_sedis
Tremella

Salinomyces polonicus

Slooffia pilatii
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Percentage
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Fungi
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi
Fungi

Fungi

phylum

Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Ascomycota
Basidiomycota
Basidiomycota
Basidiomycota
Ascomycota
Ascomycota
Fungi_phy_Incertac_sedis

Ascomycota

class

Leotiomycetes
Leotiomycetes
Microbotryomycetes
Cystobasidiomycetes
Dothideomycetes
Dothideomycetes
Eurotiomycetes
Dothideomycetes
Dothideomycetes
Agaricostilbomycetes
Microbotryomycetes
Agaricomycetes
Dothideomycetes
Dothideomycetes
Fungi_cls_Incertae_sedis

Leotiomycetes

order

Helotiales

Microbotryomycetes_ord_Incertae_sedis
Cystobasidiales
Capnodiales
Mycosphaerellales
Chaetothyriales
Venturiales

Pleosporales
Agaricostilbales
Kriegeriales

Agaricales
Mycosphaerellales
Mycosphaerellales
Fungi_ord_Incertae_sedis

Helotiales

family

Helotiales_fam_Incertae_sedis

Chrysozymaceae

Cystobasidiaceae
Capnodiales_fam_Incertae_sedis
Teratosphaeriaceae
Herpotrichiellaceae
Sympoventuriaceae

Massarinaceae
Agaricostilbales_fam_Incertae_sedis

Kriegeriales_fam_Incertae_sedis

Teratosphaeriaceae
Teratosphaeriaceae
Fungi_fam_Incertae_sedis

Tympanidaceae

genus S|

Helotiales_gen_Incertae_sedis
Fellozyma

Capnodiales_gen_Incertae_sedis
Devriesia

Cladophialophora
Sympoventuriaceae_gen_Incertae_sedis
Helminthosporium
Agaricostilbales_gen_Incertae_sedis
Kriegeriales_gen_Incertae_sedis
Teratosphaericola pseudoafricana
Salinomyces polonicus

Fungi_gen_Incertac_sedis
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