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Abstract

The mountain pine beetle (Dendroctonus ponderosae Hopkins; MPB) is a bark beetle that poses
a significant threat to pine species in western North America. This threat is evident in the
ongoing MPB epidemic, which has resulted in significant losses of lodgepole pine (Pinus
contorta var. latifolia) forests. One reason for the effectiveness of MPB attacks on lodgepole
pine is their symbiotic relationship with ophiostomatoid fungal associates like Grosmannia
clavigera (Robinson-Jeffrey and Davidson) Zipfel, de Beer and Wingfield. Recent research used
plant defense hormone profiling to cast doubt on the contribution that G. clavigera, makes to
MPB's capacity to overcome lodgepole pine defenses during mass attack. These analyses showed
that G. clavigera-inoculated lodgepole pine synthesize significantly increased levels of
jasmonate (JA) and the active conjugate jasmonate-isoleucine (JA-Ile) as well as the ethylene
(ET) precursor 1-aminocyclopropane-1-carboxylate (ACC). JA and ET are the hormone
signature of plant response to necrotrophic fungal pathogens. In contrast, lodgepole pine trees
subjected to MPB mass attack exhibited significantly increased levels of JA and JA-Ile but not
ACC during the mass attack phase, as expected for plant responses to herbivore insects. The
lack of ACC synthesis in lodgepole pines during the mass attack phase suggests that
ophiostomatoid fungal symbionts have not begun to colonize host tissues during mass attack, and
as such do not contribute to MPB’s capacity to overcome lodgepole pine defenses during this
critical phase of insect-host interactions. Building upon this recent study, my study investigated
expression patterns of jasmonic acid (JA) and ethylene (ET) biosynthesis and signaling genes in
MPB-attacked versus G. clavigera-inoculated lodgepole pines. I hypothesized that if G.
clavigera does not significantly contribute to MPB’s capacity to overcome tree defenses, the

tree’s response to MPB during the mass attack phase would involve JA biosynthesis and
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signaling genes but not ET biosynthesis and signaling genes. Since increased expression of
genes coding for biosynthetic enzymes often precedes increased levels of their metabolite
products, analyzing transcript abundance profiles for JA and ET biosynthesis genes enabled me
to explore potential roles for JA and ET in lodgepole pine’s response to MPB during the
transition from mass attack to colonization. Based on previous transcriptome profiling
experiments, I identified, cloned and carried out in silico analyses of six lodgepole pine cDNAs
putatively involved in JA- and ET-mediated responses : lipoxygenase (PcLOX) and allene oxide
synthase (PcAOS) for JA biosynthesis, jasmonate ZIM-domain (PcJAZ) for JA signaling, and 1-
aminocyclopropane-1-carboxylate oxidase (PcACOI and PcACO?2) and 1-aminocyclopropane-1-
carboxylic acid synthase (PcACS) for ET biosynthesis. I then carried out transcript abundance
profiling by quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) in
secondary xylem and secondary phloem harvested from mature lodgepole pine trees that were
either mass attacked by MPB or inoculated with G. clavigera, comparing these treatments with
both unwounded controls and mock-attacked or mock-inoculated controls. JA-related genes
PcLOX and PcJAZ showed significant upregulation in MPB-attacked, G. clavigera-inoculated
and mock-treated trees, consistent with the model that chewing herbivorous insects, necrotrophic
fungal pathogens and mechanical wounding all trigger the JA pathway. I observed significant
upregulation of ET biosynthesis genes PcACOI and PcACO? following G. clavigera
inoculation, and in in response to wounding and MPB attack. These significant increases in
PcACOI and PcACOZ2gene expression mirrored measured ACC levels in G. clavigera-inoculated
trees, but not in mock- or MPB-attacked samples. The increases in PcACO!I and PcACO2gene
transcript abundance in MPB-attacked trees, which were only measured at the later time point

and not earlier time point, could be interpreted to mean that G. clavigera colonization was
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sufficient to trigger plant perception of the fungal pathogen during the transition from mass
attack to colonization, but that increased ET biosynthesis gene expression had not yet translated
into increased ACC levels. Alternatively — or additionally —increased expression of ET
biosynthesis genes may have been associated with production of traumatic resin ducts, a classic
response of conifer species to wounding, herbivore and pathogen attack. ET has also been
recently implicated in plant repair responses. These transcript profiling experiments reveal an
additional layer of complexity in the roles for ET in host responses to MPB attack that require

additional experiments to resolve.
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Chapter 1: Introduction

1.1 Lodgepole pine

The lodgepole pine (Pinus contorta Dougl.) is a coniferous species with mature specimens
reaching heights of up to 30 m and diameters of approximately 60 cm. It has needle-like leaves,
arranged in pairs within bundles, measuring 3 to 7 cm in length. The cones of the lodgepole pine
are 3-6 cm long and feature a curved prickle at the tip of each scale. The bark is thin and varies in
color from orange, brown to grey, with fine scales (Natural Resource Canada, Canadian Forest

Service 2015).

Lodgepole pine is a major component of forest ecosystems in western North America , with a wide
distribution that extends from British Columbia southward to the United States along the Rocky
Mountains and eastward to Alberta (Carlson et al. 2000). In western Canada, lodgepole pine forests
comprise roughly 35% of the forested areas in the provinces of British Columbia and Alberta

(Critchfield 1985).

In Canada, there are two subspecies or varieties of lodgepole pine: Pinus contorta Dougl. ex. Loud.
var. latifolia, commonly known as lodgepole pine, and Pinus contorta Dougl. ex. Loud. var.
contorta, also called shore pine, which is shorter and shrubbier than the lodgepole pine and is
limited to the coastal regions of British Columbia (Figure 1.1) (Richardson 2000). This study
focuses on Pinus contorta Dougl. ex. Loud. var. latifolia, the only lodgepole pine variety found

within the province of Alberta. It is characterized as an early successional and fire-adapted



Cordilleran species. It thrives in areas with less fertile and coarser-textured upland soils, as well
as along the margins of bogs. Furthermore, Pinus contorta Dougl. ex. Loud. var. latifolia exhibits
notable adaptability to the unique environmental conditions found in the mountains and foothills

of Alberta (Rweyongeza 2010).

-

Shore pine : Lodgepole pine
Figure 1.1: Approximate species ranges in Canada for shore pine (Pinus contorta Dougl. ex.
Loud. var. contorta) shown in dark green and lodgepole pine (Pinus contorta Dougl. ex.
Loud. var. latifolia) shown in light green. Distribution map was obtained from Natural
Resource Canada, Canadian Forest service (https://tidcf.nrcan.gc.ca/en/trees/factsheet/140,

accessed October 09, 2023).

1.2 Mountain pine beetle

Lodgepole pine is frequently subjected to attacks by insect herbivores. Native to western North
America, mountain pine beetle (MPB, Dendroctonus ponderosae Hopkins) is a bark beetle

which overcomes host defenses through a mass attack strategy (Cullingham et al. 2011).
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The life cycle of bark beetles comprises three fundamental phases (Figure 1.2). Following

successful mass attack, adult beetles colonize a host tree, simultancously navigating the tree's
chemical defenses. During this phase, they construct vertical galleries in the tree's phloem and
engage in mating, depositing eggs within these galleries. The second phase involves hatching and
overwintering, the larvae develop beneath the tree's bark and establish feeding galleries
perpendicular to the parental galleryan. A key element influencing the growth of MPB populations
is the mortality rate of larvae during winter, the hatched larvae overwinter under the bark of a tree
host, producing cryoprotectants like glycerol to survive the cold temperature (Bentz et al. 1999;
Bale ef al. 2002). The final phase entails emergence from the host tree and dispersal to seek new
hosts. Young adult beetles sustain themselves by consuming microorganisms, such as MPB fungal
associates, within the galleries before emerging during the summer, marking the commencement
of a cyclical annual life cycle (Raffa et al. 2015; Khadempour et al. 2012). MPB spends most of
its life cycle residing within its host organism, with the notable exception of its dispersal phase.
This phase predominantly takes place when the adult beetles emerge from their host, which
typically happens from July to August (Safranyik and Carroll 2006). In general, the reproductive
cycle of MPB is characterized as univoltine, implying that it typically gives rise to only one
generation each year. However, divoltine cycles have been observed. In these cycles, when
environmental conditions are particularly conducive, the MPB can produce two generations within

a single year (Safranyik and Carroll 2006).
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Figure 1.2: Life Cycle of the Mountain Pine Beetle (MPB, Dendroctonus ponderosae Hopkins).
This figure delineates the three critical phases in the MPB's annual cycle: Phase I, mass attack and
reproduction, where beetles overcome tree defenses and establish vertical galleries for mating and
egg deposition; Phase 11, larval development and overwintering, with larvae establishing feeding
galleries beneath the tree’s bark perpendicular to parental galleries; Phase III, the emergence of
young adult beetles, who feed on microorganisms within the galleries before dispersing in summer

to seek new hosts.

MPB is an eruptive forest insect, with its populations fluctuating between low-density endemic
phases and high-density epidemic (outbreak) phases (Raffa et al. 2008). When MPB populations
are in the endemic state, damaged trees or trees with compromised defence capacity are MPB’s

primary target of infestation. If the conditions are right, MPB populations erupt into large-scale



outbreaks. MPB employs a mass attack strategy, to effectively establish itself in a host tree. The
strategy is initiated when the first bark beetle targets a tree and secretes an aggregation
pheromone. This chemical cue serves to attract other bark beetles from nearby areas.
Subsequently, the arriving beetles also emit additional pheromones to strengthen the collective
signal and increase the probability of a successful collective attack on the tree (Wood 1982).
Because of the mass attack strategy, MPB then can overcome the host defenses of larger healthy
pines, which serve as a better source of nutrition for larvae arise from the eggs produced by
attacking female beetles. The ability of MPB to attack large healthy trees in the epidemic state

of an outbreak results in significant losses of mature healthy strands (Safranyik & Carroll 2006).

MPB has significantly impacted on Canada's forests, with its distribution and effects evolving over
time. This outbreak has primarily targeted the lodgepole pine, a species with which the MPB shares
a long evolutionary history and which constitutes one of its main hosts (Cullingham et al. 2011;
Erbilgin et al. 2014). The lodgepole pine's range notably overlaps with the MPB's historic range,
which was predominantly confined to British Columbia (Safranyik et al. 2010). This alignment
between the beetle's preferences and its traditional habitat has historically localized the majority

of MPB outbreaks to this region (Cudmore et al. 2010).

Since the early 1990s, the outbreak has resulted in the devastating loss of over 18 million hectares
of forest within British Columbia, marking a significant environmental and ecological impact
(Corbett et al. 2016; Dhar et al. 2016). This situation demonstrates the extent to which the
lodgepole pine, and consequently the forests of British Columbia, are vulnerable to MPB

infestations.



However, the outbreak's dynamics began to shift in 2006 when the MPB expanded its range into
northern Alberta (Cullingham et al. 2011; Bentz et al. 2010). This marked a significant
development as it showed the beetle populations' capability to successfully infest a novel host, the
jack pine (Pinus banksiana Lamb.), in Alberta (Dhar et al. 2016), This adaptation to a new host
species indicates the beetle's potential to threaten a broader range of forest ecosystems beyond its

historic confines.

Following this expansion into Alberta, the MPB outbreak has continued to spread, moving
northward into the Northwest Territories and eastward through Alberta towards Saskatchewan
(James & Huber 2019). This progression highlights a concerning trend of geographic and host
expansion that could pose a threat to the vast boreal forest that spans across Canada (Safranyik et

al. 2010; Burns et al. 2019).

The current trajectory of the MPB outbreak, with its ability to adapt to new environments and hosts,
suggests a looming threat of further eastward spread (Brush & Lewis 2023). This potential for a
wider infestation across Canada's boreal forests underscores the urgency for monitoring and

managing the MPB outbreak to mitigate its impact on these critical ecosystems.



1.3 Components of conifer defense response

1.3.1 Constitutive defenses in conifers

To defend against attack, lodgepole pine have evolved both constitutive and inducible defense
mechanisms (Franceschi et al. 2005). Constitutive defenses are pre-formed protections that are
consistently present in trees, serving as a barrier against a broad spectrum of organisms
attempting to infiltrate the bark. These constitutive defenses encompass multiple layers of both
mechanical and chemical defenses (Franceschi et al. 2005). Mechanical defenses, such as
suberized and lignified cell layers, sclereid stone cells, and calcium oxalate crystals in conifers,
provide physical toughness to the bark, making it difficult for herbivores to penetrate (Hudgins et
al. 2003; Whitehill et al. 2019). Trees possess a complex bark structure comprising over 10
distinct cell types, including phloem sieve cells specialized in sugar transport (Celedon et al.
2017). This diversity not only supports various tree functions but also makes the phloem a target
for stem-feeding insects like bark beetles, drawn to its nutrient-rich content (Soderberg et.al.
2021). In response to the threat posed by these beetles, which can severely impact tree survival
by damaging the vascular tissue, trees have developed a multi-layered defense system. The
outermost layer, the periderm, acts as a physical barrier. Beneath it, the cortex layer contains
toxic phenolic compounds, deterring invaders. Finally, the secondary phloem tissue, located
below the cortex, originates from the cambium meristem and incorporates additional defenses,

both mechanical and chemical, to protect the tree (Franceschi et al. 2005).



Constitutive chemical defenses involve the storage and subsequent release of various compounds
when under attack. These compounds encompass phenolics, terpenoids, alkaloids, toxins,
defensive proteins, enzymes, and resins. These defenses are dispersed throughout the various
tissues, which include the periderm, cortex, secondary phloem and secondary xylem (Franceschi
et al. 2005). In pines, both xylem and phloem tissues contain resin-producing structures, essential
for the tree's defense, particularly against bark beetles and associated fungi (Hudgins et al. 2004;
Fett-Neto & Rodrigues-Corréa 2012). The resin, a terpenoid mixture primarily composed of
monoterpene and sesquiterpene-rich turpentine and diterpenoid-rich rosin, plays a crucial role in
this defense mechanism (Rodrigues-Corréa et al. 2012). It is continuously produced, stored, and
maintained under pressure within specialized resin ducts. This pressurization facilitates its rapid
release in response to pest attacks, exposing the invaders to the resin's toxic compounds and

effectively repelling them (Huber et al. 2004).

1.3.2 Inducible defenses in conifers

Inducible defenses refer to defense strategies that are synthesized or become active in response to
an invasion. These mechanisms boost the overall defensive capabilities of the plant by restricting

the extent of damage and sealing injured tissues (Franceschi et al. 2005).

Inducible chemical defenses include phenolics, terpenoids and defense proteins that are induced
by pines in response to pathogen and insect challenge. Phenolics are abundant in conifer bark, and
serve as antifungal agents and antifeedants (Franceschi et al. 2005). When bark is invaded, there's

a swift increase in the production of phenolics or the upregulation of enzymes, with the phenolics
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induced by such invasions being more toxic or specifically targeted against the invaders than those
that are always present (Franceschi et al. 2005; Richard et al. 2000). An anatomical feature in
Pinaceae, the polyphenolic parenchyma (PP) cells located in the phloem, plays a crucial role in
storing and synthesizing these phenolic compounds (Li et al. 2012; Nagy et al. 2014). These cells
respond to damage or pathogen attack by swelling and increasing their phenolic content, ready to
release these compounds if broken by insects or fungal growth (Franceschi et al. 1998, 2005).
Moreover, phenolics can also accumulate in the xylem around infection sites, forming reaction
zones and lesions (Nagy et al. 2012, 2022). The oxidation of these accumulated phenolics leads to
wood discoloration, a visual indicator of the tree's defensive response (Liu et al. 2021). Lesions
rich in phenolics develop in response to both natural attack by MPB and its fungal symbionts G.

clavigera, and inoculation with G. clavigera (Arango-Velez et al. 2014; Arango-Velez et al. 2016).

In conifer species, a crucial defense mechanism against injury or attack is the development of
traumatic resin ducts. These ducts, which can be axial, radial, or form resin blisters, are found
throughout the phloem, xylem, and needles (Chiu and Bohlmann 2022; Celedon and Bohlmann
2019; Vazquez-Gonzalez et al. 2020). When a tree is wounded or attacked, these ducts form both
above and below the site of injury, enabling the transport of toxic terpenoid compounds to repel
the invasion (Nagy et al. 2000). Observations from North American pine species reveal a direct
correlation between survival rates after bark beetle attacks and the presence of more or larger resin
ducts, suggesting that trees with enhanced resin duct production are better equipped to withstand
such threats (Kane and Kolb, 2010; Ferrenberg et al., 2014; Gaylord et al., 2015; Hood et al., 2015;
Zhao and Erbilgin, 2019). Furthermore, the activation of existing resin ducts significantly increases

oleoresin production in response to wounding, pathogen challenges, or insect attacks, effectively
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creating a barrier against further damage (Vazquez-Gonzalez et al. 2020; Keeling & Bohlmann

2006; Eyles et al. 2010).

Increased production of resin ducts in conifers enhances resistance to pests by boosting terpene
synthesis, which are key chemical defenses (Raffa, 2014). Terpenes, ubiquitous across plant
species, vary within individuals of the same species, across geographic locations, and in response
to stress, underscoring their adaptability and defensive utility (Keeling and Bohlmann 2006;
Pureswaran et al. 2004; Kopaczyk et al. 2020). These compounds not only serve as structural
defenses within oleoresin but are also toxic to certain insects, such as MPB, at specific
concentrations, highlighting their role in pest deterrence (Chiu et al. 2017). The diversity in
terpenoid composition produced by trees may influence the attractiveness of hosts to pests like
MPB, suggesting a complex interaction between plant chemistry and pest behavior (Raffa et al.

2013).

Another type of induced defenses in plants is the hypersensitive response, which occurs at the
infection site and involves the production of reactive oxygen species and rapid cell death. This
response is aimed at killing and containing various pathogens like fungi, bacteria, and viruses
(Bleiker & Uzunovic 2004; Franceschi et al. 2005). A more general response to damage is the
formation of wound periderm. Callus tissue can be lignified, suberized, or impregnated with
phenolics, and form part of wound periderm. This tissue acts as a defense mechanism, preventing
further intrusion and isolating fungal pathogens (Franceschi et al. 2005). Peroxidases play a crucial
role in neutralizing harmful reactive oxygen species that can accumulate during tissue damage or

as part of the plant's hypersensitive response to pathogen attack (Pan et al. 2018). These enzymes
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are categorized as Pathogenesis-related (PR) proteins, which also encompass chitinases,
thaumatin-like proteins (also known as osmotins), and defensins (Van Loon et al. 2006). PR
proteins are not typically found in healthy tissues but are quickly produced in both the affected
area and throughout the plant in reaction to pathogen exposure (Van Loon et al. 2006). Among the
PR proteins, chitinases break down chitin, a major component of fungal cell walls, thereby
inhibiting fungal growth (Neuhaus 1999). Thaumatin-like proteins, with their anti-fungal
properties, play a key role in the plant's defense by directly targeting fungi (Liu et al. 2010). Their
mechanism involves disrupting the structure of fungal cell walls, effectively halting the
development of fungal hyphae and thereby limiting fungal proliferation (Abad 1996; Osmond
2001). Defensins, which are small antimicrobial peptides, are found throughout almost all plant

tissues and are a fundamental component of the plant's innate immune system (Lacerda et al. 2014).

1.3.3 Pathogen recognition and activation of defense response

Host plants have developed sophisticated strategies to detect and defend against various
invaders, enabling them to respond more effectively to threats. One of the key mechanisms in
this defensive strategy involves Pattern Recognition Receptors (PRRs), which are specialized
receptors located on the surface of plant cells, they play a crucial role in identifying small
molecules emanating from antagonistic agents (Zipfel 2014). These PRRs are capable of binding
to and recognizing distinct molecular patterns that are typically associated with foreign invaders.
This process is a vital part of the plant's initial detection and response system against pathogens,
whether they are necrotrophic or biotrophic, plants specifically identify pathogen-associated

molecular patterns (PAMPs), which are unique molecular signatures characteristic of these
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invaders (Glazebrook 2005). Additionally, plants have evolved to detect herbivore-associated
molecular patterns (HAMPs) like insect oral secretions and damage-associated molecular
patterns (DAMPs) from the host itself, released during wounding or digestion by pathogens or
herbivores (Choi and Klessig 2016). After recognizing an antagonist through PRRs, a host plant
can initiate a broad defense response known as pattern-triggered immunity (PTI) (Zipfel 2014).
However, pathogens have developed the ability to adjust to the genotypes of their hosts and
secrete virulence factors known as effectors, which can undermine the basic defenses of the host
by suppressing the PTI mechanisms. (Karasov et al. 2014; Raffaele et al. 2010; Dang]l et al.
2013; Deslandes et al. 2012). In response to this, plants have evolved a mechanism to detect
these effector molecules through a set of diverse intracellular receptors known as nucleotide-
binding/leucine-rich-repeat (NB-LRR) receptors. Activation of these receptors triggers effector-
triggered immunity (ETI), which is an enhanced and more intense form of defense than PTI (Cui

et al. 2015).

There's a prevailing theory suggesting that ETI essentially represents a more rapid and
intensified version of PTI (Jones & Dangl 2006). Recent studies indicate that PTI serves as the
initial defense line against pathogen invasion. Pathogens, in turn, deploy effectors to neutralize
PTI, marking a critical pathogenic strategy. NLR signaling enhances certain aspects of PTI
signaling, serving as compensation for the suppression of PTI by pathogens or the plant's own
negative regulatory mechanisms (Yuan et al. 2021; Ngou et al. 2021). ETI, therefore, is not an
independent immune response but rather acts as an augmentation of the PTI system, relying on

the foundational PTI components to be effective (Yuan et al. 2021).
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1.3.4 Plant hormones involved in regulating induced defense response

Plant hormones like jasmonic acid (JA), ethylene (ET) and salicylic acid (SA) play important roles
in regulating the induced defense responses (Pieterse et al. 2009, Biirger & Chory 2019). During
induced defense responses, the plant hormones are part of a signaling network that activates a
plant’s defense response. SA is involved in response to biotrophic pathogens, and JA is crucial for
activating plant’s responses against wounding, necrotrophic pathogens, and herbivorous insects
such as MPB (Arango-Velez et al. 2016; Biirger & Chory 2019). Moreover, in plant defense
against necrotrophic pathogens, ET is also a crucial signaling molecule acting independently or
synergistically with JA in regulation of these responses (Biirger & Chory 2019). There is also
evidence in angiosperms for antagonistic crosstalk between JA and ET in responses to herbivores,
where ET can act to inhibit JA-mediated signalling (Erb & Reymond 2019). ET signalling has also
been implicated in defense and repair pathways that are activated upon wounding (Heyman et al.

2018).

The JA pathway is recognized as a key signal transducer that induces various plant secondary
metabolites (Zhao et al. 2004). JA is synthesized from alpha-linolenic acid (C18:3), a fatty acid
obtained from chloroplast membranes (Figure 1.2). This synthesis occurs through a series of
sequential reactions facilitated by specific enzymes in chloroplasts, the first step is to synthesize
(13S)-hydroperoxyoctadecatrienoic acid under the action of lipoxygenase (LOX), next two-step
reaction of membrane-associated allene oxide synthase (AOS) is occurred, whose highly unstable

product is cyclized by an allene oxide cyclase (AOC) to cis-(+)-12-oxophytodienoic acid (OPDA),
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and it reduced by 12-oxo-phytodienoic acid reductase (OPR3) in peroxisomes followed by [-

oxidation to form JA (Figure 1.2) (Wasternack & Song 2017, Biirger & Chory 2019).

Once JA is produced, it quickly combines with the amino acid isoleucine (Ile) to form bioactive
JA-Ile, due to the action of jasmonate-amino acid synthetase. To mediate JA responses, SCFCO!!
E3 ligase directly binds to JA-Ile. The jasmonate ZIM-domain (JAZ) proteins function as
substrates of the SCF°!! complex and engage in interactions with the transcription factor MYC2
to inhibit the jasmonic acid (JA) signaling pathway. Upon receiving a JA signal, the COI1 protein
interacts with the JAZ proteins and facilitates their ubiquitination, leading to their subsequent
degradation via the 26S proteasome. This degradation process releases downstream transcription
factors, enabling them to regulate gene expression and initiate JA-responsive pathways (Figure

1.2) (Wasternack & Song 2017).

JA, including its derivative methyl jasmonate (MJ) has been implicated in stimulating induced
conifer defenses, such as upregulating terpene biosynthesis (Franceschi et al. 2002, Martin et al.
2002, Zeneli et al. 2006, Vazquez-Gonzalez et al. 2022). Application of MJ can induce formation
of traumatic resin ducts, where terpene-containing resin is synthesized and transported (Franceschi
et al. 2002, Martin et al. 2002). Arango-Velez et al. (2016) demonstrated that both JA and JA-Ile
are synthesized by lodgepole pine seedlings in response to G. clavigera challenge. Similarly, in
the context of other conifer species, such as the Norway spruce, research by Arnerup et al. (2013)
has highlighted the critical role of JA-mediated signaling as a key defense mechanism against
necrotrophic fungal pathogens. More recently, Fortier et al. (2024) showed that G. clavigera-

inoculated mature lodgepole pine trees also synthesize JA and JA-Ile. These studies demonstrating
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host production of JA and JA-Ile in response to G. clavigera challenge provided a line of evidence
that G. clavigera is acting as a necrotrophic rather than a biotrophic pathogen, and perception by
lodgepole pine activates the JA signalling pathway. Importantly, Fortier et al. (2024) showed
significant increases in JA and JA-Ile in planta levels in response to MPB attack of lodgepole pine,
providing direct evidence of JA and JA-Ile involvement in pine defense against herbivorous bark

beetles.

Previously, there was no research on ethylene-associated gene expression in response to pathogen
attack. However, Fortier et al. (2024) demonstrated that G. clavigera inoculation of mature
lodgepole pine induces synthesis of the ET precursor, 1-aminocyclopropane-1-carboxylate (ACC).
ACC is often used as a measure of ET biosynthesis because ET is a gaseous compound, and
therefore much more challenging to accurately measure than its precursor ACC (Bulens et al.
2011). ACC is synthesized by 1-aminocyclopropane-1-carboxylic acid synthase (ACS), and it is
catalyzed into ET by 1-aminocyclopropane-1-carboxylate oxidases (ACO) (Figure 1.2; Dong et al.
1998). ET perception occurs through the binding of ET to multiple receptors. In Arabidopsis
thaliana, these are ethylene response 1 (ETR1), ethylene response 2 (ETR2), ethylene insensitive
4 (EIN4), ethylene response sensor 1 (ERSI), and ethylene response sensor 2 (ERS2). These
receptors play a role as negative regulators, suppressing ET signaling. In the absence of an ET
signal, the ET receptors activate a Raf-like kinase called constitutive triple response 1 (CTR1),
which in turn exerts negative regulation on the downstream ET response pathway by inactivating
ethylene insensitive 2 (EIN2). However, upon binding of ET, the receptors are inactivated, leading
to the deactivation of CTR1. Consequently, EIN2 assumes a positive regulatory role in the ET
signalling pathway. The ethylene (ET) signal is transmitted through the intermediary molecule
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EIN2 from ET receptors located on the endoplasmic reticulum (ER) to nuclear-localized
transcription factors ethylene insensitive 3 (EIN3) (Zhu and Guo, 2008; Ji and Guo, 2013). EIN3
binds to the promoter region of the ethylene response factor (ERF1) gene and activates its
transcription, thereby initiating downstream ET responses (Figure 1.2; Azoulay et al. 2023).

While ET signalling is canonically associated with plant responses to necrotrophic pathogens in
angiosperms (Biirger & Chory 2019), wounding — including both mechanical wounding and
wounding caused by herbivores and pathogens — has also been demonstrated to involve ET
(Heyman et al. 2018). ET may also be involved in mediating repair of wounded tissues (Heyman
et al. 2018). Application of ET to conifers such as Douglas-fir (Pseudotsuga mensziesii) and
sequoia (Sequoiadendron giganteum) can induce development of traumatic resin ducts (Hudgins

and Franceschi 2004), important in defense of conifers against both pests and pathogens.
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current understanding of JA and ET biosynthesis and signalling in Arabidopsis thaliana (modified

from: Wasternack & Song 2016; Li et al. 2019; Zhu 2014). Synthesis of JA/JA-Ile occurs from

alpha-linolenic acid, involving the known enzymes: lipoxygenase (LOX); allene oxide synthase

(AOS); allene oxide cyclase (AOC); OPDA reductase3 (OPR3);JA-amino acid synthetase (JARI).

JA-Ile perception and signaling occur via the SCFCOI1-JAZ co-receptor complex. The JAZ

repressors interact with the transcription activator MYC2 and activate the JA-response. The

synthesis of ET from methionine involves the enzymes: 1-aminocyclopropane-1-carboxylic acid

synthase (ACS); 1-aminocyclopropane-1-carboxylate oxidases (ACO). ET binds to five receptors:



ethylene response 1 (ETR1), ethylene response 2 (ETR2), ethylene insensitive 4 (EIN4), ethylene
response sensor 1 (ERS1), and ethylene response sensor 2 (ERS2), leading to the deactivation of
constitutive triple response 1 (CTR1). The removal of the inactivation of ethylene insensitive 2

(EIN2) activates ethylene insensitive 3 (EIN3), initiating the ET response.

1.4 Roles of MPB ophiostomatoid fungal symbionts in MPB-host tree interactions

MPB form symbioses with ophiostomatoid (blue-stain) fungal species. One of the most prevalent
MPB fungal symbionts is the pathogenic fungal species called Grosmannia clavigera [Robinson-
Jeffrey and Davidson] Zipfel, de Beer and Wingfield, Ophiostoma montium (Rumbold) von Arx., and
Leptographium longiclavatum Lee, Kim and Breuil (Bleiker et al. 2009; Roe et al. 2011; Six 2020).
It belongs to the ophiostomatoid blue stain fungal species and acts as a necrotrophic pathogen
(Raffa & Berryman 1983). Necrotrophic pathogens are known for killing host tissues to extract
nutrients from cells that are dead or in the process of dying (Glazebrook 2005). In contrast, another
category of pathogens, known as biotrophs, obtains nutrients from living tissues (Glazebrook 2005).
However, many pathogens exhibit dual behavior, acting as necrotrophs under certain conditions
or during specific life cycle stages, while functioning as biotrophs in other scenarios. These

adaptable pathogens are termed hemi-biotrophs (Glazebrook 2005).

G. clavigera induces chemical and anatomical changes during inoculation with trees (Lusebrink
et al. 2013; Arango-Velez et al. 2014), similar to those observed in beetle-attacked trees (Raffa &
Smalley 1995; Franceschi et al. 2005). Following successful attack of a host pine tree, the beetles

mine lateral galleries in the bark while G. clavigera invades the phloem and sapwood (Paine et al.
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1997; Solheim & Krokene 1998; Six et al. 2003). As they enter the adjacent phloem and sapwood
host tissues, these fungi produce the polyketide pigment melanin, which causes a blue or gray
discoloration of the wood of the host tree (Lee et al. 2006). Pine trees have developed complex
defense mechanisms to combat pests and pathogens, prominently featuring the formation of lesions
rich in secondary metabolites (Franceschi et al. 2005, Witzell and Martin 2008). As described in
Section 1.3.2, a key aspect of this defense involves PP cells located in the phloem, which are
crucial for storing and synthesizing phenolic compounds (Li et al 2012, Nagy et al 2014): When
pine trees are attacked by pathogens such as MPB and its fungal symbionts, the PP cells can swell
and multiply in response to attacks, releasing phenolic compounds into the xylem, where they form
reaction zones and lesions (Franceschi et al 1998, 2005; Nagy et al 2012, 2022). The oxidation
of these phenolics leads to the discoloration of wood, producing darkened lesions (Liu et al 2021).
These lesions, extending vertically and radially from the infection site within the sapwood. This
lesion is composed of cells which contain large quantities of defensive chemicals (Francheschi et

al 2005).

The relationship between MPB and G. clavigera is mutualistic, both have evolved traits that
benefit each other. These fungal symbionts play a critical role in the MPB's successful colonization
by compromising the pine host's defenses (Lieutier et al. 2009). In addition, G. clavigera possess
the ability to neutralize some of the defense compounds produced by the host trees, as described
in Section 1.3 (DiGuistini et al. 2011). On the other hand, there is a deep interdependence between
MPB and its fungal associate. The reproduction of MPB is heavily reliant on the presence of these
fungal associates (Six and Paine 1998), similarly, these fungi depend on the MPB for their spread

(Bleiker et al. 2009, Six 2020).
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Neither the individual effects of beetle damage to the phloem nor fungal inoculation alone result
in the rapid tree mortality required for beetle colonization, but it is the combined influence of both
factors that is essential for the survival and reproduction of the beetles (Klutsch et al. 2017). Due
to the complex relationship between MPB and fungal associates, the practice of inoculating with
G. clavigera is often employed as a stand-in for studying the effects of MPB attacks (McAllister

et al. 2018).

There is considerable evidence that these fungi provide nutrition for the beetle and developing
larvae (Safranyik & Carroll 2006; Six & Paine 1998). The fungi achieve this by colonizing the
tree's ray cells and xylem, where they translocate nutrients to the beetle's feeding and breeding
areas (Six 2020). This not only supports the fungi's own growth and reproduction but also enriches
the beetle's diet with increased nitrogen, sterols, and other vital nutrients. (Klepzig and Six 2004;
Bentz and Six 2006; Cook et al. 2010, Goodsman et al. 2012; Six and Klepzig 2021). After
maturing, new MPB adults spend a short period under the bark feeding on the fungi lining their
pupal chambers. During this time, they collect fungal spores on their exoskeleton and in
specialized structures known as mycangia (Safranyik & Carroll 2006). These spores, which are
produced by the fungi on specialized fruiting bodies designed for beetle dispersal, are sticky and

well-adapted for transport to new host trees (Six & Klepzig 2004).

There has been a long-standing question of whether ophiostomatoid fungal associates of MPB
such as G. clavigera contribute to the beetle’s capacity to overcome defenses of healthy trees

during the attack phase (Bleiker and Six 2007, Goodsman et al. 2012), or whether the primary role
20



of these ophiostomatoid fungi is to contribute to MPB’s nutrient budget as described above (Table

1.1, Six and Wingfield 2011).

The paradigm that ophiostomatoid fungal symbionts contribute to MPB’s ability to overwhelm
host defenses has been primarily based on the observation that these ophiostomatoid species cause
harm to the host and elicit canonical defense responses following their introduction to the host tree
by MPB (Leutier et al. 2009). This is also evidenced by the fact that trees inoculated with G.
clavigera display similar defense mechanisms to those observed during MPB attacks (Arango-
Velez et al. 2014, 2016). The prevailing is challenged by evidence showing that such beetles can
cause tree death independently of these pathogens. This is exemplified by Dendroctonus
ponderosae, the most significant pine pest in North America, which does not need its virulent
fungal associates to induce tree mortality (Six & Bentz 2007). Conversely, there are bark beetles
that do not result in tree death but are associated with highly virulent fungal partners. Examples
include lodgepole pine beetle, black turpentine beetle and red turpentine beetle, which can all
develop within living trees without killing them (Spatafora et al. 1994). Despite not being lethal to
their hosts, these beetles are often found in association with Leptographium terebrantis, one of the
most virulent fungi among the Ophiostomatales associated with bark beetles (Six & Wingfield
2011). This suggests a complex relationship between bark beetles and their fungal associates that

does not strictly correlate with the beetles' ability to kill trees.

In the latter case, Six and Wingfield (2011) provide evidence in their review that these fungi offer
an advantage in competing with other species of the MPB microbiome, allowing these fungi to

colonize the host for resource capture more effectively instead of contributing significantly to bark
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beetles’ ability to overcome the trees’ induced and constitutive defenses. Bleiker & Six (2007)
demonstrated that G. clavigera transports nitrogen and phosphorus from deep within the tree to
the phloem, where beetle larvae and newly emerged adults feed. This process makes essential
nutrients accessible to the developing larvae, indicating that the reproduction of MPB is

significantly dependent on these fungal associates, as highlighted by Six and Paine (1998).

In their recent study, Fortier et al. (2024) demonstrated that natural attack of lodgepole pines by
MPB induces significant JA biosynthesis by the host during the mass attack phase but does not
induce ET biosynthesis. They employed liquid chromatography-tandem mass spectrometry (LC-
MS/MS) to measure the levels of the ET precursor ACC, along with JA and its active form, JA-
Ile, in lodgepole pines subjected to mass attacks by MPB and those inoculated with the fungal
pathogen G. clavigera. JA is known to be essential for activating plant defenses against wounding,
necrotrophic pathogens, and herbivorous insects such as the MPB. ET is also a crucial signaling
molecule acting independently or synergistically with JA to regulate responses to necrotrophic
pathogens. To investigate if the combined JA and ET response, typically triggered by necrotrophic
fungal pathogens, is also present in lodgepole pines attacked by MPB, the study examined whether
G. clavigera inoculation would induce the biosynthesis of both JA and ET. The findings revealed
that levels of JA, JA-Ile, and the ET precursor ACC all increased following G. clavigera
inoculation, indicating a defense response similar to that against necrotrophic fungal pathogens.
However, in trees attacked by MPB, while JA and JA-Ile levels did increase, consistent with a

response to herbivorous insect pest attack, ACC levels did not show an increase (Table 1.1).
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Table 1.1: Testing the classic paradigm using hormones. This table examines the hypothesis
that ophiostomatoid fungi contribute to the mountain pine beetle’s (MPB) ability to overwhelm
host defenses during the mass attack phase. If ophiostomatoid fungi are influential, lodgepole pine
should perceive an attack by both MPB and necrotrophic pathogen, triggering the synthesis of both
jasmonic acid (JA) and ethylene (ET). Alternatively, if these fungi do not meaningfully enhance
MPB’s attack capacity, the pine should perceive only the MPB, resulting in increased levels of JA
but not ET. The experimental results indicate that G. clavigera does not significantly contribute to
MPB's ability to overcome lodgepole pine defenses, as evidenced by the observed increase in JA

levels without a corresponding increase in ET levels after MPB attack.

Contribution of Response to G. clavigera ‘
Hormone production
G. clavigera to mass attack and mass attack
YES similar JA & ET
JA & ET [1] for G.
NO different clavigera
JA [1] for MPB

These data provide the first experimental evidence that the host tree is responding only to the
herbivorous insect during the attack phase, and not to the necrotrophic ophiostomatoid fungal
associates such as G. clavigera that are vectored by MPB. These results suggest that

ophiostomatoid fungi that are introduced into the host by naturally attacking MPB do not
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contribute to the capacity of MPB to overcome host defenses during mass attack. Rather, the
results suggest that G. clavigera and other ophiostomatoid fungal symbionts of MPB begin to
colonize plant tissues as the mass attack phase of MPB — host pine interactions give way to the
colonization phase. This scenario supports the model that ophiostomatoid fungal associates of

MPB contribute to the success of MPB via resource capture.

1.5 Current Study

Building upon the recent study of Fortier et al. (2024) comparing hormone profiles of MPB-
attacked versus G. clavigera-inoculated mature lodgepole pine during the mass-attack phase of
MPB-host interactions described in the previous section, the question that we want to research is:
will gene expression patterns for JA and ET biosynthesis and signalling genes reflect the same
pattern as the hormone steady state levels that were measured in this experiment? Are JA
biosynthesis and signaling genes, but not ET biosynthesis and signaling genes, significantly
upregulated in MPB-attacked pines during the mass attack phase? Conversely, are both JA and ET

biosynthesis and signaling genes upregulated in G. clavigera-infected pines?

My hypothesis is that if G. clavigera does not significantly contribute to MPB's ability to overcome
tree defenses during mass attack, the tree's response should reflect perception of attack by insect
herbivores rather than the necrotrophic fungal phytopathogens that MPB vectors. Because we
observed a significant increase in JA levels but not ET levels, I anticipate that only JA biosynthesis
and/or signaling genes will be upregulated by lodgepole pine responses to MPB attack during the

mass attack phase of host-insect interaction. In contrast, we predict that both ET and JA

24



biosynthesis and signalling genes will be upregulated in G. clavigera-infected pines, consistent

with perception of a necrotrophic pathogen by the host.

To test these hypotheses, the objective of my thesis project is to use quantitative reverse
transcription polymerase chain reaction (QRT-PCR) transcript abundance profiling to compare
expression of JA and ET biosynthesis and signaling genes in lodgepole pine that were attacked by
MPB or infected with G. clavigera, as described above. The aim is to identify specific genes
involved in JA and ET biosynthesis and signaling during MPB and/or G. clavigera attack. By
gathering additional data on JA and ET biosynthesis and signalling, I intend to further test our
theory that G. clavigera does not contribute to MPB's ability to overcome lodgepole pine defenses.
Because transcript profiles of genes coding for biosynthetic enzymes typically change in advance
of changes in levels of their corresponding metabolites, this study of lodgepole pine genes coding
for JA and ET biosynthetic enzymes also enabled me to explore potential roles for these hormones

in mediating tree responses to MPB during the transition from mass attack to host colonization.

Based on datamining of transcriptome experiments conducted by the Cooke Lab that used
microarray (Fortier 2022) and RNA-Seq technologies (Peery et al. 2021) to identify differentially
expressed genes in G. clavigera-inoculated lodgepole pine, I selected JA biosynthesis genes
PcLOX and PcAOS, the JA transcription factor PcJAZ, and the ET biosynthesis genes PcACO and
PcACS for qRT-PCR analysis. I then cloned cDNAs corresponding to these sequences. Since the
candidate genes coding for PcLOX, PcAOS, PcJAZ, PcACO and PcACS all belong to gene families,
I carried out in silico analyses of the cloned cDNAs to verify that these cDNAs represented the

candidate genes chosen for analysis. I then carried out QRT-PCR for each of these genes to
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investigate their expression profilines in lodgepole pine responses to natural MPB attack during

the mass attack phase versus inoculation with the necrotrophic fungal associate G. clavigera.

The results obtained in this project will be used to complement a transcriptome analysis of

lodgepole pine responses to MPB attack versus G. clavigera inoculation that is being carried out

using RNA-Seq.
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Chapter 2: Materials and Methods

2.1 Plant Experimental Materials

The same experimental materials used in Fortier et al. (2024) were used for this study. Lodgepole
pine trees that were in the prime of their life between 45 to 70 years old were picked which nestled in
their natural habitats showing no recent wear or illness. These trees were then split into two groups
for our experiments. In the first group, some trees were exposed to G. clavigera, with a few kept
aside as a control set. The second group involved trees that were left to face an onslaught by MPB
naturally, along with their own set of control trees. Timing of the two experiments were staggered to
avoid the possibility of G. clavigera-inoculated trees being attacked by MPB. Consequently, we
conducted the G. clavigera experiment right before the MPB started their flight season, whereas the
experiment observing MPB attacks took place amidst their active flight period. For the G. clavigera
inoculation experiment, trees were randomly assigned to one of three groups: 1) G. clavigera-
inoculated, 2) mock-inoculated, and 3) uninoculated control. Phloem and xylem tissues were
collected at 7- and 14-days post-inoculation (dpi) (Figure 2.1). The trees in the MPB-attack
experiment were randomly assigned to one of three group: 1) MPB-attacked, 2) mock-attacked, and
3) control (untreated). For this study, we used special lures (Product #3122, from Synergy
Semiochemicals Corporation, Delta, BC) tailored for D. ponderosae and attached them to the trees
targeted in the MPB-attack scenario. This strategy aimed to boost the chances of these trees being
chosen by the MPB for attack. We collected samples of both the secondary phloem and secondary
xylem at two intervals: 1 day and 7 days following a simulated attack (dpw) (Figure 2.1). Each

experimental group had six biological duplicates. Right after collection, we rapidly froze the tissue
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samples with liquid nitrogen and kept them on dry ice while they were being transported. For

prolonged storage, the samples were moved to a freezer set at -80°C.

Inoculation
Experiment
T
Unwounded Mock G. clavigera
Control inoculated inoculated
|
‘ ‘ Wound 45 to 75 years
Wound + old lodgepole
Untreated + Sterile Medium  Pines with no
Sterile Medium + signs of recent
~ G. clavigera damage or
\\/ _— disease
Time point 1 midst of MPB
7 dpi mass attack
. . mass attack
Tlmle 4p;|:1t g (at least 40
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MPB
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Figure 2.1: Flowchart depicting two experimental setups on mature lodgepole pine trees

(Modified from Fortier et al. 2024). On the left, the G. clavigera inoculation experiment with

treatments assigned to control, mock-inoculated, and G. clavigera-inoculated, with samples

collected at one- and two-weeks post-inoculation. On the right, the MPB attack experiment is

outlined with control, mock-attacked, and MPB-attacked treatments, where tissue samples were

gathered between one to three days and one week after the MPB attacks.

2.2 RNA extraction and cDNA Synthesis

The frozen ground tissue between the range of 180 mg to 220 mg was used in the RNA

extraction to isolate the intact RNA for gene expression analysis according to the protocol
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outlined by Pavy et al. (2008). RNA was extracted by adding a CTAB and -mercaptoethanol
solution to the ground tissue and thoroughly mixing. After incubating the mixture at 65°C and
vortexing, chloroform:isoamyl alcohol was added to separate the phases. The aqueous phase
was then carefully removed post-centrifugation and the chloroform extraction step was repeated.
The volume of the final aqueous phase was measured, a third of the volume of 10M LiCl was
added, and the sample was frozen for RNA precipitation. Post-centrifugation, the RNA pellet
was washed with ethanol, dried, and then resuspended in nuclease-free water. Agarose gel
electrophoresis was used to determine the quality of the RNA, and the concentration of the RNA
was quantified with Nanodrop 1000 (Thermo Scientific, ON, Canada). DNase I (NEB) was used
to treat RNA, to remove the genomic DNA before DNase inactivation and DNase-treated RNA
denaturation. Super Script III (Invitrogen) was used to synthesize cDNA and which was then

stored at -20°C for qRT-PCR analysis.

2.3 Identification of candidate genes

A previously conducted microarray experiment described in Mahon (2016) was mined to identify
JA biosynthesis genes PcLOX and PcAOS, JA signaling gene PcJAZ and ET biosynthesis genes
PcACO and PcACS as differentially expressed in lodgepole pine in response to G. clavigera
inoculation. In this experiment, cDNA of phloem and xylem from G. clavigera-inoculated and
control (uninoculated, unwounded) lodgepole pine seedlings were hybridized to cDNA
microarrays constructed with loblolly pine cDNA probes. Sequences from lodgepole pine
transcriptomes were mapped to the heterologous loblolly pine cDNA probes in order to identify

genes that were differentially expressed in response to G. clavigera. Although this is an older
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experiment, mining this dataset provides a starting point for identifying lodgepole pine genes are
putatively involved in JA and ET signaling and also differentially expressed in response to G.
clavigera. These sequences were then used to identify contigs in a more recently conducted
RNA-Seq experiment comparing G. clavigera versus control lodgepole pine seedlings (Peery et
al. 2021). Subsequently, the obtained sequences were used as queries in a BLASTn search
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) against the lodgepole pine master transcriptome (Peery
et al. 2021). The open reading frames (ORFs) of target nucleotide sequences were identified and
translated to amino acid sequences. In order to identify the function of these genes in other
species, a literature search and BLASTx (https://blast.ncbi.nlm.nih.gov/Blast.cgi) were
conducted to obtain amino acid sequences from Arabidopsis thaliana, Picea glauca (white
spruce) and Pinus taeda (loblolly pine). And then, all amino acid sequences were aligned using
the MAFFT (Katoh et al. 2017) plugin for Geneious 2021.1.1 (https://www.geneious.com).The
alignments were used to create phylogenetic tree of amino acid sequence in 1Q tree
(http://www.igtree.org). The sequence groups most closely related to A. thaliana amino acid

sequences were selected for primer design.

2.4 Primer design

We aligned all target sequences of PcLOX, PcAOS, PcJAZ, PcACO and PcACS matched by

BLASTRn search against the lodgepole pine master transcriptome using MAFFT (Katoh et al.
2017) and created visualization of the alignment. According to the alignment, the specific
regions of target sequences that are most closely related to A. thaliana sequence were selected to

design primers by Geneious 2021.1.1 (https://www.geneious.com). Cloning primers were
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designed to amplify a product size of 1200 base pairs (bp) to 1800 bp, while qRT-PCR primers
were designed to amplify a product size of 75 bp to 150 bp. Primer length ranged from 18 bp to
24 bp, melting temperature (Tm) was from 57°C to 63°C, and GC content was between 20% and
80%. Subsequently, OligoAnalyzer™ Tool (https://www.idtdna.com) was used to analyze the
hairpin, self-dimer and hetero-dimer of primers. The optimal primers were ordered from IDT

(https://www.idtdna.com).

2.5 Cloning of JA and ET biosynthesis and signalling cDNAs

We used the cDNA synthesized from RNA of tissues as templates and the cloning primers that

we designed to amplify PcLOX, PcAOS, PcJAZ, PcACO and PcACS by polymerase chain

reaction (PCR). The PCR program was performed in a 50 ml reaction volume and consisting of
40 uL nuclease free water, 5 uL 10X amplification buffer, 1 uL. deoxynucleoside triphosphates
(dNTP), 1 uL forward primer, 1 uL reverse primer, 1 uL Taq polymerase, 2 uL template, these
quantities are based off the NEB Standard Taq Protocol (M0273). PCR was carried out in a
thermocycler (Biorad). The thermal cycle that was used for amplification was 30 seconds at 95°C
as initial denaturation, followed by 35 cycles of 30 sec at 95°C for denaturation, 30 sec at 57 °C
as annealing, 1 min 30 sec at 68 °C for extension, and final extension at 68 °C for 5 min. PCR
products were examined by electrophoresis at 60 V for 1 hour in a 1% (w/v) agarose gel
containing SYBR™safe in 0.5 x TBE buffer. A 1kb DNA ladder (NEB) was included on every

gel. Electrophoresis gel was visualized in UV light.

31



The PCR products were purified by PCR Purification Kit (GeneJET PCR Purification Kit,
Thermo, #K0702) and ligated to pGEM®-T Easy Vector (Promega) with T4 DNA ligase.
Afterwards, the ligations were transformed into E. coli JM109 High Efficiency Competent Cells
(Cat. #L.2001) via heat-shock for 40 seconds in a water bath at 42°C. Cells were then incubated
in Lysogeny broth (LB) medium at 37°C for 1 hour before plating on LB plates with 50mg/mL
of X-Gal and 100pg/mL of ampicillin . Plates were incubated overnight at 37 °C to conduct
white / blue colony selection. White colonies were picked and run colony PCR to
identifycolonies harboring inserts corresponding in size to the target gene. The positive colonies
were streaked onto LB/Amp/X-Gal plates, and single colonies from these plates used to prepare
6 mL of liquid cultures in LB medium for plasmid purification (GeneJET Plasmid Miniprep Kit,
Thermo, #K0503). For the next step, the plasmids were quantified with Nanodrop 1000 (Thermo
Scientific, ON, Canada). Plasmids were used to create a dilution series to generate standard
curves representing each gene for qRT-PCR. We also sequenced each cloned cDNA by Sanger
sequencing (Molecular Biology Service Unit, University of Alberta), and used these sequences to

design qRT-PCR primers as described above.

2.6 Quantification of Gene Expression using qRT-PCR

The reference genes ubiquitin-conjugating enzyme 11 (PcUBCI1; accession GT239443.1),
vacuolar ATP synthase subunit A (PcVHA-A; accession GT257942.1) and ubiquitin-activating
enzyme 1 (PcUBAI; accession GT229647.1) were chosen because they were previously shown
to be expressed at relatively stable levels across all treatments (Fortier et al, 2024). The qRT-

PCR primers of target genes and reference genes were tested via real-time PCRThe cDNA was
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amplified in a 10 ml reaction volume and consisting of 2.5 uL. cDNA, 2.5 uL primers and 5 pL
SYBR Green master mix. The qRT-PCR was conducted by QuantStudio™ 6 Flex Real-Time
PCR system (Life Technologies™). The QuantStudio™ Real-Time PCR software v1.0 (Life
Technologies™) was used to calculate Ct values, i.e. how many cycles of DNA amplification
were required for the fluorescence to exceed the baseline level of detection. The standard curve
for each cDNA was used to determine the linear dynamic range and efficiency of the primers,
and the melt curve was examined to confirm that the designed primers only amplified a single

product, with minimal signal arising from primer dimers.

2.7 Statistical Analysis

All statistical analyses were performed with R v4.3.1 (R Core Team 2023) and RStudio
v2023.09.1+494 (RStudio Team 2022). The R data was modeled with a generalized linear mixed
model (GLMM) by using the Ime4 package, formulated as follows: Normalized transcript
abundance ~ Treatment * Timepoint + (1 | Tree number), family = Gamma (link = log). The
suitability of reference gene combinations for qRT-PCR was analyzed through GLMM. The
reference gene expression data was modeled using a GLMM with the formula: Average
transcript abundance of combination ~ Treatment * Timepoint + (1 | Tree_number), family =
Gamma (link = log). Summary outputs of the Transcript abundance GLMM are presented in

Appendix 1.

Generalized linear mixed models were assessed for conformity to the assumptions of normality

and homogeneity of variance using the results of Shapiro-Wilk tests (Shapiro and Wilk 1965)
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and Levene tests (Levene 1960). Post hoc comparisons were conducted by the emmeans package
v1.8.9 (Lenth 2020) to identify significant differences between groups, and letters were assigned
by the multcomp package v1.4-23 (Hothorn et al. 2008). All graphical representations were
generated employing the ggplot2 v3.4.4 (Wickham 2016) and cowplot v1.1.1 (Wilke 2020)

packages.

34



Chapter 3: Results

3.1 cDNA cloning and sequence characterization

JA biosynthesis genes of PcLOX and PcAOS, JA signaling gene of PcJAZ and ET biosynthesis
genes of PcACO and PcACS were all successfully identified in the lodgepole pine Illumina
master transcriptome developed from Illumina paired-end sequences as described in Peery et al.
(2021) using loblolly pine cDNAs as the queries. The deduced amino acid sequences
corresponding each of these candidate genes were aligned with amino acid sequences from A.
thaliana, P. glauca and P. taeda using Geneious 2021.1.1 (https://www.geneious.com) and
phylogenetic trees were constructed using 1Q tree (http://www.iqtree.org) (Figure 3.1-3.5). A.
thaliana sequences were included in the phylogenetic analyses because this model organism is
well-studied, and can help elucidate the evolutionary relationships and functional similarities
between it and lodgepole pine as a reference, while P. glauca and P. taeda sequences were
included to represent coniferous species, allowing for a more focused comparison within
gymnosperms. Based on the phylogenetic analyses, the contigs closely related to A. thaliana
amino acid sequences were selected for cloning to potentially capture functionally similar LOX
genes in lodgepole pine. A total of two primer pairs were designed for PcACO, one pair for
PcACOI and another for PcACO?2, as well as a single primer pair for each of the genes PcAOS,
PcACS, PcJAZ, and PcLOX were used to successfully clone cDNA corresponding to each contig
(Table 3.1). Pairwise comparisons between the sequenced cDNA clones and the original contig
sequences yielded nucleotide-level identities exceeding 97% (Figure 3.6-3.11). The small degree

of mismatch is presumed to represent allelic variation between the two sequences, since the

35


https://www.ncbi.nlm.nih.gov/datasets/taxonomy/3330/?utm_source=gquery&utm_medium=referral&utm_campaign=KnownItemSensor:taxname
https://www.ncbi.nlm.nih.gov/datasets/taxonomy/3352/?utm_source=gquery&utm_medium=referral&utm_campaign=KnownItemSensor:taxname

cDNAs were cloned from different genotypes of lodgepole pine than were used to generate the

master transcriptome.

qRT-PCR primer properties were determined using OligoAnalyzer™ Tool (IDT), and are
presented in Table 3.2. Melt curve analyses were used to assess target specificity for each primer
pair. The melt curve analyses for the candidate genes PcLOX, PcAOS, PcJAZ, PcACOI and
PcACO?2, as well as the reference genes PcVHA-A, PcUBCI1 and PcUBA1 all exhibited a single
peak, signifying robust primer specificity (Figure 3.12). The melt curve analysis for PcACS
revealed some primer-dimer peaks that were mainly evident in low cDNA abundance samples.
Some samples also showed a shift in the major peak, raising the possibility of an off-target
amplicon. However, since the majority of the samples showed little or no primer-dimer
amplification and a consistent major peak representing the target, the selected primer pair was
considered the most suitable for the experiments, having been chosen after testing of 8 distinct
primer pairs. Therefore, while acknowledging the limitations, the data obtained with this primer

pair were considered the best available in this case and were used for subsequent analyses.

3.2 Transcript Abundance Profiling

In this study, a total of 143 samples were collected from mature lodgepole pines, encompassing
the six treatments described in Materials and Methods, and sampled at two distinct time points
per treatment. Secondary xylem and secondary phloem were sampled from each tree. Six
biological replicates were included per treatment and time point, except for the mock-inoculated

xylem at 7 dpi treatment, which had five replicates. The MPB-attack experiment was conducted
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under conditions of natural MPB attack, using pheromone-containing baits to attract MPB to the
trees. Trees were allowed to be attacked for one week (7 days) following detection of the first
MPB attack, then wrapped in fine mesh to prevent further attacks. This is different than
conventional pest-insect interaction experiments, in which insects are introduced to the plant on a
single day. In these MPB experiments, 0 days post-wound (dpw) was defined as the day on
which the mock-attack trees were treated. Therefore, the 1 dpw MPB-attacked trees were
subjected to MPB attacks for a period spanning 1 to 7 days prior to sampling, and the 7 dpw
MPB-attacked trees had been subject to MPB attack for a period spanning 8 to 14 days prior to
sampling. The G. clavigera inoculation experiment was conducted slightly in advance of the
MPB flight period to ensure that trees that were part of this experiment did not get attacked by

MPB.

JA and its active form, JA-Ile, has been demonstrated to increase in conifer species in response
to attack by necrotrophic pathogens herbivorous insects and mechanical wounding (Arango-
Velez et al. 2016; Biirger & Chory 2019; Fortier et al. 2024). These studies lead us to predict
upregulation in the expression of genes related to JA biosynthesis and signaling following attack
by MPB or inoculation with the fungus G. clavigera. JA is also known to be upregulated by
wounding (Ralph et al. 2006; Glauser et al. 2008). In the analysis of the results obtained by qRT-
PCR, PcLOX showed significant increases in both phloem and xylem transcript abundance of MPB-
attacked trees by 7 dpw relative to both unwounded controls and mock-attacked trees (Phloem:
PcLOX 7 dpw - MPB vs mock z = -3.48, p = 0.001; Xylem: PcLOX 7 dpw - MPB vs mock z =
—3.21, p=0.003; Figure 3.13 A & G). A significant increase in transcript abundance was also

observed in mock-attacked trees at 1 dpw in xylem (Xylem: PcLOX 1 dpw - mock vs control z =
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—2.92, p=0.009; Figure 3.13 G). Inthe G. clavigera inoculation experiment, PcJAZ showed no
significant difference in phloem, but did show significantly increased expression in response to
mock-inoculation in xylem at both 7 and 14 dpi. While PcJAZ expression levels were also
elevated in G. clavigera inoculated samples at both 7 and 14 dpi, these increases were not
statistically significant. In the MPB attack experiment, PcJAZ showed significantly increased
transcript abundance in MPB-attacked trees relative to untreated controls by 7 dpw in phloem and
xylem (Phloem: PcJAZ 7 dpw - MPB vs control z=-3.73, p < 0.001; Xylem: PcJAZ 7 dpw -
MPB vs control z = -6.32, p <0.001; Figure 3.13 B & H). PcJAZ transcript abundance in mock-
attacked xylem samples was also significantly higher than untreated controls (Xylem: PcJAZ 1 dpw
- mock vs control z=-2.54, p = 0.029; PcJAZ 7 dpw - mock vs control z=-3.23, p <0.003;
Figure 3.13 H). PcJAZ showed significant increases in transcript abundance in mock-inoculated
xylem samples was also significantly higher than untreated control at both 7 dpi and 14 dpi (Xylem:

PcJAZ 7 dpi - mock vs control z=-2.76, p = 0.015; PcJAZ 14 dpi - mock vs control z = -2. 43,

p =0.041; Figure 3.13 H). In contrast to PcLOX and PcJAZ, the expression levels of PcAOS,
another gene involved in the JA pathway, did not show significant changes across treatments in

either the G. clavigera inoculation or MPB attack experiment. (Figure 3.13 C & I).

ET, an signaling molecule implicated in plant defense against necrotrophic pathogens, prompts
the investigation of whether G. clavigera contributes to the MPB’s ability to overcome tree
defenses during an attack. Establishing whether ET induction occurs only in response to a G.
clavigera challenge and not during the MPB's attack phase is necessary. In the study of ET
biosynthesis genes, post-inoculation with G. clavigera, there was a significant increase in the

expression of PcACO. PcACO] upregulated significantly by the 7 dpi and 14 dpi in the
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secondary phloem and by the 14 dpi in the secondary xylem relative to both unwounded controls
and mock-inoculated trees (Phloem: PcACO! 7 dpi - G. clavigera vs mock z =-6.10, p < 0.001;
PcACOI 14 dpi - G. clavigera vs mock z=-2.45, p = 0.038; Xylem: PcACOI 14 dpi - G.
clavigera vs mock z =—2.36, p = 0.048; Figure 3.13 D & J). I also observed significantly
increased expression of PcACOI at 7 dpw in the secondary phloem (Phloem: PcACO1 7 dpw -
G. clavigera vs mock z =-2.94, p = 0.009; Figure 3.13 D), relative to mock-inoculated
treatments. PcACO2 increased significantly by the 7 dpi in both phloem and xylem (Phloem:
PcACO?2 7 dpi - G. clavigera vs mock z = -2.45, p = 0.038; Xylem: PcACO2 7 dpi - G.
clavigera vs mock z = -2.44, p = 0.038; Figure 3.13 E & K), relative to both unwounded controls
and mock-inoculated trees. PcACS expression levels were below the limit of reliable
quantification using the standard curve method, so there is no statistical analyses were conducted

for PcACS.
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Figure 3.1: Phylogenetic trees constructed using maximum likelihood (ML) analysis,

displaying the alignment of open reading frames (ORFs) sequences from PcLOX cloning

product with amino acid sequences from Arabidopsis thaliana (AthLOX), Picea glauca

(PgLOX), and Pinus taeda (PtLOX). Bootstrap values are shown at each node, providing

statistical support for the phylogenetic inferences drawn. The specific contig of

Ip_rerun_comp2832 c0 seql len:3711 served as the cloning template within the PcLOX gene

family.
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Figure 3.2: Phylogenetic trees constructed using maximum likelihood (ML) analysis,
displaying the alignment of open reading frames (ORFs) sequences from Pc40S cloning
product with amino acid sequences from Arabidopsis thaliana (AthAOS), Picea glauca
(PgAOS), and Pinus taeda (PtA0S). Bootstrap values are shown at each node, providing
statistical support for the phylogenetic inferences drawn. The specific contig of
Ip_rerun_compl17591 cO seql len:1755 served as the cloning template within the Pc4AOS gene

family.
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Figure 3.3: Phylogenetic trees constructed using maximum likelihood (ML) analysis,
displaying the alignment of open reading frames (ORFs) sequences from PcJAZ cloning
product with amino acid sequences from Arabidopsis thaliana (AthJAZ), Picea glauca
(PgJAZ), and Pinus taeda (PtJAZ). Bootstrap values are shown at each node, providing
statistical support for the phylogenetic inferences drawn. The specific contig of

A0.A0.A49.R16250631 served as the cloning template within the PcJ4Z gene family.
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Figure 3.4: Phylogenetic trees constructed using maximum likelihood (ML) analysis,
displaying the alignment of open reading frames (ORFs) sequences from PcACS cloning
product with amino acid sequences from Arabidopsis thaliana (AthACS), Picea glauca
(PgACS), and Pinus taeda (PtACS). Bootstrap values are shown at each node, providing
statistical support for the phylogenetic inferences drawn. The specific contig of
A0.A1.A52.R19012143 served as the cloning template within the PcACS gene family.
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Figure 3.5: Phylogenetic trees constructed using maximum likelihood (ML) analysis,
displaying the alignment of open reading frames (ORFs) sequences from Pc4ACO cloning
product with amino acid sequences from Arabidopsis thaliana (AthACO), Picea glauca
(PgACO), and Pinus taeda (PtACO). Bootstrap values are shown at each node, providing
statistical support for the phylogenetic inferences drawn. The specific contigs of
A0.A1.A54.R14892353 and Ip_rerun_comp2370 c22 seql len:1579 served as the cloning

template within the PcACO gene family.
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Table 3.1: Compilation of cloning primers utilized in the study. The table presents the primer

sequences in conjunction with the corresponding contigs that were used as the basis for primer

design in Geneious 2021.1.1 (https://www.geneious.com). Detailed information encompasses

hairpin, homodimer, and heterodimer analysis, along with the melting temperature (Tm) and

product size of the primers. All primers underwent rigorous PCR testing, culminating in the

successful identification of two primer pairs for the PcACO groups, as well as a single primer

pair for each of the genes PcAOS, PcACS, PcJAZ and PcLOX.

Gene Primer Name Primer Sequence Hairpin | Homodimer | Heterodimer Tm Pré)ii:(:t Contigs
petoy | LOX_1574 FWD2 | TGCGTTGAGAGAGTGTCCAC | 025 -3.61 <0 571 | 1629 LOX-GROUP 2:
LOX 3367 REV2 | TGGCCGTCCTCCTATGAAGA | -0.33 -9.28 57.7 bp Ip_rerun_comp2832_c0_seql_len:3711
AOS_569 FWD2 | TCAAGCGGTGGACTTGTGTT | -1.36 55 571 | 1420 AOS-GROUP 1:
Pedos AOS_2041_REV2 | AACGATGCGAGAGGAGGTTG | -0.61 -3.61 39 572 bp | Ip_rerun_compl7591_c0_seql_len:1755
JAZ_3022_FWD5 | TCTGCGCAGGGTGTTAAGAG | 0.01 -16.99 572 | 1551
Peldz JAZ 4724 REV5 | AAACGCACCTGGTATGCAGA | -1.9 -7.05 7 57 bp JAZ-GROUP 1 AQAD A49.R16230631
poscs | ACSI3LEWDS | GGAATCACCCAGAGCAGCTT | -001 -6.34 a1 575 | 1444 ACS-GROUP 1:
ACS_1547 REV8 | ACATCGCTCATTCGATCCCC | -1.24 -6.76 572 bp A0.A1.A52.R19012143
ACO_2805_FWD2 | GTGTTGTTGTTTGTGTGTGGG 2.5 None 56.1 1212 ACO-GROUP 1
PeACOT 17000 4874 REV2 | TGCAGCAACCTGACCTAGAT | -143 -7.05 S 56.1 bp AD.ATAS4.R14892353
ACO_2851 FWD2 | GCAGTCCCCGTGATTGACAT | -0.64 -3.61 577 | 1243 ACO-GROUP 2:
PeACO2 17000 4954 REV2 | CGCTTACTGGGAAGTGGAGA | -2 -3.61 7 565 | bp | Ip_rerun comp2370_c22 seql len:1579
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1p_serun_comp2832_c_seql_

Consensus
L0%-2-2 cloning product

1p_rerun_comp2832_o0_seql_

Consensus
LOX-2-2 cloning product

1p_zerun_comp283%_c_seql_

Consensus
LOK-2-2 elening product

1p_serun_comp2812_c_seql_

\TGCGTTGAGAGASTGTCCACGACAGCCATGGTTI TEETGECTTGEAGCTGAGT TG
RCGACAGC TTGGAGC 57
len:3711 60

120
17
120

len:3711

180
ATACCCTC 177
ATACCCTC 180

10 AACT
len137ll TC

240

len: 3711 TATTGTCCARAATTCAAAGCAGEAS 240

Ameee A
ARCTTTEGCCACEAGEATEE ]

len:3711 ATECE

TARTGCC

len: 3711 TA ACA

len:3711

a8n

len137ll AGE 480

540
517
540

len:3711

(113
TETCAR 597
len: 1711 CTGPEARAGEGECATGETCBERTATES 600

567G TARRGCARGATTCAATANCT COTCCTCCATTIATCARGCTC T GECGAGCCARTGH
GETETARMGCARGATTCAATAACTCCTOCTCCATT TATCANGE TCTGECGAGCCARTGEA
len13711 GETGTAAMGCAAGATTCAATARCTCCTCCTCCATTTATCANGE TCTOGCGAGCCARTECR

(113
657
660

720
ReAG 717
720

T TAATTTCCATAST GCTARC GCAAMATGTGETTGCAACAS
TTAN i
len:3711 TTAAS

CTCAGCTGCCTETTAGC TGCAATGATATAGGECTCCATGCARGCATE]
CTCAGE TGOCTETTAGC TECANTERTAT AG GG TEC ATGCANGCATETETCOGTABCCAS
len:3711 CTCAGCTGCCTGTTAGCTGCAATGATATAGGGC TCCATGCANGCATOTGTCCGTAGCCAG

780
777
T80

len:3711 A

len:3711

len13711 GTAAC

TIGTTG
o TICTTE 1020

len:3711

Ac. 1

len:3711 Ac AT ¢ AT

len:3711 TECT RETCC pby

TGRS TTEA 1196
len:31711 GETGA TTEA 1200
1260
ACCCCCnAEN GOOCARACTCATTGTCACGTARCCAT 1256
len137ll ACCOC GEUCARACTCATTGTCACGTAACCAT 1260
1320
GCRART 1316
leni 3711 GEARRT 1320
T TAGCACCTTATT CATTATCT TTCECARCATCAGATTETTAAAAR TATCATCTTCATIIR KL 1)
I < 1376
len:3711 AR 1380
GGCTCAACCTTTARAAT CT GGCCC TCTCTATACAGADGATCAATAT CAGRRANGCACCHERELTY
GLCTCARCCTT TRATCTGGOCCTCTCTATAC ACCCA 1436
len: 3711 GECTCRACCTTIEAATCTEECCCTETCTATAC ACCCA 1440
1500
2 cTA 1496
len:3711 AN eTAGE: 1500

= TCCTC CET 1556

len1371l CC TCCTO CGT 1560
ACATATATAGTAGTACGAT TTTCTTGTCTGCTTTICTGCAGATGGATCTG] 1620

GGRACH TTCATA 1616

len: 3711 GGARN TTCATA 1620
W 1636
GGAGGACGE: 1628

len: 1711 GEAGGACGEECAGTED 1636
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Figure 3.6: Alignment of the cloned
PcLOX cDNA sequence with the original
sequence from the lodgepole pine master
transcriptome, revealing a pairwise
identity of 99.1%. The high degree of
nucleotide identity between the contig and
the cloned cDNA product indicates
successful cloning of this cDNA for use in

qRT-PCR.



Consensus
Mg-1-1 cloning product
1p_rerun_compl7591_c0_seql

Consensus
A08=1-1 cloning product

1p_rerun_compl7591_oo_seql

Consensus
Apg=1-1 cloning product

1p_rerun_compl7591_c_seql

Consensus
A0gE-1-1 cloning product

1p_rerun_compl7591_c_seql_

Consensus
Ag-1-1 cloning product
1p_rerun_compl7591_c0_seql :

Consensus
Mg-1-1 cloning product
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Consensus
Mg-1-1 cloning product

Consensus
A08=1-1 cloning product

1p_rerun_compl7591_oo_seql

Consensus
ApgE-1-1 cloning product

1p_rerun_compl7591_c_seql

Consensus
Apg-1-1 cloning praduct
1p_rerun_compl7591_c_seql_

Consensus
Mg-1-1 cloning product

1p_rerun_compl7591_c0_seql :

Consensus
Mg-1-1 cloning product

1p_rerun_compl7591_c0_seql

Consensus
Mg-1-1 cloning product

1p_rerun_compl7591_o0_seql

Consensus
A08=1-1 cloning product
1p_rerun_compl7591_ci_seql

Consensus
ApgE-1-1 cloning product
1p_rerun_compl7591_c_seql

Consensus
Apg-1-1 cloning praduct

1p_rerun_compl7591_c0_seql_:

Consensus
Mg-1-1 cloning product
1p_rerun_compl7591_c0_seql

Consensus
Mg-1-1 cloning product

1p_rerun_compl7591_c0_seql

Consensus
Mg-1-1 cloning product

1p_rerun_compl7591_o0_seql

Consensus
A08=1-1 cloning product

1p_rerun_compl7591_ci_seql

Consensus
ApgE-1-1 cloning product

1p_rerun_compl7591_c_seql

Consensus
Apg-1-1 cloning praduct

1p_rerun_compl7591_c0_seql_:

Consensus
Mg-1-1 cloning product

1p_rerun_compl7591_c0_seql

Consensus
Mg-1-1 cloning product
1p_rerun_compl7591_c0_seql

len:1755 C

leni1755 CARGGACATTCC

len:l755 1E0

CACTGTTTATAGAGCGARTCTGECACCGEGECCECCACTETETS

AT 240

len:1755 RCCGEGEE AT 2A0

MGCGTGCTGITC
GIGCTETTICS
ricearaeTaTTCEAL

o0

a0
g A 100

len:1755 CGT

&0
GGATGTT 360

TCACT GEA M 360

len:1755 A

dqz0
418
|_len:1755 G "ACATGGACCCC! 420

asn
AGAAGRGCTATG 478
AGAAGRGCTATG 480

len11755 TCTCCACH

66 CGETGETTGAGAARGAC TTATCAGANG TCAGAARARRAL 540
& 538
len:l755 540

ACATATGCTCTETAATT TP TG TGCAGATCTATCCTGAACCOARATCCCAGTEARA GRS AT
EOATATGOTOTTL GTGARE COARATCCC] 598
len:1755 AC CAGTGARACGEA  6DO

(119
mr TTGOGE TCCCAT 658
len:1755 ACTC GOTTCAACTGGCTCOCAT 660

len:1755 TGCC TAC

len11755 GOOGOCOCT

840
GGT ATATCAGAGTTC. T 838
lea:l755 GGT T 8a0
ELTY
p— Al ase

Lemnss err

960
G 5 458
lear1755 6o fe Benacack 960
LA CG 1020
AGCCTAGGCGOCE ACCGEATGL G lole
len1l755 ;m-r e AECCTAGGERECT ACCGRATGE G 1020

len:1755

len1l755

CGEGETATCAG 1200
zC1 AGCCCATGAL RCAGCA 1198
lea:l755 T A LEBO

STTT

len:l755 ATT

ETTT

GITCTGETCAARTGEEE

TEANGE MG AMGANCC] CRGG
TEANGCMEARGANCCC

len:1755 GTTCTGGETCAARTGGCC

GAAGARCATTGTARTAC T TTAGCATGTCTT T TCGTTGOCCACATTIACCT!

GAAGRACATTGTAATACT TTTAGCATET CT T TTCET TG 1378

len:1755 GAAGAACATTGTAATACTTTTAGCATGTCTTTTCGTTGC 1380
.‘_\G’.‘_ATEBETEIHSATL‘J\':GEI(‘{LAJ CCTCTCGCATCGTTTTCAL 1429
1421

len:1755 CAGC TICACA 1429
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Figure 3.7: Alignment of the cloned
PcAOS cDNA sequence with the original
sequence from the lodgepole pine master
transcriptome, revealing a pairwise
identity of 97.7%. The high degree of
nucleotide identity between the contig and
the cloned cDNA product indicates
successful cloning of this cDNA for use in

qRT-PCR.



Consensus HHAAACGCACC TGGTATGC GAATCATGATCCTACAGCGAGGAATACTATAS (1]
JAZ-1-5 cloning product AGMECTTEARTL. CRGCEAGERR &0
AD.AD.A4D.R16250631 o AACECACE AGMECTTEARTL. CRGEEAGERR 58
Consensus ATTACTCTEGECACARTCETECATTARACC GACATT T TG

Jaz-1-5 cloning product

AO.AD.A49.R1625063]

Consensus TATAACATATTCACCCCATCCT ITTGATCAACAGGGTTCTTCACGTTATAACATGCAC ST
Jag-1-5 clening product AGCGCATCC! AGET lan
AOLAD. A4S RIEZS0E3L AGCGCATCCTT TTGATGAM AGET ATGCAGAR  1TE
Consensus

JAZ-1-5 clening product

AO.AD.A49.R1625063]

Consensus

JAZ-1-5 cloning product

AO.AD.A49.R1625063]

Consensus

JaZ-1-5 cloning product GCCCTTAGCTGGACAACATTCCTTCTTGLC

AO.AD.A49.R1625063] GCCCTTAGCTGGACAACATTCCT TCTTGCL

Consensus AGGGGCTET TGCCAGTGTT TCTGAARAGCCAGC AGGCK CACAGCTGACAATT TTC! 420
JAZ-1-5 cloning product ACCAGGGGCTETTGC gecsc 419
ADLAD.A4T.RIEZS0ESL ACCAGOGECTETTGL ACAGE 4lg
Consensus 479
JAf-1-5 cloning product TTCTGECTCAGTAATETTTATGATGATETTCCT 479
AO.AD.A49.R1625063] TTCTGGCTC. AAGGCTC-ANGC, 477
Consensus 539
JaZ-1-5 cloning product TTTTAGCTGGL TACCCCATGTCAANGCC 531%
AO.AD.A49.R1625063] TTTTAGCTGGL TACCCCATGTCAANGCC 537
Consensus 599
JAZ-1-5 cloning product CRGC T 599
AO.AD.A49.R1625063] CAGC ARCH TAGGCAAGGCACACT 597
Consensus €59
JaZ-1-5 cloning product ATETACAART CCACAAGEACATTCCC 659
AO.AD.A49.R1625063] ATGTCC ATTCCCARRACTCACAGE 657
Consensus 719
JAZ-1-5 cloning product 718
AO.AD.A49.R1625063] 717
Consensus 79
JAZ-1-5 cloning product 778
AO.AD.A49.R1625063] A TACCARTCTGCAGGARACTCC) TGCAGTET 777
Consensus a3is
JAZ-1-5 cloning product CTACTCCAGCTC CAE A re 839
ADLAD. A4S RIG2S063L CTACTCCAGETC CAC GCETARAGCATCGCTTGOTC 837
Consensus as9
JAZ-1-5 clening product B99
AO.AD.A49.R1625063] B8a7
Consensus 959
Jag-1-5 clening product CTACACCAC 955
AO.AD.A49.R1625063] CATC CTCTCAGTCCTAGTCATTCCTCTACACCAL 57
Consensus CTGTGEATGGATGCARGCAACT GCATAACGAGT TTATGACARGET CAGARGAGARGGT SIS LR
JAZ-1-5 cloning product 1018
AO.AD.A49.R1625063] 1017
Consensus CTTGTCT TGT TAAGGAT CAACATGAGCARC TATGGCCAGTARAMGTCGAGARGARTGARES LkE]
JAZ-1-5 cloning product o 1078
ADLADLAQS.R1EISDE3L ATERGCARCTATEECE 1877
Consensus T EAAAGRACGTCASC TACAACTCACATGAGARACAGTCAGTTCAATTCCTTTCARTTT IR REE]
JAz-1-5 elening product GTCAGCTACARC TCAL TCANTTCGTTTCARTTTET 1130
AO.AD.A49.R1625063] GTCAGCTACARS TCAC) TCAATTCGTTTCAATTTTT 1137
Consensus CGATCAGCACARTTGTATTATTCATTGTTAGCGCAGTT TTCTTCCAGAAMGCAGCTTG IR RLE]
JAZ-1-5 cloning product TETAT 1198
AO.AD.A49.R1625063] TGTAT 1197
Consensus ATCCTAGAGAGATTART TTGAGACAGT TT TGAGT TCATT TAA RIS F-E]
JAZ-1-5 cloning product ACATGA C 1258
AO.AD.A49.R1625063] ACATGA. Ls 1257
Consensus GTCCTARCTATETCARARAAGCAGGCARTTCACT TGTATCTTCAAT TS KT L]
JAz-1-5 clening product TAACTATETE ANTTE 1318
AO.AD.A49.R1625063] TARCTATGTC AATTC. 1317
Consensus LGATGEAACTTTTATAATGARGCAGCTGC TS RRE]
Jag-1-5 clening product CTACTARAC , 1179
AO.AD.A49.R1625063] CTACTAMAL 1377
Consensus 1439
JAZ-1-5 cloning product ARTARCCAACTTIC PTCATTITCCTAR 1439
AO.AD.A49.R1625063] AATARCCAACTTTC TTCATTTTCCTAA 1437
Consensus GCTGETTTERCATTCTGETTAAT GGCTGATGTITCTATTTCACSTLL]
JAZ-1-5 cloning product TaA 1498
ADLAD. A4S RIG2S063L A TG 1437
Consensus CAGAANGGCACT TGACATTATAAGGARTATACTGACTC TTARCACCCTGCGCAGARR 1558
JAE-1-5 cloning product bl CTGOGCHYE 1556
AO.AD.A49.R1625063] AL CTGOGCAEET 1556
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Figure 3.8: Alignment of the cloned PcJAZ
c¢DNA sequence with the original sequence
from the lodgepole pine master
transcriptome, revealing a pairwise
identity of 98.7%. The high degree of
nucleotide identity between the contig and the
cloned cDNA product indicates successful

cloning of this cDNA for use in qRT-PCR.



CGANY GGANTCACCCAGRGCAGCTPAT TCGEATATACT T2CCATAGAGCCRGCaACAG N T
ACS-1-8 cloning product ¢ ANTCACCCAGAGCAGCT TATTGGEATATACTTTCC, 60
ADLAL.ASZ.R19012143 D MecRATCACCCAGAGEAGET TAT TEGGATATACTTTCC 58

Consensus

Consensus ECARATTCEGAT TTTCAGET ARAGAC ATAGATG CAC AGCCCAACA TCACAACAGC AR, 1290
ACS-1-8 clening G T COARCATCACARCAGCAACAR 120
AD.AL.AS2.R19012143 GO GGATTT JUAGRC, CCARCATCACARCAGCAACAR 118
Consensus 1840
ACE-1-B cloning lan
AD.AL.AS2.R19012143 178
Consensus GCCCATGEGEAMGAC TCTEC TTAY TTT GATGEC TGGAAGGAGTAT GACGCTAATCCCT ST T
ACE-1-8 cloning e RGACTCTOCT LT CECTARTECOTAC 240
AD.AL.AS2.R19012143 Gece. RGACTCTCCT! TGATGEL CGCTARTCCCTAC 238
Consensus ano

ACE-1-8 cloning product CATCCAATARGCAATCCATCTGGAATCATCCARATGEGCTTGGCAGAGANT CAGCTGTCA o

AD.AL.AS2.RISBI1214] CATCOANTAMGCAATCCATETCAANTCATCCARATEGEOTIGECAGAGANTCAGCTETE 298
Consensus 360
ACS-1-8 cloning 160
AD.AL.A52.R18012143 158
Consensus 420
ACS-1-8 cloning product azo
AD.AL.AS2,R19012143 e
Consensus GARAGGCAATY GCRATGTT TATGCALGAAGTT GCASGAACAAAAC YARAGTTTGARA 480
ACS-1-8 cloning product AGAAMGG n AAGTTTGARAGA 480
AD.AL.ASZ.RIS012143  AGAARGG 478
Consensus 540
ACS-1-8 cloning product CACGAGGTGCTGACATTCTGTCTG 540
ADLAL.AS2.R19012143 GTTCTCAC CTGOAGCCCACGAGGTGE TeTEICTE 538
Consensus 500
ACS-1-8 cloning GETEATECTEEAGAAGECTTTCTASTACCANC GEEATAETACCCAGETETTCACAGREAT 600
AD.AL.AS2.R1SD12143  GCTGATCCTGGAGAAGOCTTTCTAGTACCAACGCCATATTACCCAGGTTTTGACAGRGAT 598
Consensus 660
AE8-1-8 cloning CTARA CTCATACCTGTECACTETAGCAGEGATARCGATTEE 660
AD.AL.AS2.R1SD12141  CTARAATGGCGGACAGGGGTCGAACTCATACCTGTCCACTOTAGCAGCGATARCGATTIC 658
Consensus 120
ACS-1-8 cloning CTATCAGCAGECCAGTEC an 720
AD.AL.A52.R19012143 CTATCAECAEGEE AL A 718
Consensus TGRAGGGCCTT TTGETAMC AAATCCTTCARAC COATTAGGAACCACCATGGAGGCAA T T
ACS-1-8 cloning 780
AD.AL.A52.R18012143 778
Consensus 840
ACS-1-8 cloning product ACTCTAAGAMAGTTGCTTGCTTTTGCGT IGCCACGAG  BAD
AD.AL.AS2.R19012143 ACTC TGCTTGCTTT TGCGT! TGOGACGAG Big
Consensus 900
ACS-1-8 cloning product ATCTATICGGGATCAGTCTTT ATTCACARGCATTGCAGAGATTTIGTCC 900
AD.AL.AS2,R19012143 ATCAGTCTTTICCTC AMGEATTGE, TeTCe BB
Consensus CTGAARNTATTTCCCAGAGAGARCCTGTTCACATTGR TPACAGC CTTCCAAGACC JRETTY
ACS-1-8 cloning product ACTGAAMATATTTCC 16T AGCCTGTCGAMAGACCTG 960
AD.AL.AS2.R19012143  ACTGAAAATATTTCC 16T MICCTGTCGAMAGACETG 958
Consensus GACTEOrGECETTCAGAGTCEEAGTAATTTAC TETTAC ALCGAT ACGET GG TAAC G IR LY 1]
ACS-1-8 cloning product GGACTGCEGEGECTTCAGAGTCCAACTANTTTACTCTTACAACGATACGETEETTANGEET 1020
AD.AL.AS2.R19012141  GGACTGCCGGGCTTCAGAGT TTACARCEATAL 1018
Consensus

ACS-1-8 cloning T
AD.AL.AS2.R19012143  GeTC CAGTTT rrean rron 1078
Consensus

ACS-1-8 cloning

AD.AL.A52.R19012143

Consensus

ACS-1-8 cloning ARGAGEACA =AL TEGCATEACTTEC 1200
AD.ALASZ.RI5012143 ARGAGACA AR T —— L1188
Consensus 1260
ACS-1-8 cloning A TTTETT GGATCTCAGACATCTICTGCARTCCCGTANCCARGAR 1260
AD.AL.A52.R18012143 TrTeTT AGACATCTECTCEARTCECETARECAREAR 1258
Consensus 1320
ACS-1-8 cloning TATACT cATeT AATGTTTCTCCCEET 1320
AD.AL.AS2,R19012143 TAT AzeT TCTCCCGET  L3LE
Consensus 1380
ACS-1-8 cloning CTTCTTGCCATTGTAGCGRGECCCEGETGE TGCTETGCGA GAT 1380
AD.AL.AS2.RI012143  TCTTCTTGCCATTGTAGCGAGCCEGGETGE TECTTTECGR, GAT 1378
Consensus 1440
ACS-1-8 cloning product TCGEATTCAGE AT 1440
AD.AL.AS2.R19012143 ATCGEATTCAGCTCTTTATGTATCGCAGGGGATCGART 1438
Consensus 1457
ACS-1-8 cloning product 1457
AD.AL.AS2.R19012143 1450
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Figure 3.9: Alignment of the cloned
PcACS cDNA sequence with the original
sequence from the lodgepole pine master
transcriptome, revealing a pairwise
identity of 98.5%. The high degree of
nucleotide identity between the contig and
the cloned cDNA product indicates
successful cloning of this cDNA for use in

qRT-PCR.



Consensus TGP TET TG e T T CaCAT TG TTATAT TTTTCAAGAARG ATGCCANT LRS! 2]
ACO-1-2 cloning TATATTTITCAAGA CAATTCCAGTC 58
AD.AL.ASE.R14B3235] TT AATTCCAGTC (14
Consensus ITGAGATGEETACTCTGAT TEGAAAT GACARAGAGAGATTCATG GCAGREATGGE, 124
ACO=1=2 cloning product ATTGAGATGGE TAGTCTGATTGEARATGRACAR TTCATGGC. 11B
ADLAL.ASQ.R14B92353 ATTGAGATGGE TAGTC TGAT TGEARATGRAC AR TTCATGGC. 120
Consensus GCATGTGAGGARGTGEGCTI TT TCCAGCTTARAGEC CATGGCATAC CAGT TGAGC TCA! 180

AMO=1=2 cloning product GCATGTGAGGAAGTGGGECTTTTTCCAGE TTAAMGGLCATGECATACCAGTTGAGCTCATG 178
AO.AL.ASQ.R14B92353 GCATGTGEAGGARG TEEGCTTTTT CCAGC TTAARGGCCATGECATACCAG TTGAGCTCATG a0

Consensus 240
ACO-1-2 cloning 238
AD.AL.ASQ.R14892353 240
Consensus 300
ACD-1-2 cloning Ac GCTTAMNCAAGTCCCTEATGEARGCAGRGCTTTCTTCT 298
AD.AL.ASA.R14B92353 Ac GETTARCARGTCCE AERGE 300
Consensus GCEAGCCAANGARGET ACARAAT CTECAC TEGCAAGAT TCCATT GTL ) £ 360

Ago-1-2 cloning product AGCGAGCCARMAGAAGGTAGAAMTCIGOACTOGGARGATTECATTETCCTCCAATACGES 358
ADLALASE RL4BI235D AGCEAGCCARMACAAGGTAGAAM TETCEACTOGEARGATTECATTETCCTCCAATACSES 360

Consensus CARGARGACTATCCATGECCCTCTGACCCARGCGAGTICARGGARACART GATGGART' 420

ACO=1=2 cloning product CAAGAAGACTATCCATGGOCCTCTGACCC ATTT 418
ADLAL.ASQ.R14B92353 ATTT 420

CAAGAAGACTATCCATGGCCCTE TGACCC,

Consensus GCTAGAATTAC TAAGT GRGATTT TGG! 4B0
AMO=1=2 cloning product GGCARAGAGATCACCAAATTGEC TEAGAGCCTGCTAGAATTACTARGTGAGATTTTGGET 478
AO.AL.ASQ.R14B92353 GECARAGRGAT CACCARMTTGEC TGAGAGCC TGC TAGAATTACT ARG TGAGATT TTGEET a0

Consensus TTGEAGRARGGETATCT CAAGRGRACCCTGTCAGEAGETEATGEC CCT GATGACARGE 540
ACO-1-2 cloning CTGTC. CTGATGACARGGCT E3B
AD.AL.ASQ.R14892353 CTGTC. CTGATGACARGGCT 540

&00
B AGACC TOCTEEANGET 598
AGACCTCGTECAMGET &0

Consensus

ACD-1-2 cloning product TTTTTTGGCACCAARATCAGCCACTATCCACCATETO
TTITTTEECAL CAAMATCAGCCACTATCCACCATETC:

AD.AL.ASA.R14B92353

Consensus G860
Ago-1-2 clening CTEe ACTGATGCAGE TEECCTEATTCTECTETTE (]
ADLALASE RL4BI235D CTEe ACTGATGCAGE TEECCTEATTCTECTETTE (11

TCTOCAGGTTCTTGACAACA
GETCTCCAGGTTCT
GETCTCCAGGTTCT

Consensus
ACo-1-2 cloning
ADLAL.AS.R14B92353

Consensus
ACO-1-2 cloning product
ADLAL.AS.R14892353

Consensus
ACO-1-2 cloning product TGGCATCGTGTGTTGGCTACTGACAGTGEL,
AD.AL.ASQ.R14892353

ATCGTTTTACRAT B3E

TGLCATCETETGT TEECTACTGACAGTGEL,

ATCGTTTTACRAT B4D

Consensus
ACD-1-2 cloning product COATCGOTTEATGCAGTCATTTCCCCAGCTOCACAGCTECT TTCSOAGCOCARGEARGET 21
AD.AL.ASA.R14B92353 CCATCECT TEA TG AGTCAT T T COCAGC TEC ACAGC TECT TTL SO AGC COAMGEARGET SO0

Consensus 960
AC0-1-2 cloning product TCGEAGCTATCACTGTACCCAARGTT AG 958
AD.AL.ASA.RL14B92353 TCGEAGCTATCACTGTACCCARRGTT: AG 96D
Consensus CAGAARTTTCYTCCCARAGAGCC, 1020

GCAGTACTGAGAT 1018
GCAGTACTGAGAT 1020

ACo-1-2 cloning product
ADLAL.AS.R14B92353

Consensus pi:]
ACO=1=} cloning product CAAATARTATTCACAARGCTTALGTATA TATGTT 1078
AO.AL.ASQ.R14B92353 CAMTARTATT CACAARGCTTATESTATA, TATGTT L1080
Consensus 1140
ACO-1-2 cloning product TTCTCAAMGTCGTAATARATTTG! AGA ARCOGGTCT 1138
AD.AL.ASQ.R14892353 TTCTCARMGTC GTARTARATTTS AGA ARCOGGTCT 1140
Consensus 1200

ACO-1-2 cloning product AGGCCATEGECATGAATEARCCACETETCACCOTCCASTAMGCTATETCETECARICTAR 1198
AD.AL.AS.R14B92353 A ATE ABCTOTCAGEET CANTCTAE 1200
Consensus 1221
ACe-1-2 cloning product 1219
ADLALLAS.R14B92353 1219
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Figure 3.10: Alignment of the cloned
PcACO 1 cDNA sequence with the original
sequence from the lodgepole pine master
transcriptome, revealing a pairwise
identity of 98.9%. The high degree of
nucleotide identity between the contig and
the cloned cDNA product indicates
successful cloning of this cDNA for use in

qRT-PCR.
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Sonsensus
ACO-2-1 cloning product
lp_rerun_comp23T0

Consensus
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Consensus
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Congensus
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Consensus
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lp_rerun_comp2370_c22_seql_:

uct.
70_e22_seql

_c22_seql

uct.
70_e22_seql

_c22_seql

eql

_c22_seql
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Figure 3.11: Alignment of the cloned
PcACO 2 cDNA sequence with the original
sequence from the lodgepole pine master
transcriptome, revealing a pairwise
identity of 98.4%. The high degree of
nucleotide identity between the contig and
the cloned cDNA product indicates
successful cloning of this cDNA for use in

qRT-PCR.



Table 3.2: Compilation of qRT-PCR primers employed in the study. The table provides

comprehensive details, including hairpin, homodimer, and heterodimer analysis, as well as the

melting temperature (Tm) and product size of the primers.

Gene Prime name Primer sequence GC Tm | Hairpin | Homodimer | Heterodimer Pr;)i(ziza
LOX-266-F1 CCAACTTTGGCCACCAGGAT 55 58.1 -1.1 -13.19
PeLOX LOX-374-R1 TCCGATTCCAACAGTGTGCA 50 56.9 0.55 -7.05 -6.97 109bp
AOS-741-F1 AGGACTACAATAGGCTGCGC 55 57.1 -0.21 -9.89
: -6. 102
Ped0S AOS-842-R1 AGAGCAAGTTATGGCACGCT 50 57.1 -0.44 -4.74 6.75 02bp
- - . . . -6.34
PeJAZ JAZ-1088-F2 | ACGTCAGCTACAACTCACATGA | 45.5 | 56.1 0.04 6.3 474 100bp
JAZ-1187-R2 | CTGGAAGAAAACTGCGCTAACA | 455 | 55.7 0.49 -9.89
ACS-832-F6 TGCGACGAGATCTATTCGGG 55 56.5 -1.28 -7.82
) -5.1 12
PedCs ACS-960-R6 CAGGTCTTTCGACAGGCTGT 55 57.2 -1.33 -6.76 519 9bp
PcACO | ACO-751-F1 GCCATCAGCAACGGGAGATA 55 57.2 -0.75 -3.61 6.69 1256
1 ACO-875-R1 TGTGGAGCTGGGGAAATGAC 55 57.4 0.98 -6.34 ) P
PcACO | ACO-668-F1 ATCGACATTGGCGATCAGCT 50 56.9 -1.25 -6.76 233 96b
2 ACO-763-R1 CGACATTCGATTCGCGTCCT 55 57.6 -0.99 -10.36 ’ P
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PcACS PcACOI PcACO2

Melt Curve Plot Melt Curve Plot.

PcdOS

Melt Curve Plot Melt Curve Plot Melt Curve Plot

PeVHA-A - PcUBCI

Malt Curve Piot Melt Curve Plot Melt Curve Plot

Figure 3.12: Melt curve analysis of qRT-PCR. Melting curve analyses provide a means to test
whether the primers used in the assay produce a single amplicon product during real-time PCR,
and also whether the primers generate measurable amounts of primer dimers. Data represent the
negative of the first derivative of the fluorescence obtained as the temperature is raised from 80°C
to 85°C. The melt curves of the target genes PcLOX, PcAOS, PcJAZ, PcACOI and PcACO2, along
with the reference genes PcVHA-A, PcUBCI1 and PcUBA, all display a single peak and smooth
baseline, indicative of robust primer specificity and limited or no primer dimers. The melt curves
for some samples for PcACS exhibit multiple and/or shifted peaks, suggesting that these primers
have lower efficiency than the other primers, and that primer dimers and other products are

resulting when target template is low.
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Figure 3.13: Transcript abundance as measured by qRT-PCR for JA biosynthesis and
signaling genes and ET biosynthesis genes in G. clavigera-inoculated or MPB-attacked
lodgepole pine trees. Secondary phloem (A-F) and secondary xylem (G-M) were harvested
from lodgepole pine that were inoculated with G. clavigera at 7 or 14 days post inoculation (dpi),
mock-inoculated or untreated control (A, C, E, G, I, K), or from lodgepole pine that were mass-
attacked by MPB at 1 or 7 days post wounding (dpw), mock-attacked or untreated control (B, D,
F, H, J, L). (A) lipoxygenase (PcLOX) in phloem, (B) jasmonate-zim domain (PcJAZ) in phloem,
(C) allene oxide synthase (Pc40S) in phloem, (D) 1-aminocyclopropane-1-carboxylate oxidases
(PcACOI) in phloem, (E) 1-aminocyclopropane-1-carboxylate oxidases (PcACO?2) in phloem,
(F) I-aminocyclopropane-1-carboxylic acid synthase (PcACS) in phloem, (G) lipoxygenase
(PcLOX) in xylem, (H) jasmonate-zim domain (PcJAZ) in xylem, (I) allene oxide synthase
(PcAOS) in xylem, (J) 1-aminocyclopropane-1-carboxylate oxidases (PcACO]) in xylem, (K) 1-
aminocyclopropane-1-carboxylate oxidases (Pc4ACO?2) in xylem, (L) 1-aminocyclopropane-1-
carboxylic acid synthase (PcACS) in xylem. Boxplots represent a §. Uppercase letters indicate
significant differences between treatments within a time point; lowercase letters indicate
significant differences between estimated marginal means of a treatment between time points
(Tukey-adjusted p-value < 0.05, n = 5-6). There are no letters assigned for Pc4OS because no
significant difference was observed in PcAOS transcript abundance profiles between treatments.
PcACS expression levels were below the limit of reliable quantification using the standard curve
method, and as such are marked with a §. Because PcACS transcript abundance values were

below the limit of reliable quantification, no statistical analyses were conducted for PcACS.
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Chapter 4: Discussion

To ascertain the potential significance of ophiostomatoid fungal symbionts associated with the
mountain pine beetle in contributing to the beetle's ability to overcome lodgepole pine defenses
during the mass attack phase, we conducted a comparative analysis between the tree's response
to natural MPB attack and its response to inoculation with the necrotrophic fungal associate G.
clavigera. G. clavigera was chosen for its status as one of the most common fungal associates of
the MPB (Lee et al. 2006; Roe, James, et al. 2011) and its distinction as the earliest and fastest
colonizer among the common ophiostomatoid fungal associates (Solheim 1995; Solheim &
Krokene 1998). Furthermore, G. clavigera has demonstrated sufficient virulence to cause pine
mortality in the absence of MPB (Owen et al. 1987; Yamaoka et al. 1995). In this study, I
employed qRT-PCR transcript abundance profiling to meticulously assess the expression
patterns of genes involved in the biosynthesis and signaling pathways of JA and ET in lodgepole
pine. Arango-Velez et al. (2016) have demonstrated JA is able to activate lodgepole pine’s
responses against necrotrophic pathogens like G. clavigera and herbivorous insects such as
MPB. Furthermore, G. clavigera, acting as a necrotrophic fungal pathogen, exhibits the

capability to induce the synthesis of ET (Fortier et al. 2024; Dong 1998).

If the ophiostomatoid fungi do not significantly contribute to the MPB's ability to overcome tree
defenses during a mass attack, then it is likely that these fungi serve alternative function that
provide some benefit to MPB fitness during subsequent colonization by the attacking MPB and
their offspring. Ophiostomatoid fungi are highly specific obligate mutualists essential for the

growth and survival of bark beetles (Six 2012). In these obligate mutualistic relationships, the
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fungi contribute vital nutrients to the beetles, and in return, the beetles serve as a means of
transportation for the fungi to find a suitable host tree. (Ayres et al. 2000; Bentz and Six 2006;
Bleiker and Six 2007; Six and Elser 2019). The challenge for fungi and beetles lies in the
difficulty of digesting the lignin and cellulose present in bark and sapwood, when easily utilized
carbohydrates are quickly consumed, the larvae and fungi require additional nutrients for growth
(Six 2020a). Fungi play a crucial role by acquiring carbon from tree defenses and making it
accessible to beetles, thereby mitigating the challenges posed by intra-specific competition

arising from mass attacks (Zhao et al. 2018; Wang et al. 2013; Zhou et al. 2016).

In the investigation of the expression patterns of JA biosynthesis and signaling genes in response
to MPB mass-attack and G. clavigera inoculation, the gene PcLOX exhibited significant
upregulation relative to unwounded control, and the gene PcJAZ increased significantly in
response to G. clavigera in the xylem and to MPB in the phloem, relative to the unwounded
control. These observations are consistent with model that JA response, typically associated with
defense against necrotrophic pathogens and insects, would be triggered following both MPB and
G. clavigera challenges. The mock treatments also led to an upregulation of gene expression
relative to untreated controls. As a result, the differences between mock and G. clavigera or
MPB treatments did not reach statistical significance. One potential explanation for the
upregulation in mock treatments is the induction of JA response by mechanical wounding. In our
experiment, each of the mock-treated trees underwent deliberate wounding, with 6-8 1/2-inch
round holes penetrating the bark through to the cambium. Previous studies have demonstrated

that wounding can induce an increase in JA levels, as evidenced in A. thaliana (Glauser et al.
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2008). Moreover, in conifers, the induction of JA biosynthesis genes, such as LOX and A0S

transcripts, has been observed in response to wounding (Ralph et al. 2006).

Additionally, the observed significant increase in PcLOX transcript abundance in response to G.
clavigera, relative to the unwounded control, in both phloem and xylem tissues underscores a
differential temporal expression pattern between these two tissue types. Notably, the increase in
the phloem was detected only at the early time point, whereas in the xylem, elevated transcript
levels were observed at both early and late time points. This pattern aligns with the theoretical
model and suggests a more ephemeral, or short-term, expression of PcLOX in the phloem
compared to a sustained response in the xylem. Such findings are logical when considering the
pathogenic behavior of G. clavigera, which is believed to colonize the xylem more extensively

than the phloem (Bleiker & Six 2007).

In examining the transcript abundance of Pc4OS across various treatments, we observed no
statistically significant differences. It indicates that this enzyme may not be upregulated in the
synthesis of JA; it is possible that the existing levels of the enzyme are adequate for JA synthesis
and, suggesting that PcAOS is not a rate-limiting factor in this pathway. Alternatively, the actual
enzyme responsible for JA synthesis in these tissues might be a different, upregulated member of
the AOS gene family. This result prompts us to explore alternative genes within the 40S family
for further research. Although the 40S gene family exhibits structural conservation, it also
displays diverse evolutionary mechanisms in different plant species. Notably, several plants
including A. thaliana, possess multiple 4OS genes (Laudert et al. 1996; Howe et al. 2000;

Maucher et al. 2000). The diversity within the 4OS gene family is further reflected in the
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clustering of AOSs from different plant species into four groups: 13-A0S, 9-AOS, 9/13-A0S
type I, and 9/13-A0S type II. This functional differentiation is crucial, as it has been
demonstrated that not all AOS proteins can participate in JA synthesis (Sun, 2022). In contrast,
the JAZ family, which plays a pivotal role in JA signaling, exhibits greater diversity in terms of
gene expression. In Arabidopsis, 13 JAZ genes are expressed. Distinct JAZ genes may exhibit
variations in their responses to JA and other signaling molecules. For instance, JAZ13 lacks a
TIFY domain that facilitates interactions like JAZ-JAZ interactions (Thireault et al. 2015; Chung
and Howe 2009). J4Z7 and JAZ8 possess non-functional Jas degron sequences, resulting in weak
binding to COI1 and resistance to degradation by the 26 S proteasome (Shyu et al. 2012). In
summary, the diversity among AOS and JAZ genes is not only numerical but extends to the
structural and functional levels. Identifying more genes from PcAOS and PcJAZ families helps
us understand the biosynthesis and signaling pathway in JA response to MPB attack versus G.

clavigera inoculation.

Given that PcACS transcript abundance values fell below the threshold for reliable
quantification, statistical analyses concerning PcACS were not conducted. This scenario may hint
at the possibility that the actual enzyme pivotal for JA synthesis in the examined tissues might
not be the PcACS that I identified but rather another upregulated isoform within the ACS gene
family. The ACS gene, known to be encoded by a small gene family across all plant species,
exhibits considerable diversity. For example, in Arabidopsis, nine ACS isoforms have been
identified, categorized based on their C-terminal sequences into three types: type I (ACS1,
ACS2, and ACS6), type II (ACS4, ACS5, ACSS8, ACS9, and ACS11), and type III (ACS7)

(Yoshida et al. 2005). This classification underscores the nuanced regulation of ACS protein
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activity across multiple levels, a domain where much remains to be uncovered, particularly
concerning the specific roles of ACS isoforms in ethylene induction following certain stimuli

and the overarching regulatory mechanisms, especially in conifers.

The intricate regulation of ACS, combined with the observed trend of PcACS transcript
upregulation in response to G. clavigera challenges, despite falling below quantification limits,
posits a complex interaction network. It suggests that increasing the cDNA template
concentration might yield quantifiable results, potentially unlocking insights into the specific

contributions of PcACS isoforms to ethylene biosynthesis in response to biotic stress.

The expression patterns of PcACOI and PcACO2 are notably similar, and following G. clavigera
inoculation, we observed a significant increase in both PcACOI and PcACQO?2 transcripts
abundance relative to unwounded controls and mocks. This is in line with the model suggesting
that G. clavigera, as a necrotrophic fungal pathogen, can induce ethylene (ET) synthesis,
supporting findings by Fortier et al. (2024). However, it is after MPB attack that we see a
significant rise in PcACO1 and PcACO?2 levels relative to the unwounded control, but only at a
later time point in both phloem and xylem tissues. This delayed response might indicate the
plant’s initial reaction to MPB-vectored G. clavigera, as the significant changes were only
detected later in the attack phase, suggesting that G. clavigera colonization might be enough to
prompt the plant's perception of the fungal pathogen at this point, as MPB transitions from the
mass-attack phase to the colonization phase. Alternatively, this could also reflect the JA-
mediated upregulation of ET that happens through the wounding effect of MPB. There is

evidence that the intrusion of bark by these pests prompts the release of jasmonates, which in
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turn activate the production of ACO and ET in specific plant tissues such as ray parenchyma,

cambium, and the epithelia of resin ducts (Hudgins & Franceschi 2004).

The other explanation of PcACOI and PcACO?2 increasing after MPB attack is a secondary
response stemming from the wounding caused by MPB. Across most wounding treatments, we
consistently found significant increases in gene expression. It is well-documented that wounding
triggers the formation of traumatic resin ducts, a process involving ethylene signaling (Heyman
et al. 2018). Given that wounding also elevates JA levels, it is plausible to surmise that JA might
play a role in amplifying ET gene expression, forming a complex interplay between these two
phytohormones in the plant defense response (Biirger & Chory 2019; Erb & Reymond 2019). ET
has also been recently implicated in plant repair responses (Heyman et al. 2018). These transcript
profiling experiments reveal an additional layer of complexity in the roles for ET in host

responses to MPB attack that require additional experiments to resolve.
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Chapter 5: Conclusion

My thesis project seeks to investigate the expression of genes linked to the biosynthesis and
signaling of JA and ethylene ET in lodgepole pine, using qRT-PCR to analyze samples from
trees either attacked by the MPB or infected with G. clavigera. This research provides insight
into whether G. clavigera contributes to MPB's ability to breach the tree's defenses. By selecting
key genes based on previous transcriptome analyses by the Cooke Lab, I focused on JA
biosynthesis genes PcLOX and PcAOS, the JA signaling gene PcJAZ, and ET biosynthesis genes

PcACO and PcACS.

The study has found that JA biosynthesis gene PcLOX is upregulated in trees attacked by MPB,
inoculated with G. clavigera, and even in mock-treated trees, corroborating the idea that the JA
pathway is activated in response to herbivorous insects, fungal pathogens, and physical damage.
This gene expression pattern reflects the same pattern as the hormone steady state levels (Table
5.1). JA signaling gene PcJAZ is upregulated only during MPB attack, mirroring the hormone
levels. However, its expression does not increase following G. clavigera inoculation,

distinguishing it from the hormone response (Table 5.1).

Meanwhile, ET biosynthesis genes, PcACO1 and PcACO2, showed significant upregulation
following G. clavigera inoculation, reflecting in the elevated levels of the ET precursor ACC in
these trees (Table 5.1). This upregulation was also noted in trees at later time point following the
MPB attack (Table 5.1). The timing of ET gene expression suggests that the perception of fungal

pathogens occurs as the tree transitions from mass attack to colonization, although it does not
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immediately result in higher ACC levels. Alternatively, this increased ET gene expression may
relate to the production of traumatic resin ducts or be part of the plant's repair processes. The
complexity of ET's roles in the host response to MPB attack, demonstrated by these gene
expression profiles, underscores the need for further experimental work to fully elucidate these

defense mechanisms.

JA & ET biosynthesis gene PcAOS and PcACS do not show significant upregulations in their
expression (Table 5.1). Identifying the other members of their gene families, or increasing the
cDNA template concentration of PcACS, might unlock insights into their specific contributions

to ethylene biosynthesis in response to biotic stress.

Table 5.1: Summary of target gene upregulation in response to G. clavigera and mountain
pine beetle attack (MPB) relative to unwounded control. Black triangles indicate upregulation
reflecting the same patterns as the hormone results. Red triangles indicate the different patterns

from hormone results.

Phloem Xylem
Gene G. clavigera MPB G. clavigera MPB
7dpi | 14dpi | 1dpw | 7dpw | 7dpi | 14dpi | 1dpw | 7dpw
JA Biosynthesis | PcLOX | A A A A A
JA Biosynthesis | PcA0S
JA Signaling | PcJAZ A A
PcACOI| A A A A A A
ET Biosynthesis
PcACO2| A A A A A A
ET Biosynthesis| PcACS
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These findings can complement an ongoing transcriptome analysis of lodgepole pine responses
to MPB attack versus G. clavigera inoculation using RNA-Seq, additionally, members of our lab
are expanding our investigation to encompass more genes from the PcJA4Z families. My research
has revealed that the expression of certain JA and ET biosynthesis genes is triggered in response
to MPB attack and inoculation with the fungus G. clavigera. However, the precise impact of G.

clavigera on the tree's defense strategy against MPB attack is not yet fully clarified.

Some mature trees survive these MPB outbreaks, suggesting a natural selection process favoring
beetle-resistant trees (Six et al. 2018, Cooke lab unpublished research). To further explain this
aspect, our future research will compare the transcriptomic responses of MPB-resistant and
susceptible lodgepole pine seedlings to G. clavigera inoculation. By doing so, we aim to decode
the genetic underpinnings of tree survival and susceptibility. This investigation contributes to
uncovering mechanisms that enable certain trees to withstand or succumb to MPB attacks,
thereby advancing our comprehension of bark beetle-fungal interactions and plant defense

mechanisms.
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Table 1. Summary of analysis of deviance of generalized linear mixed models fit to phloem
JA & ET biosynthesis and JA signaling qRT-PCR expression data. Asterisks (*) indicate
interactions between factors. All genes were fit to the following formula: transcript abundance ~

time point * treatment, family = Gamma (link = log).

G. clavigera inoculation MPB attack

it ¥ p it p
PcLipoxygenase (PcLOX)
Treatment 2 1491 578 x 107 2 1332 1.28 x 107
Timepoint 1 1.03 3.09 x 10 1 12.77 3.53x107"
Treatment * Timepoint 2 5.51 6.36 x 1072 2 12.34 2.09 x 107
PcAllene Oxide Synthase (PcAOS)
Treatment 2 4.25 1.20 x 10" 2 3.37 1.86 x 10
Timepoint 1 0.55 4.58 x 107" 1 0.02 8.92x 10"
Treatment * Timepoint 2 0.04 9.80 x 10" 2 1.97 3.74x 107"
PcJasmonate-Zim Domain Protein (PcJAZ)
Treatment 2 1.41 4.95x 107" 2 599 5.01x107
Timepoint 1 0.37 5.42x 10" 1 3.56 591x107
Treatment * Timepoint 2 2.35 3.10x 10" 2 10.7 4.74 107
Pcl-Aminocyclopropane-1-Carboxylic Acid synthase (PcACS)
Treatment 2 4247 599x10" 2 044 8.02x 10
Timepoint 1 1.73 1.88x 107" 1 3.06 8.02x 1072
Treatment * Timepoint 2 3.31 1.91 x 107" 2 17.09 1.94 x107*
Pcl-Aminocyclopropane-1-Carboxylic Acid Oxidases 1 (PcACO1)
Treatment 2 11922 1.29 x 107*° 2 14.34 7.69 x 107
Timepoint 1 0.69 4.07 x 107" 1 295 8.59 x 107
Treatment * Timepoint 2 3.51 1.73 x 107! 2 2995 3.14 x 107’
Pcl-Aminocyclopropane-1-Carboxylic Acid Oxidases 2 (PcACO2)
Treatment 2 69.27 9.06 x 107" 2 475 9.29 x 107
Timepoint 1 19.76 8.78 x 107° 1 0.15 6.97 x 10"
Treatment * Timepoint 2 0.13 9.36 x 107" 2 7.39 2.49 x 1072
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Table 2. Summary of analysis of deviance of generalized linear mixed models fit to xylem
JA & ET biosynthesis and JA signaling qRT-PCR expression data. Asterisks (*) indicate
interactions between factors. All genes were fit to the following formula: transcript abundance ~

time point * treatment, family = Gamma (link = log).

G. clavigera inoculation MPB attack

it ¥ p it ¥ p
PcLipoxygenase (PcLOX)
Treatment 2 243 528 %107 2 21.08 2.65x107°
Timepoint 1 1.13 2.87x 10 1 21.36 3.80 x10°°
Treatment * Timepoint 2 2.73 2.55% 10" 2 1524 491 x10™*
PcAllene Oxide Synthase (PcAOS)
Treatment 2 0.95 6.23 x 10" 2 1.02 5.99 x 10
Timepoint 1 3.02 8.20x 107 1 0.32 5.74 x 10"
Treatment * Timepoint 2 0.05 9.77 x 10" 2 285 2.40x 10"
PcJasmonate-Zim Domain Protein (PcJAZ)
Treatment 2 7.65 2.18 x 107 2 2238 1.12x107°
Timepoint 1 2.08 1.50 x 107" 1 0.51 4.74 x 107"
Treatment * Timepoint 2 1.79 4.09 x 107! 2 2417 5.63x10°°
Pcl-Aminocyclopropane-1-Carboxylic Acid synthase (PcACS)
Treatment 2 302 2.77 x 107 2 6345 1.67 x 107"
Timepoint 1 0.85 3.57x 107" 1 43.04 537x107"
Treatment * Timepoint 2 5.81 547 %107 2 19.67 535x107
Pcl-Aminocyclopropane-1-Carboxylic Acid Oxidases 1 (PcACO1)
Treatment 2 158.12 4.62 x 107 2 2554 2.85x10°
Timepoint 1 441 3.57x107 1 6.03 1.41 x 107
Treatment * Timepoint 2  17.26 1.79 x 107 2 7412 8.02 x 107"
Pcl-Aminocyclopropane-1-Carboxylic Acid Oxidases 2 (PcACO2)
Treatment 2 6476 8.67 107" 2 3716 8.54 x 10
Timepoint 1 23.74 1.11 x 107 1 0.2 6.57 x 10"
Treatment * Timepoint 2 2.25 3.24x 107" 2 1642 2.72 x107*
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Table 3. Summary of analysis of deviance of generalized linear mixed models fit to phloem
reference gene qRT-PCR expression data. Asterisks (*) indicate interactions between factors.
All genes were fit to the following formula: transcript abundance ~ time point * treatment,
family = Gamma (link = log). The arithmetic mean of PcUBAI and PcVHA-A exhibits a
significant difference across various treatments and timepoints (p = 0), leading to the decision
against using a single reference gene or a combination of two reference genes; instead, the

arithmetic mean of PcUBCI1, PcVHA-A, and PcUBA1 was employed for data normalization.

G. clavigera inoculation MPB attack

df x> D df x p
PcUbiquitin-activating engyme 1 (PcUBAI)
Treatment 2 0 9.98 x 107! 2 0.41 8.15x 10"
Timepoint 1 039 533x 107" 1 0.26 6.11 x 107!
Treatment * Timepoint 2 1.12 5.73x 10" 2 0.46 7.93x 10
PcUbiquitin-conjugating enzyme 11 (PcUBC11)
Treatment 2 053 7.67 x 107! 2 0.26 8.77 x 10"
Timepoint 1 063 429 x 10! 1 0.15 7.03x 107!
Treatment * Timepoint 2  1.33 5.14x 10" 2 1.89 3.89 x 10"
PcVacuolar ATP synthase subunit A (PcVHA-A)
Treatment 2 0.08 9.60 x 107" 2 0.47 7.92x 10"
Timepoint 1 0.16 6.91 x 107" 1 0.02 8.86 x 10"
Treatment * Timepoint 2  1.21 5.47x 10" 2 1.8 4.07 x 107!
Arithmetic Mean of PcUBAI and PcVHA-A
Treatment 2 005 9.75x 107! 2 983349 0
Timepoint 1 022 6.36 x 107! 1 2,723.18
Treatment * Timepoint 2 1.06 5.89 x 107! 2 16,673.05
Arithmetic Mean of PcUBAI and PcUBC11
Treatment 2 031 8.57x 10" 2 0.26 8.80 x 10"
Timepoint 1 0.58 447 x 107" 1 0.02 8.82x 10"
Treatment * Timepoint 2  1.31 520x 10" 2 1.45 4.84x 107"
Arithmetic Mean of PcUBC11 and PcVHA-A
Treatment 2 0.11 9.44 x 107! 2 0.34 8.44x 10"
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Timepoint 1 04 527x10" 1 0.08 7.80 x 107
Treatment * Timepoint 2 1.31 5.20x 10" 2 1.73 421 x10"
Geometric Mean of PcUBAI and PcVHA-A

Treatment 2 0.03 9.85x 107" 2 8,478.96

Timepoint 1 0.27 6.03 x 10" 1 2,139.15

Treatment * Timepoint 2 1.02 5.99 x 10 2 15,135.55

Geometric Mean of PcUBAI and PcUBC11

Treatment 2 0.1 9.53x 10" 2 0.29 8.65x 10"
Timepoint 1 049 4.85x 107" 1 0.01 9.07 x 10"
Treatment * Timepoint 2 1.2 5.48 x 10" 2 0.97 6.16 x 10
Geometric Mean of PcUBC11 and PcVHA-A

Treatment 2 0.05 9.76 x 10" 2 0.35 8.38x 10"
Timepoint 1 034 5.61x10" 1 0.08 7.82x 10
Treatment * Timepoint 2 1.34 5.12x 10" 2 1.8 4.06 x 107"
Arithmetic Mean of PcUBC11, PcVHA-A, and PcUBAI

Treatment 2 0.08 9.61 x 10" 2 0.33 8.48 x 107"
Timepoint 1 0.4 525x 10" 1 0.02 8.86 x 107"
Treatment * Timepoint 2  1.26 5.33x 10" 2 1.5 472 x 107!
Geometric Mean of PcUBCI11, PcVHA-A, and PcUBA1

Treatment 2 0.01 9.93 x 107" 2 0.36 8.35x 10"
Timepoint 1 036 5.49 x 107! 1 0 9.99 x 10!
Treatment * Timepoint 2  1.16 5.59x 107! 2 1.27 5.30x 10"
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Table 4. Summary of analysis of deviance of generalized linear mixed models fit to xylem
reference gene qRT-PCR expression data. Asterisks (*) indicate interactions between factors.
All genes were fit to the following formula: transcript abundance ~ time point * treatment,

family = Gamma (link = log).

G. clavigera inoculation MPB attack

if p dif p
PcUbiquitin-activating enzyme 1 (PcUBAI)
Treatment 2 3.16 2.06 x 10 2 1.69 4.29 x 107"
Timepoint 1 13.06 3.01 x10™* 1 0.06 8.11x 10"
Treatment * Timepoint 2 2.09 3.52x 10 2 021 9.01 x 10
PcUbiquitin-conjugating enzyme 11 (PcUBCI11)
Treatment 2 325 1.97 x 10" 2 1.08 5.81x 10"
Timepoint 1 10.54 1.17x107° 1 0.01 9.23x 10"
Treatment * Timepoint 2  4.22 1.21 x 10 2 0.34 8.44 x 107"
PcVacuolar ATP synthase subunit A (PcVHA-A)
Treatment 2 3.02 221 %107 2 175 4.16x 107"
Timepoint 1 12.42 4.25x107* 1 0.18 6.70 x 107"
Treatment * Timepoint 2 291 2.33x 10" 2022 8.94 x 107"
Arithmetic Mean of PcUBAI and PcVHA-A
Treatment 2 3.08 2.15% 107! 2 175 4.17 % 10"
Timepoint 1 12.57 3.92x107* 1 0.13 7.14 x 10"
Treatment * Timepoint 2  2.66 2.64x 10" 2 021 8.99 x 107!
Arithmetic Mean of PcUBAI and PcUBCI1
Treatment 2 231 3.15% 107" 2 123 540 x 107"
Timepoint 1 12.31 4.50 x 107 1 0.02 8.97 x 10"
Treatment * Timepoint 2 3.24 1.98 x 107 2032 8.53x 10"
Arithmetic Mean of PcUBC11 and PcVHA-A
Treatment 2 247 2.90 x 107 2 132 5.16 x 107"
Timepoint 1 12.22 4.72 x10™* 1 0.06 8.14 x 10"
Treatment * Timepoint 2 3.28 1.94 % 107 2029 8.64 x 107"
Geometric Mean of PcUBAI and PcVHA-A
Treatment 2 3.12 2.10x 107" 2 174 419 x 107!
Timepoint 1 12.72 3.61 x10™* 1 0.11 7.44 x 107
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Treatment * Timepoint 2  2.48 2.90 x 107" 0.21 8.98 x 107"
Geometric Mean of PcUBAI and PcUBC11

Treatment 2 266 2.64x 107" 1.42 4.92 x 107"
Timepoint 1 12.68 3.70 x 107" 0.03 8.73 x 10
Treatment * Timepoint 2 2.75 2.53x 10 0.26 8.76 x 10
Geometric Mean of PcUBC11 and PcVHA-A

Treatment 2 257 2.76 x 107! 1.42 4.91 %10
Timepoint 1 12.33 4.46 x 107 0.07 7.86 % 10
Treatment * Timepoint 2 3.23 1.99 x 10 0.24 8.85x 10
Arithmetic Mean of PcUBC11, PcVHA-A, and PcUBAI

Treatment 2 257 2.77 x 10" 1.39 4.99 x 107"
Timepoint 1 12.28 4.58 x107* 0.06 8.14x 10
Treatment * Timepoint 2 3.12 2.10x 10 0.28 8.69 x 10
Geometric Mean of PcUBC11, PcVHA-A, and PcUBA1

Treatment 2 2.8 2.47 %10 1.53 4.64 x 107"
Timepoint 1 12.57 3.92x107* 0.06 8.01 x 10
Treatment * Timepoint 2  2.81 2.46x 10" 0.24 8.89 x 107!
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