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ABSTRACT

EFFECTS OF DROUGHT STRESS ON EARLY WHITE PINE
BLISTER RUST DEVELOPMENT IN LIMBER PINE

Climate change and forest pathogens are expected to interact as incidences of drought
increase and affect the disease triangle between hosts, pathogens, and the environment.
Trees will become physiologically affected by drought stress and primary pathogens such as
fungal biotrophs will experience drought stress as mediated through the host. White pine
blister rust, caused by the non-native pathogen Cronartium ribicola, is a devastating fungal
pathogen, and little is known about how it will perform (measured by fungal growth or

disease severity) within pine hosts experiencing unusual drought.

This study aimed to address some of the unknown aspects of this interaction by
performing a greenhouse drought x pathogen experiment with Pinus flexilis seedlings,
measuring host physiology, quantifying specific aspects of pathogen performance, and
looking for interactive effects. Watering treatments consisting of well-watered, mild chronic
drought, or severe acute drought were applied to 432 seedlings; after 3 months, a subset of
198 seedlings were inoculated with C. ribicola basidiospores under ideal inoculation
conditions, after which watering treatments continued for a further 9 months. Specific rust
performance measurements included mycelial growth via relative rust DNA quantification

and ratings of disease severity by watering treatment.

The effect of watering treatments on seedlings was characterized by water potential

and chlorophyll fluorescence techniques at 10 intervals throughout the experiment. Needles
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were sampled and DNA was extracted just after inoculation and just prior to the onset of
visual symptoms; C. ribicola was detected within 81% of inoculated seedlings, with no effect
of watering treatment (p = 0.1999). Within 9 months of inoculation, white pine blister rust
disease symptoms developed on 25% of P. flexilis seedlings, with no effect of watering
treatment. Using real-time qPCR, C. ribicola DNA was quantified and standardized against P.
flexilis DNA at 14 days post-inoculation and 116 days post-inoculation, and no effect of
watering treatment on relative DNA amount was observed (p = 0.3936, p = 0.9347,
respectively). Within this early disease period, it was observed that inoculated seedlings
were likely to have significantly lower water potential and lower chlorophyll fluorescence (p

=0.0417, p = 0.0377, respectively), even without developing visual symptoms.

The goal of this study was to identify how white pine blister rust would respond to
host drought within the early infection period. The drought treatments within this
experiment did not differentiate rust performance as measured by DNA techniques or visual
inspection, but we were able to detect C. ribicola infection and colonization much sooner
than if relying on visual white pine blister rust symptoms alone. Quantifying standardized
rust DNA is an effective tool to measure early white pine blister rust development in pine

hosts.
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[. NON-NATIVE OBLIGATE BIOTROPH FUNGAL PATHOGEN AND PINE HOST STRESS

1. Background

General effects of climate change will result in increased incidences of drought in the
western United States (van Mantgem, 2009). Changes to seasonal weather cycles that divert
precipitation will lead to chronic drought or varied drought, and the type of drought will play
arole in how plant pathosystems respond. Regions that experience a continual water deficit
throughout the growing season would be described as that experience chronic drought,
while regions that experience varied drought will be challenged with fluctuations in the
timing and severity of water deficits (IPCC, 2001). Regardless of the type, drought will act

on all biotic agents within a system, including both plant pathogens and the plant host.

Within a pathosystem, droughted environments can affect both the pathogen and
cause host stress, thereby distorting the relationship described as the disease triangle
(McNew, 1960; used in Agrios, 2005, La Porta et al., 2008). The disease triangle describes
the relationship between a host, pathogen, and the environment, and certain abiotic factors
in the environment or when factors for the host can tip the balance in favor of the pathogen
which results in disease (Hennon et al., 2020). Under drought, hosts endure stress that limits
their performance and fitness, while also inhibiting their ability to produce defenses against
pathogens. In general, water-stressed hosts have less carbon to allocate towards defensive
molecules, as discussed by Chaves et al. (2002), compromising their ability to fight off pests
and pathogens. However, not all pathosystems will respond in the same manner, particularly

for pathogens whose success is dependent on the vitality of the host. Rust pathogens, for



example, are entirely dependent on the health of their plant host for nutrients and
reproduction (Staples, 2000). Whether future climate scenarios in western forests will favor
the pathogen or the host is not yet clear for many of these pathosystems, including the

disease white pine blister rust.

White pine blister rust (WPBR) is the disease caused by the invasive fungal pathogen
Cronartium ribicola, which can kill North American five-needle pines. The rust fungus C.
ribicola alternates between two different host plants (heteroecious) while advancing
through five different life stages (macrocyclic). The complex life cycle starts when an
infected primary pine host produces aeciospores in spring that infect the leaves of the
alternate host, Ribes spp. Throughout the growing season, the infected Ribes spp. produces
orange uredinia which produce urediniospores that infect nearby alternate host leaf tissues,
like neighboring Ribes, other leaves on the same plant, or even other parts of the same leaf
(Lachmund, 1933). This reinfection stage on the alternate host continues throughout the
summer, until environmental cues in the late summer—early fall trigger the formation of
telia from the existing uredinia. Telia are brownish, fine, finger-like extensions that are a
transitional stage, producing large teliospores, which produce basidiospores. Dispersed
basidiospores infect the needles of five needled pines, if environmental conditions are
appropriate for germination (Van Arsdel et al., 1956). Environmental cues are important for
the advancement of the rust life stages on the alternate host, and environmental limits drive

the success of primary host infection.

After needle penetration through the stomata (Lachmund, 1933), C. ribicola interacts

with the pine, secreting effector molecules which recognize the suitability of the host (Liu et



al, 2015). Within the needle, the rust produces haustoria (Robb et al,, 1974) and begins
absorbing non-structural carbohydrates from the host, allowing for mycelial growth. Over
several years the rust grows from the needle entry point towards the base of the needle,
growing through extra-cellular spaces (see Hudgins et al., 2005), towards the bole of the tree.
During the first fall 6-8 months after initial infection, pycnia can form, exuding haploid
spermatia secretion that can fuse with other spermatia. After a few years of growth, the
fertilized spermatia of C. ribicola in the stem can produce aecia and subsequently
aeciospores, capable of infecting Ribes spp. During infection, the rust diverts resources from
the tree, causes vascular occlusion, and produces wounds (cankers, blisters) (Hunt et al,,
2007). If mycelial growth reaches the bole, it can girdle the tree and cause top-kill, which
can take 10 years or more in mature trees but can Kkill seedlings in less than 2 to 3 years.
After a pine is infected, the ability to produce cones in the upper crown is impacted due to
top-kill from the rust, and infected pines can spread aeciospores until death (Geils et al
2010). Produced aeciospores infect the alternate hosts, which can infect other hosts or
reinfect the initial primary host, multiplying the pathogen spread. High humidity is required
for C. ribicola spore formation and infection of the pine host, and successful reinfection
events that occur alongside appropriate weather patterns can create wave years, where high
incidence of WPBR is found when meteorological conditions and available hosts align.
However, after successful pine infection, C. ribicola only experiences the environment as
mediated through the host, suggesting that environmentally induced physiological changes

to the pine host will play an outsized role in determining the fate of the pathogen.

Pines have morphological and physiological responses to drought that can affect their

development and survival. Typically, pines will divert resources towards root elongation to
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aid in water acquisition, and this drought response is usually measured via the root-to-shoot
ratio (Aaltonen et al.,, 2017; Pearson et al., 2013). Physiologically, constant water potential
is maintained during drought by partial closure of stomata, lowering the water demand. If
water demand is great enough, these gymnosperms can close stomata completely,
preventing hydraulic failure (Klein et al., 2011). Partially closed stomata limit the input of
carbon dioxide, and intercellular carbon dioxide concentration can be rate-inhibiting for
photosynthesis (Gao et al., 2002). Water stress leads to the reduction of carbon compounds
which are in high demand (Kozlowski, 1992), and tree maintenance of hydraulic integrity is
prioritized over tree growth or synthesizing carbon-based tree defenses (Madmony et al,,
2018). The de-prioritization of defense compound production can leave pines vulnerable to
pathogen attack. Letts et al. (2009) documented how limber pine (Pinus flexilis) in the Rocky
Mountains reduced photosynthetic activity in response to arid conditions and that the
needles were well-suited to withstand long drought events. Reinhardt et al. (2015) noted
that the conservative water-use strategy of P. flexilis enabled needles to continue selectively
photosynthesizing long into drought, until mortality caused by hydraulic failure once soil
moisture content dropped below a critical threshold. Millar et al. (2007) found that high-
elevation limber pine in Sierra Nevada, California expressed high variability in year-to-year
growth during periods of sustained drought and elevated temperature. They observed that
drought-weakened P. flexilis were more likely to suffer mortality from a subsequent
mountain pine beetle (Dendroctonus ponderosae Hopkins) attack but highlighted that the
limber pine which survived were hardened against drought, as they observed no mortality

in the stand after a later severe drought (Millar et al., 2007).



There are many ways that drought can affect fungal infection, largely depending on
the relationship the pathogen has with the plant host and if the host is under additional
duress (Desprez-Loustau et al., 2006; Hennon et al., 2020). Necrotrophs, fungal pathogens
that parasitize dead or dying cells, are typically more successful on a droughted host, and a
more severe drought increases access to dying cells (Taylor & Deacon, 1997). In contrast,
biotrophs parasitize living cells for carbon and nutrients (Glazebrook, 2005); host stress
such as drought may lead to pathogen starvation. Trees have strategies to respond to
parasitism, including bolstering resources and defenses near the infection site to fight
infection (endurance strategy), and attempting to starve the infection area by moving
resources away (evasion strategy)(Seifi et al., 2013). However, water stress can interfere
with both strategies, as droughted trees have less resources for defenses and hydraulic
stress could limit the ability to mobilize nutrients away from infection. Drought-induced
defense reductions are likely to increase the susceptibility of trees to certain fungal
infections, but the interaction is complicated because drought can also reduce the suitability
of the host (Kolb et al.,, 2016, Jectel et al., 2012). As rusts are obligate biotrophs, they are
particularly linked to the host—they only grow on suitable hosts, some stages cannot
reinfect the same host, and advancing to the next reproductive stage often only occurs under
appropriate environmental conditions. These qualities make rusts an effective pathogen in
which to study host stress interactions, as each rust-host pathosystem is self-contained at

certain stages and limited in the ways it can respond to changing host physiology.

While these ideas have been explored with native pathogens and native hosts, it’s not
clear if non-native pathogens will benefit from host stress in the same manner, as non-native

pathogens often succeed due to novel or specialized strategies no matter the condition of the



host (Rausher, 2001). Some non-native pathogens evade host defenses (Hudgins et al,,
2005), making stress-induced host defense reductions less relevant. However, host plant
stress affects resource availability not only for maintaining osmotic potential (Meier et al.,
1992) and defense but also affects carbon availability for biotrophic parasitic pathogens, as
illustrated by Oliva et al. (2014). A stressed plant with less supply of carbon compounds will
also place a constraint on the capacity of the pathogen to reach its growth potential,

especially if the compounded stresses lead to carbon starvation (Oliva et al., 2014).

The threat of WPBR is great in high elevation five-needle white pines in western
forests (Tomback & Achuff, 2010), and it may be as devastating in the southern Rocky
Mountains as it has been throughout North America (Geils, Hummer, & Hunt, 2010). White
pine blister rust requires elevated humidity to advance through life stages (Van Arsdel,
1956), but little is known about how drought will affect disease development. Pinus flexilis
has mechanisms for dealing with extreme conditions, particularly drought (Letts et al., 2009;
Millar et al., 2007), and is attributed as having high phenotypic plasticity, expressing
different phenotypes and competitiveness in response to environmental stress (Reinhardt
et al,, 2011; Schuster et al., 1995). Many aspects of the white pine blister rust system have
not yet been studied experimentally, including what factors impact the success of this
pathogen and how anticipated environmental changes will affect the impact of this

ecologically important disease.

White pine blister rust is an important non-native plant pathogen that threatens five-
needle pines, and there are aspects of C. ribicola biology that remain unknown. Susceptible

pine hosts are expected to experience drought as climate change intensifies, altering the



disease triangle in this WPBR pathosystem. The full extent of this changed relationship is
not yet clear, but there are several factors that are expected to play an important role in
understanding the potential outcome, including the duration and intensity of drought. It is
clear that white pine blister rust depends on high humidity to spread and infect new hosts
(Van Arsdel et al., 1956), but it is not clear how subsequent drought will affect colonization.
The consequences of host drought could lead to rust starvation, or the combined water stress
and pathogen burden could accelerate decline and hasten tree mortality. As of yet, the effect
of pine drought on WPBR colonization has not been studied. Ahead is a greenhouse drought
experiment that aims to identify the effects of water stress on Cronartium ribicola within

Pinus flexilis.
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II. HOST DROUGHT DOES NOT EFFECT INFECTION OR EARLY COLONIZATION OF
CRONARTIUM RIBICOLA IN LIMBER PINE AND EARLY COLONIZATION HAS A

PHYSIOLOGICAL COST

1. Introduction

Non-native pathogens pose an ongoing threat to forest ecosystems and the variability
associated with climate change has implications for invasion, infection, and colonization
(IPCC,2007; La Porta et al.,, 2008; Sturrock et al.,, 2011). On an epidemiological scale, changes
in precipitation will open up invasion pathways that enable pathogens to establish and
threaten new communities (Dudney et al., 2021). On a community scale, humidity-
dependent infection processes will be affected by changes in meteorological conditions, with
drought benefitting some pathogens and disadvantaging others (Helfer, 2014; Tomback et
al, 2016). Physiologically, drought experienced by the host is likely to influence the
colonization of pathogens, but most of what is known relates to native pathogens (Kolb et al,,
2016). The expected climate change-induced drought in western US forests will alter key
ecosystems and the performance of species like limber pine (Pinus flexilis James) which are
important ecosystem pioneers (Brodersen et al., 2019; Moyes et al., 2013; Reinhardt et al,,
2011). We have yet to fully understand how climate change and associated drought in

western forests will change interactions between non-native pathogens and native hosts.

Generally, it is predicted that climate change in the western US will lead to increasing
drought and increasing temperatures which will accelerate evapotranspiration (Dudney et
al, 2021; Hennon et al., 2020; IPCC, 2007), with some regions chronically receiving less
precipitation. The result of changes in precipitation will depend on interactions with terrain,

12



especially high-elevation mountains, where changes in precipitation and snowpack can vary
with geographic variation and change which streams and valleys receive snowmelt. The
precipitation sources for established mountainous communities may be redirected, altering
watershed hydrodynamics temporally and spatially (Marston & Anderson, 1991). These
effects include introducing drought to areas that do not regularly experience it and altering
the severity or duration in areas the experience regular drought (Williams et al., 2007). Areas
that continue to receive snowfall, but less of it, would experience chronic drought. Other
areas may face acute drought, where concentrated snowfall occurs in short periods but in
between precipitation events, severe drought occurs, creating wet and dry intervals. Loss of
snowpack in the winter may lead to bare soil exposure, erosion, and runoff in the spring,
exacerbating the volatility of rain events (Farnes, 1990). A vital component of community
survival in new drought regimes will depend on, among other things, physiological plasticity
of plants to withstand different types of drought, whether it be chronic or acute (Garland &
Kelly, 2006), and limber pine is an important mountain species that will continue to

experience drought.

Pinus flexilis is a native keystone species of high-elevation ecosystems in the mountain
west and plays an outsized role in supporting and maintaining subalpine ecosystems
(Schoettle & Rochelle, 2000). Individuals are able to germinate and grow in dry, rocky
slopes, stabilizing soil against erosion and acting as nurse plants for successional tree species
which develop into communities which offer ecological services (Baumeister & Callaway,
2006; Donnegan & Rebertus, 1999; Rebertus et al,, 1991). Limber pine can tolerate harsh
environments and offers environmental protection for flora and food and shelter for fauna

(McCutchen, 1996; Schoettle & Negron, 2001), particularly its seed-dispersal agent, Clark’s
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Nutcracker (Nucifraga columbiana Wilson) (Tomback & Linhart, 1990). Though limber pine
can be found within a wide range of elevations and habitats (Webster & Johnson, 2000), it is
most competitive in extreme environments where individuals can live to be hundreds of
years old (Schuster et al.,, 1995). The long-lived tree has drought avoidance strategies and
physiological plasticity to help it succeed in xeric environments (Letts et al., 2009; Borgman
et al, 2015). Limber pine is facing increasing challenges from climate change (McDowell et
al,, 2016), white pine blister rust (Schoettle, 2004; Schoettle et al., 2014; Smith, et al., 2013),
and pests like mountain pine beetle (Dendroctonus ponderosae Hopkins) (Cleaver et al.,
2015; Langor, 1989). It has been established that limber pine is susceptible to white pine
blister rust (Hoff & Mcdonald, 1993; Jacobi et al., 2018; Schoettle et al., 2014) and the disease
has been detected in Colorado (Johnson & Jacobi, 2000; Kearns & Jacobi, 2007) and it is
contributing to tree mortality. White pine blister rust infections are expected to increase in
limber pine (Kearns et al., 2014; Krist et al.,, 2015), but it is uncertain if a depression in
physiological processes in limber pine caused by stress will affect rust performance after

infection.

Cronartium ribicola, the non-native rust fungus that causes the lethal white pine
blister rust (WPBR) disease in five-needle pines, has already spread through many forests in
North America and threatens the Great Basin (Tomback & Achuff, 2010). The success of C.
ribicola has been attributed to the lack of co-evolution, and many native North American
five-needle pines have been killed by the non-native rust (Geils et al.,, 2010; Rausher, 2001).
Annually, C. ribicola reproduces via asexual urediniospores which are produced on the telial
host (e.g., various Ribes spp.) throughout the growing season. During late summer/early fall,

teliospores on Ribes spp. give rise to basidiospores which spread to infect needles of five-
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needle pine aecial hosts (e.g., Pinus flexilis)(Van Arsdel et al, 1956). After infections of
needles, rust haustoria feed on compounds produced by the pine host (Robb et al., 1975;
Voegele et al,, 2001). The life cycle of C. ribicola is complex, requiring access to two hosts
and high humidity conditions for spore production, dispersal, and infection, implicating
moisture as an important factor for infection in this pathosystem (Van Arsdel et al., 1956).
However, once a droughted host is infected, the performance of C. ribicola within is uncertain

when compared with a well-watered host.

As a fungal biotroph, C. ribicola depends entirely on its living plant hosts to grow,
which raises questions about the role of host health in disease progression (Mendgen &
Hahn, 2002). The effects of drought on pine physiology are well-documented (Borgman et
al., 2015; Bucholz et al,, 2020; Letts et al., 2009; Meinzer et al., 2014; Millar et al., 2007). A
droughted pine fixes less carbon overall, both for structural and non-structural
carbohydrates and for carbon-based defensive compounds (McDowell et al., 2008). Native
pathogens can often proliferate further within a stressed host that has reduced defenses
(Kolb et al., 2016). Many native filamentous fungal pathogens are in an evolutionary arms
race with their host and host defenses (Holub, 2006), but as a non-native pathogen, C. ribicola
has only a limited relationship with specialized host defenses (Liu & Ekramoddoullah, 2004).
The growth of C. ribicola would not be impeded nor aided by variations in defenses,
suggesting that the changes in available carbohydrates as a food source plays a more
important relative role in C. ribicola colonization during drought (Hudgins et al., 2005). As
an obligate parasite, C. ribicola is limited in how it can be cultured in medium; therefore,

analysis of white pine blister rust performance needs to be performed in situ.

15



Our objectives were to ascertain if stresses caused by drought and by C. ribicola
infection would interact physiologically within P. flexilis. In this greenhouse study we
imposed two types of drought stress on P. flexilis seedlings throughout the study, inoculated
seedlings with C. ribicola, consistently monitored physiological properties of the seedlings
and measured C. ribicola proliferation in the seedlings by quantifying C. ribicola DNA within
the host during the early stages of colonization before the onset of signs and symptoms.
Specifically, we asked if chronic or acute drought stress affects the colonization and disease
progression of C. ribicola within P. flexilis seedlings. We hypothesized that the host
physiological stress resulting from drought would reduce both colonization of C. ribicola and
WPBR disease progression, and the type of drought stress would affect these parameters

differently.

2. Methods

2.1. Experimental design

Two-year old limber pine seedlings were obtained from Colorado State Forest Service
Nursery (Fort Collins, CO) and transplanted into 10x10x20 cm pots (Stuewe & Sons, Inc.,
Tangent Oregon, Oregon, USA). Soil for pine seedlings was composed by volume of 30%
sand, 60% Promix HP Soil + Biofungicide & Mycorrhizae (Premier Tech Horticulture,
Quakertown, PA, USA), and 10% forest soil obtained from a limber pine forest in southern
Wyoming. Seedlings were grown in a greenhouse with daily average temperatures ranging
from 20°C to 26°C and daily average relative humidity ranging from 41% to 74%. Prior to

initiation of experiment, 576 seedlings were acclimated to greenhouse conditions with
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weekly watering for three months. Initial height and stem diameter was recorded for each
seedling. Seedlings were fertilized every 6 months with Osmocote Plus extended-release

fertilizer (15% N, 9% P, 12% K) per manufacturer’s label.

Seedlings were assigned randomly to one of three blocks (3 technical replicates) and
arranged in groups on the greenhouse bench by block. The experiment began with initiation
of watering treatments on the first block of seedlings; the watering treatment began for the
second block 5 days later, and the watering treatment began for the third block of seedlings
9 days after the first block. All watering treatments and the inoculation treatment
(inoculated or not inoculated) occurred on the same relative day-of-experiment, but the
absolute day varied by block. Within each block, seedlings were assigned randomly to one
of two replicate groups. Within each replicate group seedlings (n = 432) were randomly

assigned to one of three watering treatments, and one of two inoculation treatments.

Cuttings of Ribes nigrum (~ 60 cm in length each) were rooted and grown in 2-gal
pots containing HP Pro Soil + Mycorrhizae in the greenhouse and watered weekly for 6
months until a full flush of foliage was present on over 50 potted. R. nigrum plants were
fertilized every three months with Osmocote Plus extended-release fertilizer (15% N, 9% P,
12% K). Potted plants were then transferred to three growth chambers (Conviron CMP6050,

Pembina, North Dakota) prior to inoculation with Cronartium ribicola.

Pathogen inoculum was obtained from wild sources of white pine blister rust

aeciospores in Colorado and Wyoming from limber pine during Summer of 2020.
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2.2. Watering treatments

Limber pine seedlings were randomly assigned to three watering treatments within
each of the two replicates within each block: well-watered, chronic drought, and acute
drought. Seedlings were weighed between 0600 - 0900 weekly. The relative soil water
deficit was the amount of water lost to evapotranspiration by weight as a proportion of the
field capacity weight, which was recorded at the end of each watering cycle. All watering
treatments were calculated from individual potted seedling field capacity weights and the
individual potted weight at the end of each watering cycle. The drought treatment assigned
to seedlings was imposed by weekly measurements of pot weight which were used in
calculations to determine amount of water to add each week. In addition to soil water deficit,
volumetric soil moisture content (5 - 10 cm deep; percent) was measured weekly on a subset
(n = 48) of all treatments with a soil probe (Hydrosense; Campbell Scientific, Logan, Utah,
USA). Even in the greenhouse, the water usage varied with season, and so we present
watering-related responses seasonally (see Figure 1). For the first months of the experiment
(days 0 - 94), seedlings were watered on a 14-day cycle. Well-watered seedlings (Treatment
1) were watered to field capacity weekly, chronic drought seedlings (Treatment 2) were
watered to 85% field capacity weekly, and acute drought seedlings (Treatment 3) were
watered to field capacity bi-weekly. In the winter months after inoculation (days 105 - 265),
an additional 7-day dry-down period was added to each treatment (21-day cycle) to
compensate for lower evapotranspiration. For the following summer months (day 266 -
365), the seedlings were returned to a 14-day watering cycle. During inoculation (days 95 -
104), all seedlings were watered to field capacity prior to entering the dew chamber,

regardless of watering treatment.
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Plant water potential measurements were used to quantify the physiological impact
of watering treatments on seedling physiology prior to inoculation. For each sampling event,
we randomly selected 36 seedlings from each of three watering treatments within each of
three blocks. A total of 108 out of 576 seedlings were evaluated at each pre-inoculation
sampling event. Measurements were made on current-year or one-year old fascicles
collected from the main apical stem prior to watering. Water potential evaluations from a
subsample of seedlings were performed biweekly before inoculation for a total of 5 sampling
events, and while the sampled individuals varied with each interval, the sampling size per
treatment per replicate per block remained the same (n = 3). Predawn water potentials
(Wpd) and midday water potentials (Wmd) of sampled seedlings were measured for fascicles
collected between 4:30am - 6:30am and between 11:30am - 1:00pm, respectively. Fascicles
were immediately sealed in an aluminum foil envelope and secured in a chilled cooler before
being transported and read within 2 hours. Each fascicle was cut at the base transversely
with a razor and water potential was measured with a pressure chamber (Model 600, PMS

Instrument Company, Corvallis, Oregon, USA).

Water treatments Inoculation with Water treatments
start —+ Cronartium ribicola | continue —
Water potentials Water potentials & chlorophyll fluorescence

LI l o l

(&)
Needle sampling for g°PCR  Signs & Symptoms assessments
\ | || |
Summer 2020 Winter 2020-2021 Summer 2021

Figure 1. Experimental timeline. Watering treatments occur over 52 weeks, with the inoculation
treatment occuring at week 15. Water potentials and chlorophyll fluorescence were measured at
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the weeks indicated prior to and after inoculation. Needle sampling and disease assessment
occurred at the weeks 16, 32 and 52, respectively.

2.3. Cronartium ribicola inoculation

2.3.1. Alternate host inoculation

White pine blister rust inoculum was reared on alternate host R. nigrum leaves in vivo
following an established protocol (Zambino, 2019, unpublished). Aeciospores from more
than 50 individual aecia were pooled and diluted in a Tween-20 (0.03% v/v) solution to a
concentration of 1x105 spores/mL. About 25 prominent, younger leaves per R. nigrum plant
(from n = 10 individual plants for each inoculation) were inoculated by misting
approximately 100 pl of spore solution on the abaxial sides of the leaves. Following misting
with a handheld sprayer, the individual potted R. nigrum plants were watered and covered
in a plastic bag to maintain elevated humidity. Plants were placed within a dark growth
chamber maintained at 60% RH with a daytime temperature of 17°C for 48 hours. In growth
chamber equipment without humidity control, humidity was raised by adding water trays

and wet towels to the growth chamber that were rewetted every 48 hours.

After 48 hours, the plastic bags were removed; on the third day, the daytime
temperature in the growth chamber was increased to 20°C, and the illumination was set to a
photoperiod of 16 h of 400 pumol m~2 s-1 light and 8 h dark. Inoculated plants were watered
every three days for about six weeks during the continued reinfection by uredinia. After six

weeks, the growth chamber daytime temperature was decreased to 15°C to promote the
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formation of telia and basidiospores required for primary host inoculation. After seven days

at a lower temperature, telia were visible throughout the infected areas on the leaf tissues.

2.3.2. Primary host inoculation

Inoculation of seedlings with C. ribicola occurred over three time-delayed inoculation
events according to block assignment. During each inoculation event, seedlings were
assigned to one of two inoculation dew chambers according to replicate assignment. At the
start of the experiment, an equal number of pine seedlings from each watering treatment
were randomly assigned to be inoculated (n = 66 inoculated per treatment), while the rest

remained uninoculated (n = 78 uninoculated per treatment).

All seedlings to be inoculated were watered to field capacity before being placed into
a dew chamber. Harvested infected Ribes leaves were placed between wet burlap over ice in
a cooler and transferred to the dew chambers. Infected Ribes leaves were evenly distributed
abaxial-side down on a coarse mesh rack placed directly above the pine seedlings, following
the methods of Kinloch and Dupper (2002) (See arrangement in Figure 2). Pine seedlings,
infected Ribes leaves, and blank slides (for basidiospore counts) were kept in the dark in dew
chamber at 100% RH and an air temperature set at 16°C for 4 days and the seedlings were

left in the chamber for an additional 24 hrs at 20°C after the Ribes leaves were removed.
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Figure 2. Primary host inoculation system with (A) WPBR-infected Ribes leaves placed on upper
mesh rack and P. flexilis seedlings to be inoculated placed underneath. (B) Blank slides with a thin
coating of rubber cement dispersed among pine seedlings for spore capture and germination
counts.

For each inoculation, three (3) control seedlings and blank slides with a thin coating of
rubber cement were included to determine spore density and germination rate in each
inoculation chamber and assay. Slides were removed and replaced every 24 hrs after the
start of an inoculation; slides were stained with lactophenol cotton blue and stored 4°C until
counted. From each slide, a transect of 7 images were captured from 6 transect lines at 6.3x
magnification for a total 42 images per slide. A count including the total number of
basidiospores and germinated basidiospores was performed for 20 of the images, selected
randomly from the 42 available. A running count over the 4 days was tabulated and used to
calculate spores per square centimeter and germination rate. The inoculation spore

densities and germination rates are listed in Table 1 by date and chamber. The germinated
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spore densities range from 1,017 - 4,212 basidiospores per square centimeter over a 4-day
inoculation event, and germination ranged from 79.0 - 92.5%. After inoculation, seedlings

were returned to the greenhouse and resumed their assigned watering treatment.

Inoculation efficacy was also monitored by including three 1.5-year-old limber pine
seedlings in each inoculation chamber (n = 18 total) as “inoculation controls”. Younger
seedlings are often more easily infected than older seedlings; these seedlings were placed to
monitor and estimate the probability that each of our experiment seedlings (almost 3 years
old) was challenged by C. ribicola. The inoculation control seedlings were from the same
seed lot as the experimental trees, also grown at the Colorado State Forest Service Nursery
and were well-watered throughout the study. Control seedlings were rated for WPBR signs
and symptoms at the same time as the treatment trees (see Section 2.3.3 below). Eighty-
three percent (15 of the 18 seedlings) of the control seedlings were symptomatic for WPBR
at 265 days post inoculation. Seventy-three percent (11 of 15 seedlings) of the symptomatic
seedlings had severe disease (ratings of 6-8) with six having already died from rust (rating
of 8). Bulked seed lots of limber pine from the southern Rocky Mountains can be expected
to have on average 5% of the seedlings (range of 0 to 13.9%) to have complete resistance to
WPBR and therefore to remain disease-free after inoculation (Schoettle et al., 2014).
Additional testing of populations in the vicinity of where the seed lot for this study was
collected has shown an average frequency of complete resistance of 23% (Schoettle,
unpublished data) suggesting that the 17% of the control seedlings that were asymptomatic
at the time of inspection may not have escaped infection but have complete resistance or
latent disease or a mix of both. These data provide confidence that the inoculation

treatments were effective at infecting and causing disease in pines.
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2.3.3. Assessment of white pine blister rust signs & symptoms

Cankers and spermatia were quantified on each seedling 37 weeks (265 days) after
inoculation. Inoculated seedlings were counted as symptomatic if a stem or branch had new
swelling under a current or late fascicles, or if spermatia (a spore stage observed as an
orange exudate) were present. Needle lesions or spots were rarely observed on any of the
seedlings, even those that were visually diseased, therefore spots were not assessed. The
curvature of the swelling and often an orange tint to the bark was observed visually on the
stem or branch and was sometimes accompanied by the presence of spermatia. Among
seedlings with signs and symptoms, the disease progression was ranked on a severity index
(1 - 8) according to established methods at the USDA Forest Service Dorena Genetic
Resource Center white pine blister rust resistance screening program (Kegley et al.,, 2012).
The size of the canker and the degree of stem circumference coverage is scored: seedlings
with a canker partially around the bole were rated increasing in severity from 1 - 4 and those
with a bole canker that approached 100% of the circumference rated 4 - 7, based on
increasing severity, and seedlings that were dead from rust rated 8. A modified severity
index was used for modelling, where seedlings rated 1 - 4 were listed as less severe (0), and
seedlings rated 5 - 8 were listed as more severe (1). Seedlings that had died by the end of

the experiment were noted and counted, regardless of cause of death.

2.3.4. DNA Extraction of inoculated seedlings

Rust presence in seedling needles was assessed using qPCR 2 weeks and 16 weeks
after inoculation. Fresh bud tissue from a field-grown limber pine (100 mg) was collected to

serve as the pine standard and cultivated urediniospores served as the rust standard. Three
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current-year needles were collected from each inoculated seedling; if seedling needle length
was significantly less than that of the rest of the population, a fourth needle was collected.
Collected needles and tissues for standards were stored at -80°C until extraction. Prior to
grinding, collected needle tissues were measured (length, mm) and washed in an ethanol
solution (70% v/v) to remove surface biota. Samples were then ground in liquid nitrogen
with mortar and pestle to a fine powder. Samples were further ground in FastPrep-24
Sample Preparation System (M.P. Biomedicals, LLC, Santa Ana, California, USA) at 30 Hz for

1 min with two 2 mm steel beads and one 4 mm glass bead placed in each tube.

DNA extractions of ground tissue were performed following the methods of Cubero
et al. (1999), using CTAB (2% cetyl trimethylammonium bromide) and chloroform. A
solution of CTAB extraction buffer (0.750 mL) with polyvinyl pyridine (2%) was mixed with
each tissue sample and was incubated at 70°C for 30 minutes. An equal volume of chloroform
was added to each sample and inverted gently for two minutes before centrifuging at 10,000
relative centrifugal field (rcf) to separate the organic and aqueous phases. The upper
aqueous phase was added to a vial containing precipitation buffer and mixed by inversion
for two minutes. The samples were then centrifuged at 13,000 rcf and the resultant
supernatant was disposed of. The remaining pellet was resuspended in a sodium chloride
solution and inverted with chloroform for two minutes. Following centrifugation at 10,000
rcf, the upper phase was transferred to a new vial along with chilled isopropanol. After a
twenty-minute incubation at 4°C, samples were centrifuged at 4°C and 13,000 rcf for twenty
minutes. The supernatant was removed, and chilled ethanol (70% v/v) added to the
remaining DNA pellet. The samples were then centrifuged at 4°C and 13,000 rcf for 5

minutes, before disposing of the supernatant again. The vials were centrifuged in a vacuum
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for 15 minutes to evaporate residual ethanol, and the remaining DNA was resuspended in
molecular grade water. Total DNA concentration and purity was subsequently measured
with NanoDrop OneC (Thermoscientific, Waltham, Massachusetts, USA) and samples were

diluted to a concentration of 20.0 ng DNA/uL. Diluted DNA extractions were stored at -20°C.

2.3.5. qPCR targeting C. ribicola and P. flexilis

Real-time PCR was performed using a QuantStudio 3 Real-time PCR System (Applied
Biosystems, Waltham, Massachusetts, USA) using PrimeTime Gene Expression 2x Master Mix
with ROX reference dye (IDT, Coralville, IA). DNA extracted from three pine needles from
each inoculated seedling was each used in two separate reactions to target and quantify both
a pine host gene, Agp6, (Krutovsky et al., 2004) and a C. ribicola pathogen gene, Crib190,
using primers developed by Bergeron et al. (2019) (Table 2). Reactions were conducted in
a 96-well plate, with 10 pL Master Mix, 0.50 pL forward primer, 0.50 pL reverse primer, 0.25
uL probe, 8.75 pL. molecular grade water, and 2 pL of diluted sample DNA extract. All assays
were performed in duplicate, including the negative control, water control, and the target
standards. The C. ribicola standard curve consisted of 6 dilutions ranging from 0.10 to 30.0
ng/uL; the P. flexilis standard curve consisted of 6 dilutions ranging from 0.03 to 16.70 ng/uL.
Initial denaturation was at 95°C for 15 min followed by 50 cycles of denaturation at 95°C for
15 s and annealing at 58°C for 60 s. The cycle threshold (Ct) value of the standards of known
concentration were used to calculate the DNA concentration for each sample, as illustrated
in Equation 1, where m and b are derived from the standards and cycle threshold (Ct) values

for each target. If a sample well tested positive for C. ribicola DNA, the C. ribicola DNA
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concentration was divided by the P. flexilis DNA concentration to determine a standardized

DNA amount for each needle sample (see Equation 2).

Equation 1
[DNA]sample — mstandard % (Ctsample) + bstandard
Equation 2
' [DNA] Crib190
Standardized DNA amount = W

Table 1. Primers and probes used to assess inoculation rate and growth of Cronartium ribicola in Pinus
flexilis seedlings. The forward and reverse primers and probes (IDT, Coralville, IA) targeted the Crib190
gene in C. ribicola (Bergeron et al., 2019) and the Agp6 gene (Krutovsky et al.,, 2004), developed specifically
for P. flexilis by Jorge Ibarra Caballero & Jane E. Stewart (2021, unpublished). The associated melting
temperature for each primer and amplicon length are indicated.

Pathogen - Cronartium ribicola Host - Pinus flexilis
Gene Crib190 Tm Agp6 Tm
F(;)rr"i";re‘i CTCCAGCTACAGTGGGTA 59.9°C CTGCTAAACCACCCACAACT 62.4°C
Reverse
orimer CCTTGTCTGTTGGTGAGGT 59.2°C CTTGGTGGGAGCAACGG 62.4°C
ACATGGGAACGACA... . .
Probe CCACAATTTGCAC  66:0°C TCTCAACTCCGAAGCCTCCCAC  67.4°C
Amplicon
length 121bp 134 bp
GenBank MH171743-MH171751 AF101785

accession no.
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2.4. Post-inoculation physiology

2.4.1. Sampling

After inoculation, a subsample of pine seedlings from each watering and inoculation
treatment combination were used to estimate the physiological condition of the pine hosts.
For each sampling event, we randomly selected 18 seedlings from each of six treatments (3
water treatments x 2 inoculation treatments) across three time-delayed blocks. A total of

108 seedlings from the total 432 were evaluated at each post-inoculation sampling event.

2.4.2. Fascicle water potential and chlorophyll fluorescence

To quantify the effect of inoculation and continuing water treatments on seedlings, we
measured Fv/Fm and water potential of fascicles at 5 intervals (see Figure 1) after WPBR
inoculation. At each interval, we randomly selected three (3) seedlings from each of the six
treatments from each of three blocks and two replicates within each block to measure. A
subtotal of 108 out of a possible 432 seedlings were randomly selected at each interval, and
while the individuals varied with each interval, the sampling size per treatment per replicate

per block remained the same (n = 3).

Measurements were made on current-year or one-year old whole fascicles collected
from the main apical stem, collected prior to watering. Evaluations of a subsample of
seedlings were performed at 5 intervals after inoculation (December 2020 through August
2021), as illustrated in Figure 1. The predawn water potential (Wpd) and midday water

potential (Wmd) of each sampled seedling was quantified as described above for the pre-
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inoculation measurements. For each randomly selected individual, three measurements of
maximum quantum efficiency (Fv/Fm) were collected from fascicles after dark-adaptation;
the three concurrent readings were averaged to represent the mean Fv/Fm of the individual
seedling. Chlorophyll fluorescence was collected the day prior to watering between 11:00am
- 1:00pm, and readings were taken from each of the subsampled trees of current-year or
one-year old needles. Measurements were obtained after 40 min of dark acclimation by use

of dark-adapting clips.

2.5. Statistical analysis

Statistical parameters are listed in Table 3. The Kenward-Roger degrees-of-freedom
method was employed for all tests, significance was assessed at alpha = 0.05, and the Tukey
method for comparing a family of 3 estimates was used as a p-value adjustment. All
statistical analyses were conducted in R (RStudio 2021.09.0+351 "Ghost Orchid" Release for
Windows). The responses for water potential and DNA amount tests were log-transformed,
and the germinated and total basidiospore density co-variates were log-transformed to meet

normality assumptions for all analyses.

A linear mixed-effect model (Ime4)(Bates et al., 2015) was used to analyze for the
effect of watering treatment as a predictor prior to inoculation, and watering treatment,
inoculation treatment and their interaction as a predictor after inoculation on water
potentials, using block, replicate, and tree as random effects. Covariates included initial
seedling height and stem diameter, germinated and total basidiospore density for each
inoculation, and mean daily maximum temperature and relative humidity (RH) for the week
prior to measurements, chosen to reflect extrema within the greenhouse environment
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during the last week of each dry-down period. Water potential response was log-

transformed to meet assumptions of normality.

A linear mixed-effect model (Ime4) (Bates et al., 2015) was also used for analyses of
C. ribicola relative DNA amount. Again, block and replicate were random effects and
watering treatment was the predictor for DNA amount and relative fold change with initial
seedling height, initial diameter, and germinated basidiospore density for each inoculation
were used as co-variates. DNA amount responses were log-transformed. A similar analysis
was run for growth (log-transformed) to test for the effects of water and inoculation

treatments and their interaction.

Logistic regression with random effects was used in the analysis of binary responses,
including vigor, WPBR severity index, and the proportion of inoculated seedlings with WPBR
symptoms. Watering treatment, inoculation treatment, and the interaction was used as
predictor for vigor, and watering treatment was used as a predictor for the severity index
and the proportion of symptom seedlings. Block and replicate were used as random effects
and initial height, initial diameter, and germinated basidiospore density for each inoculation

were used as covariates.

Beta regression was used for the chlorophyll fluorescence Fv/Fm, which as a response
is restricted to an imposed unit interval (0 - 1), with watering treatment, inoculation
treatment, and their interaction as a predictor. Initial seedling height, initial stem diameter,
measurement week, germinated and total basidiospore density for each inoculation, and the
mean daily maximum temperature and relative humidity for the week prior to

measurements were used as co-variates.
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Table 2. Table of predictors, co-variates, and responses. Watering treatment, inoculation treatment, and
their interaction were the main predictors used in modelling. Variable types include predictors, co-
variates, random effects, and responses. Grouping factors ‘block’ and ‘replicate’ account for the location of
seedlings within the greenhouse, the timing of measurements, and the timings of inoculation, and are used
as random effects in the linear mixed model. For each variable, the date or date range collected is
indicated, either in absolute time, or days after start of experiment (d.o.e.), or days after inoculation (d.a.i.).

. - . . Variabl
Variable Description Time period anable
type
Waterin 14-day watering cycle Summer ‘20 (week 0 - 14)
treatmer;gt 21-day watering cycle Winter ‘20-'21 (week 16 - 32) Predictor
14-day watering cycle Summer ‘21 (week 33 - 52)
Inoculation WPBR Infection status .
treatment (0 = uninoculated, 1 = inoculated) d.o.e: 100 Predictor
height Initial seedling height (cm) d.o.e.: 0 Co-variate
diameter Initial seedling diameter d.oe: 0 Co-variate
at base cotyledon scar (mm)
Greenhouse temperature for prior _ .
Tmax 7 days (mean daily maximum, °C) 08/05/2020 - 09/04/2021 Co-variate
Greenhouse relative humidity for prior .
RHmax 7 days (mean daily maximum, %) 08/05/2020 - 09/04/2021 Co-variate
Sporesgerm Germinated basidiospores (cm-2) d.oi.: 1 Co-variate
Sporestotal Total basidiospores (cm2) d.oi.: 1 Co-variate
Pre-dawn and midday Before mnoc: week 0-12 Continuous
Fra, ¥'ma fascicle water potential (bars) After inoc.: week 16 - 32 Response
P week 33 - 52 P
Fo/F Maximum quantum efficiency After inoc.: week 16 — 32 Proportional
v (restricted ratio) week 33 - 52 Response
Growth Annual terminal growth (mm/year) d.o.i.: 265 Continuous
Response
. Visual inspection of_ health of tree does 301 Binary
Vigor (0 = no observed signs of stress, .
. d.o.i.: 200 Response
1 = observed signs of stress)
Mortality Tree status (0 = alive, 1 = dead) d.o.i.: 265 Binary
Response
. Signs & sy.mptoms Of.Wl?B.R d.o.e.: 301 Binary
Signs observed on inoculated individual doi: 200 Response
(0 = absent, 1 = present) T P
Ambes Evidence of C. ribicola DNA in sampled d.oi: 14 Binary
parib needle (0 = absent, 1 = present) d.o.i: 114 Response
DNAci Standardized amount of C. ribicola DNA d.o.i.: 14 Continuous
crib to P. flexilis DNA d.oi: 114 Response
Location and time-aligned trials: B1: 08/05/2020 — 08/05/2021 Random
Block B1, B2, B3 B2: 08/25/2020 — 08/25/2021 offect
(n = 144 seedlings per block) B3: 09/04/2020 — 09/04/2021
. Two replicate groups within each block Random
Replicate (6 replicates, n = 72 seedlings per repl.) Same as Block effect
. C . Before inoc.: n=576 Random
SeedlingID  Label to track each individual seedling After inoc. 1 = 432 offect
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For counts of seedling with undetected C. ribicola DNA and counts of tree mortality, a
Pearson’s Chi-squared test was used to determine if watering treatment or watering

treatment and inoculation treatment influenced each response, respectively.

3. Results

3.1. Watering treatment

The driest soil a seedling experienced during the watering cycle was expressed as
minimum relative pot weight compared to the field capacity of that individual (See Figure 3
A, B, C) and was documented through measures of minimum soil moisture content (See
Figure 3 D, E, F). During the first 13 weeks of water treatment in late Summer 2020, the well-
watered, chronic drought, and acute drought seedlings reached mean (* standard error)
minimum relative pot weights of 83.8 + 0.3%, 75.4 + 0.3%, and 68.8 + 0.3%, respectively, as
a proportion of field capacity, and had minimum soil moisture contents of 11.6 + 0.4%, 9.7 +
0.4%, and 7.6 * 0.4%), respectively. Following C. ribicola inoculation in week 15, in weeks 16
- 32, (Winter 2021), well-watered, chronic drought, and acute drought seedlings reach mean
minimum relative pot weights of 78.8 + 0.7%, 72.4 + 0.7%, and 60.1 * 0.7%, with soil
moisture contents of 13.1 + 0.6%, 9.5 + 0.6%, and 4.9 + 0.6%. In weeks 33 - 52, Summer
2021, well-watered relative pot weight reached 77.5 + 1.0%, chronic drought reached 71.6
* 1.0%, and acute drought reached 62.7 + 1.0%, and soil moisture content reached 10.9 *
0.9%, 8.4 + 0.9%, and 5.3 + 0.9%. For minimum relative pot weight, there was no evidence
of an interaction between the watering and inoculation treatments (Winter 2021 p = 0.5449;

Summer 2021 p = 0.5320), but there was a clear effect of watering treatment (Summer 2020,
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p=0.0001; Winter 2021, p=0.0001; Summer 2021, p=0.0001). For minimum soil moisture
content, there was no evidence of an interaction between the watering and inoculation
treatments (Winter 2020 - 2021, p = 0.5449; Summer 2021, p = 0.5320) nor was there any
evidence of an effect of inoculation (Winter 2020 - 2021, p = 0.9454; Summer 2021, p =
0.2386). There was an effect of watering treatment on the measured response of minimum
soil moisture content in each period (Summer 2020, p = 0.0001; Winter 2020 - 2021, p =

0.0001; Summer 2021, p = 0.0001).

Prior to inoculation, watering treatment had a significant effect on pre-dawn (Figure
4 A,p=0.0011) and on midday water potentials (Figure 4 B, p = 0.0001) when measured on
the day when soil moisture availability was at a minimum just prior to watering. The acute
droughted seedlings experienced significantly lower pre-dawn water potentials (p = 0.0010)
compared to the other water treatments, and both chronic drought and acute drought
experienced significantly lower midday water potentials compared to the well-watered
seedlings (p = 0.0416, p = 0.0001, respectively). Prior to inoculation, the seedlings were
physiologically experiencing water treatments differently, specifically with the acute

droughted seedlings that experienced lower water potential.
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Figure 3. Mean minimum relative pot weight and mean minimum soil moisture content by watering
treatment. Recorded at end of watering cycle during (A/D) late Summer 2020, 12 weeks prior to inoculation
(n =720 from each treatment over 5 sampling events), (B/E) Winter 2020 - 2021, 1- 16 weeks after
inoculation (n = 288 from each treatment over 2 sampling events), and (C/F) Summer 2021, 18 - 37 weeks
after inoculation (n = 432 from each treatment over 3 sampling events). Mean * standard error as percentage
of field capacity weight (% F.C.) and of soil moisture content from measurements taken prior to watering, at
driest time of water cycle; significance (a = 0.05) is noted by letters. Effect of watering treatment is significant
on minimum relative pot weight in Summer 2020 (A, p = 0.0001), Winter 2020 - 2021 (B, p = 0.0001), and
Summer 2021 (C, p = 0.0001). No evidence of effect of inoculation in Winter 2020 - 2021 (p = 0.9454) or
Summer 2021 (p = 0.2386) or interaction with watering treatment and inoculation treatment (Winter 2020 -
2021, p = 0.5449; Summer 2021, p = 0.5320). Effect of watering treatment is significant on minimum soil
moisture content in Summer 2020 (D, p = 0.0001), Winter 2020 - 2021 (E, p = 0.0001), and Summer 2021 (F, p
=0.0001). No evidence of effect of inoculation in Winter 2020 - 2021 (p = 0.9454) or Summer 2021 (p =
0.2386) or interaction with watering treatment and inoculation treatment (Winter 2020 - 2021, p = 0.5449;

Summer 2021, p = 0.5320).
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Figure 4. Fascicle water potentials of a randomly selected subsampling of limber seedlings by
watering treatment during Summer 2020, a period of 12 weeks of drought treatments prior to C.
ribicola inoculation. Mean # standard error (in bars) from measurements taken prior to watering,
at driest time of water cycle; significance (a = 0.05) is noted by letters. A) Pre-dawn water
potential (n = 180 from each treatment over 5 sampling events); effect of acute drought is
significantly different from well-watered (p = 0.0010) and to chronic drought (p = 0.0225)
seedlings. B) Midday water potential (n = 180 from each treatment over 5 sampling events); effect
of acute drought is significantly different from well-watered seedlings (p = 0.0001) and the effect of
chronic drought is significantly differed from well-watered seedlings (p = 0.0416).

3.2. Cronartium ribicola Inoculation

Inoculated seedlings were classified as being symptomatic if characteristic visual
signs and symptoms of white pine blister rust, including cankers and spermatia were
observed. Overall, 25% of the inoculated seedlings were visually symptomatic 265 days
after inoculation, irrespective of watering treatment (Figure 5 A, p = 0.9559). Among the
symptomatic seedlings, disease severity was similar across watering treatments (Figure 5 B,
p = 0.3830). After 365 days of drought treatments and 265 days after inoculation, 4.6% of
the seedlings died (20/432 seedlings, Table 4), with a significant effect of watering treatment
on mortality (x2 test; p = 0.0002). Mortality was 3.5x greater in the acute drought treatment
compared to the well-water treatment and lowest mortality was observed in the chronic

drought treatment (Table 4A). There was no evidence of an effect of C. ribicola inoculation
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on mortality (Table 4B, x2 test; p = 0.2204). Within the timeframe of this study, most of the
dead seedlings were lost prior to the general onset of visual WPBR symptoms. Based on
visual observations, 18/432 seedlings appeared to suffer drought-related mortality, while

only 2/432 seedlings had severe symptoms of WPBR before dying.

All inoculated seedlings were subsampled for DNA extractions at 14 days and 116 days
post-inoculation; extracted needles were subjected to qPCR assay targeting both C. ribicola
DNA and P. flexilis DNA. DNA of C. ribicola was detected in 58% and 60% of all the inoculated
seedlings 14 days and 116 days after inoculation, respectively (Table 5 A). Over both
sampling periods, C. ribicola DNA was not detected in 19% of the seedlings irrespective of
watering treatment (Table 5 A). Needle sampling did not detect C. ribicola DNA in 16% of
the symptomatic seedlings (Table 5 B), despite the seedlings displaying unambiguous visual
signs and symptoms of white pine blister rust disease. Like the result for all the inoculated
seedlings, the watering treatments did not affect the detection of C. ribicola DNA in visually

symptomatic seedlings.

At 14 days after inoculation, watering treatment did not significantly affect the amount
of C. ribicola DNA in seedlings (ng/ng P. flexilis DNA) for all inoculated seedlings (p = 0.9917)
or for symptomatic seedlings (p = 0.3936; Figure 6 A, B) using standards of known quantity
for DNA quantification. Likewise, at 116 days after inoculation, no significant effect of
watering treatment on C. ribicola DNA quantity was identified among all seedlings (p =

0.9347) and symptomatic seedlings (p = 0.8820; Figure 6 C, D).
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Figure 5. Signs and symptoms of WPBR and disease severity 265 days after inoculation (See pg. 24
for assessment methods). (A) The proportion of limber pine seedlings with signs and symptoms of
white pine blister rust disease by watering treatment (n = 66 per treatment; p = 0.9559). (B) The
mean severity index (0 - less severe, 1 - more severe) among those diseased and symptomatic

seedlings by watering treatment (p = 0.2691).

Table 3. Seedling mortality by watering treatment 265 days after inoculation. A) Significant
effect of watering treatment on seedling mortality (x2 test, p = 0.0002). B) No significant effect
of inoculation treatment on mortality (x2 test, p = 0.2204).

A) Water treatment

Total number

Mortality

of seedlings Actual Expected X?
Well-watered 144 4 7
Chronic drought 144 1 7 ]* p=0.0002
Acute drought 144 15 7
B) Inoculation treatment Total number Mortality 2
of seedlings Actual Expected X
Uninoculated 220 14 11 ]
p = 0.2204
Inoculated 192 6 9
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Table 4. Presence of Cronartium ribicola DNA within needles of seedlings 14 and 116 days after inoculation
among watering treatments. Cronartium ribicola DNA was detected by qPCR from DNA of three needles per
seedling. The number of seedlings without C. ribicola DNA detection at either timepoint is included. (A)
Among all inoculated seedlings (n = 66 per watering treatment), there was no effect of watering treatment on
absence of detection (x?2 test, p = 0.1999). (B) Among only seedlings later characterized as being diseased and
symptomatic (n = 16, 18, 15 for each respective treatment), no effect of treatment on the absence of detection
(x? test, p = 0.4266, approximation may be incorrect due to small sample size).

A) All inoculated seedlings Total Number of sampled seedlings  C. ribicola DNA
inoculated with C. ribicola DNA presence  not detected at
Water treatment seedlings day 14 day 116 either sampling
Well-watered 66 44 42 13
Chronic drought 66 46 36 8
Acute drought 66 39 41 16
198 seedlings 81% 19%
B) Symptomatic seedlings Total Number of sampled seedlings  C. ribicola DNA
symptomatic with C. ribicola DNA presence  not detected at
Water treatment  seedlings day 14 day 116 either sampling
Well-watered 16 13 14 2
Chronic drought 18 12 9 2
Acute drought 15 10 8 4
49 seedlings 84% 16%
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Figure 6. Standardized C. ribicola DNA amount (ng C. ribicola DNA/ng host pine DNA) by watering
treatment (well-watered, chronic drought, acute drought) in (A) all inoculated seedling samples
with detectable C. ribicola DNA at d.a.i. 14 (n = 44, 46, 39) and (B) only symptomatic inoculated
seedlings with detectable C. ribicola DNA atd.a.i. 14 (n = 13, 12, 10) and in (C) all inoculated
seedling samples with detectable C. ribicola DNA (n = 42, 36, 41) and (D) only symptomatic
inoculated seedlings with detectable C. ribicola DNA (n = 14, 9, 8) at d.a.i. 116. Mean * standard
error of 3 pooled needles from each sampled seedling. In each, no significant effect of treatment on
DNA amount; means are not significantly different (a = 0.05, lowercase ‘a’).
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3.3. Post-inoculation physiology

We monitored the continued effect of drought and inoculation by sampling and
measuring quantitative physiological traits and making qualitative observations of P. flexilis
seedlings. Vigor was visually assessed for all seedlings to estimate the effects of watering
and inoculation treatments (Figure 7). There was no interaction between the watering and
inoculation treatments for seedling vigor (p = 0.1299). Both the watering (p = 0.0037) and
inoculation (p < 0.0001) treatments had a significant effect on seedling vigor (Figure 7A).
Seedlings experiencing acute drought had lower vigor than those in the well-watered and
chronic drought treatments, and inoculated seedlings had lower vigor than uninoculated

seedlings (Figure 7B).
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Figure 7. Seedling vigor of all limber pine seedlings (0 = unhealthy, 1 = healthy) by A) watering treatment (well-
watered, chronic drought, acute drought, n = 144) at d.a.i. 200, B) inoculation treatment (uninoculated n = 234,
inoculated n = 198) at d.a.i. 200, and C) both watering and inoculation treatment. Mean * standard error;
significance (a = 0.05) noted by letters: A) Effect of acute drought is significant compared to well-watered (p =
0.0113) and compared to chronic drought (p = 0.0061). B) Effect of inoculated is significant compared to
uninoculated (p < 0.0001). C) Effect is only significant by inoculation treatment, and there is no significant
effect of interaction between watering and inoculation treatment (p = 0.1299).

There was also no significant effect of watering treatment on terminal growth (p =
0.3751), but a significant effect of inoculation treatment on growth (p = 0.0310), with

inoculated seedlings growing less than the uninoculated seedlings (Figure 8 A, B). There was
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no interaction between the treatments on terminal growth (Figure 8 C, p = 0.0838). No
interaction was found among the watering and inoculation treatments for pre-dawn or
midday water potentials measured in Winter 2021 (0-112 days after inoculation; p = 0.1268;
p = 0.3837, respectively) or Summer 2021 (113-253 days after inoculation) time periods
after inoculation (p = 0.6605 and p = 0.8432, respectively). The watering treatments
continued to affect pre-dawn water potential of the seedlings following inoculation in the
Winter 2020 - 2021 (p < 0.0001) and Summer 2021 (p < 0.0001) but there was no effect of
inoculation treatment detected in either period (p = 0.6389, p = 0.5172, respectively; Figure
8). Measures of midday water potential indicated a significant effect of watering treatment
on response for both Winter 2020 - 2021 (p < 0.0001) and Summer 2021 (p < 0.0001) with
seedlings in the acute drought treatment experiencing greater water stress than well-
watered and chronic drought treatments. There was no effect of inoculation treatment on
midday water potential for Winter 2020 - 2021 (p = 0.6190; ). However, in Summer 2021,
inoculation had a significant effect on midday water potential (p = 0.0417) as inoculated

seedlings had lower midday water potentials than uninoculated seedlings ().
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Figure 8. Annual mean terminal growth of all limber pine seedlings by A) watering treatment (well-
watered, chronic drought, acute drought) and B) inoculation treatment (uninoculated, inoculated) and
C) both treatments after one year of experiment (d.a.i. 265). Mean # standard error; significance (a =
0.05) noted by letters. A) Watering treatment (n = 144 each treatment) had no significant effect on
growth. B) Inoculation treatment (n = 220, 192) had a significant effect on growth (p = 0.0310). C)
Effect is only significant for inoculation treatment, and though this effect is more pronounced among
well-watered seedlings than drought, interaction of both treatments is not significant (p = 0.0838).
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Figure 9. Pre-dawn fascicle water potentials of a subsampling of all limber seedlings by watering
treatment (well-watered, chronic drought, acute drought) from (A) Winter 2021, 1- 16 weeks after
inoculation (n = 72 from each treatment over 2 sampling events), and (B) Summer 2021, 18 - 37 weeks
after inoculation (n = 108 from each treatment over 3 sampling events). Significance indicated by
letters. (A) Effect of acute drought is significant when compared to well-watered (p < 0.0001) and to
chronic drought (p < 0.0001) in Winter 2021, and (B) effect of acute drought is significant in Summer
2021, compared to well-watered (p < 0.0001) and chronic drought (p < 0.0001). Pre-dawn water
potentials for the same subsampling of limber seedlings by inoculation treatment (uninoculated,
inoculated). (C) Winter 2021, 1 - 16 weeks after inoculation (n = 108 from each treatment over 2
sampling events), and (D) Summer 2021 for weeks 18 - 37 after inoculation (n = 162 from each
treatment over 3 sampling events). There was no significant effect of inoculation on pre-dawn water
potential (C) p = 0.6688; D) p = 0.5172); means are not significantly different (a = 0.05, lowercase ‘a’).
Mean # standard error from measurements taken prior to watering, at driest time of water cycle.
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Figure 10. Midday fascicle water potentials of a subsampling of all limber seedlings by watering treatment
(well-watered, chronic drought, acute drought) from (A) Winter 2021, 1- 16 weeks after inoculation (n =72
from each treatment over 2 sampling events), and (B) Summer 2021, 18 - 37 weeks after inoculation (n =108
from each treatment over 3 sampling events). Significance indicated by letters. (A) Effect of acute drought is
significant when compared to well-watered (p < 0.0001) and to chronic drought (p < 0.0001) in Winter 2021,
and (B) effect of acute drought is significant in Summer 2021, compared to well-watered (p < 0.0001) and
chronic drought (p < 0.0001). Midday water potentials for the same subsampling of limber seedlings by
inoculation treatment (uninoculated, inoculated). (C) Winter 2021, 1 - 16 weeks after inoculation (n = 108
from each treatment over 2 sampling events), and (D) Summer 2021 for weeks 18 — 37 after inoculation (n =
162 from each treatment over 3 sampling events). (C) There was no significant effect of inoculation on
midday water potential (p = 0.6190). (D) There was a significant effect of inoculation on midday water
potentials during Summer 2021 (p = 0.0417). Mean * standard error from measurements taken prior to
watering, at driest time of water cycle.

Chlorophyll fluorescence (Fv/Fm), measured in parallel with post-inoculation water
potentials, to quantify the effects of the treatments on limber pine seedling physiology
(Figure 11). When comparing all seedlings, there was no interaction between the watering
and inoculation treatments on chlorophyll fluorescence (Winter 2021, p = 0.7039; Summer
2021 p = 0.8903). In both Winter 2021 and Summer 2021, there was a significant effect of
watering treatment on chlorophyll fluorescence (p < 0.0001), with the acute drought
treatment having significant lower Fv/Fm than the well-watered (3.2% lower in Winter 2021;

1.4% lower in Summer 2021) and lower Fv/Fm than the chronic drought (2.7% lower in

Winter 2021; 2.1% lower in Summer 2021) There was no effect of inoculation treatment on
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Fyv/Fm in Winter 2021 (p = 0.3101), but there was a significant effect in Summer 2021 (p =
0.0378), with inoculated seedlings having reduced Fv/Fm compared to uninoculated

seedlings (0.6% lower).

The watering treatment physiological impacts on the subset of visually symptomatic
diseased seedlings was less compared to the physiological impacts identified among all
seedlings. Within the visually diseased subset (Figure 12), watering treatment was not a
significant predictor for the response of Winter 2021 pre-dawn water potential (p = 0.2314),
or Winter 2021 midday water potential (p = 0.2716), and there was nearly an effect in
Summer 2021 midday water potential (p = 0.0596). Within pre-dawn water potential
measurements in Summer 2021, watering treatment remains a significant predictor (p =
0.0078), with the symptomatic acute droughted seedlings having a lower pre-dawn water
potential than both the symptomatic well-watered (p = 0.0097) and symptomatic chronic
droughted seedlings (p = 0.0240). Chlorophyll fluorescence among visually diseased
seedlings was significantly affected by watering treatment in Winter 2021 (p = 0.0039), but
watering treatment was not a significant predictor of Fv/Fm measurements in Summer 2021
(p=0.056). The tests performed on each variable and response as well as Pearson’s p-value

are presented in Table 6.
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Figure 11. Chlorophyll fluorescence (Fv/Fm) of a subsampling of all limber pine seedlings by watering
treatment (well-watered, chronic drought, acute drought) and inoculation treatment (uninoculated,
inoculated) from (A) Winter 2021, 1 - 16 weeks after inoculation (n = 72 from each treatment over 2
sampling events), and (B) Summer 2021, 18 - 37 weeks after inoculation (n = 108 from each
treatment over 3 sampling events) and (C) Winter 2021, 1 - 16 weeks after inoculation (n = 108 from
each treatment over 2 sampling events), and (D) Summer 2021, 18 - 37 weeks after inoculation (n =
162 from each treatment over 3 sampling events). Mean # standard error from measurements taken
prior to watering, at driest time of water cycle. Significance (a = 0.05) is noted by letters. (A) effect of
acute drought is significant compared to well-watered (p < 0.0001) and compared to chronic drought
(p <0.0001) in Winter 2021. (B) There was a significant effect of acute drought compared to well-
watered (p = 0.0002) and compared to chronic drought (p < 0.0001) in Summer 2021. (C) No
significant effect of inoculation on chlorophyll fluorescence in Winter 2021 (p = 0.3094.). (D) There
was a significant effect of inoculation on chlorophyll fluorescence during Summer 2021 (p = 0.0377).
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Figure 12. Pre-dawn water potential, midday water potential, and chlorophyll fluorescence in a
subsampling of limber pine seedlings that exhibited symptoms WPBR by watering treatment from
Winter 2021 (A, C, E), 1 - 16 weeks after inoculation (n =11, 10, 10 from each treatment over 2
sampling events), and Summer 2021 (B, D, F), 18 - 37 weeks after inoculation (n = 26, 22, 20 from each
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treatment over 3 sampling events). Mean * standard error from measurements taken prior to
watering, at driest time of water cycle. Significance (o = 0.05) is noted by letters. (A) There is a
significant effect of water in Winter 2021 (p = 0.0001) and (B) there is a significant effect of acute
drought on pre-dawn water potential compared to well-watered (p < 0.0001) and chronic drought (p <
0.0001) in Summer 2021. There is an effect of watering treatment on midday water potential in (C)
Winter 2021 (p = 0.0010) and (D) Summer 2021 (p = 0.0020). (E) Effect of acute drought is significant
compared well-watered (p < 0.0001) and compared chronic drought (p < 0.0001) in Winter 2021. (F)
There was an effect of acute drought compared to chronic drought in Summer 2021 (p = 0.0001).

Table 5. Main effect significance table. The listed response and the associated Pearson’s
p-value of water, inoculation, and interaction for all tests (a = 0.05; LMM = linear mixed
model, x2 = Chi-squared, LR = logistic regression mixed model, BR = Beta regression).
Observations from Summer (Su) or Winter (Wi) in 2020 - 2021, or 14 and 116 days after
inoculation with C. ribicola.

p-value
Ref. Response time test water inoc water x inoc
Su ‘20 0.0001 — —
Fig3 RPW Wi'20-21  LMM 0.0001 0.9454 0.5449
Su ‘21 0.0001 0.2386 0.5320
Su ‘20 0.0001 — —
Fig3 SMC Wi'20-21  LMM 0.0001 0.5456 0.9891
Su ‘21 0.0001 0.6658 0.4557
. Yo , 0.0011
Figh o Su ‘20 LMM 00001 — —
Tab4 Mort dai265 % 0.0002 0.2204 —
DNA dail4 or
2 — —_
Tab5 Absence daillé X 0.1999
. DNA amt dail4 0.9917
Figb  DNA amt dail16 LMM 0.9347 - -
. DNA 24ct dail4 0.7878
Fig7  pNa 2ace dail16 LMM 0.4325 - -
Fig8 Vigor dai200 LR 0.0037 0.0001 0.1299
Fig9  Growth dai265 LMM 0.3751 0.0310 0.0838
. Wi 21 0.0001 0.6389 0.1268
Figl0 Pra Su21 LMM 0.0001 0.5172 0.6605
. Wi 21 0.0001 0.6190 0.3837
Figll Fma Su‘21 LMM 0.0001 0.0417 0.8432
. Wi 21 0.0001 0.3101 0.7039
Figl2 Fv/Fm Su ‘21 BR 0.0001 0.0378 0.8903
Wi 21 0.2314
Ppaymp Su‘21 LMM 0.0078 - -
. o Wi 21 02716 — B
Figld  Wmame Su‘21 LMM 0.0596
Wi 21 0.0039
Fu/Fmtym. Su21 BR 0.0056 - -
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4. Discussion

We did not find strong evidence of a drought-related reduction of rust colonization
within P. flexilis seedlings during early disease development. Overall, we have evidence that
our implemented drought stress treatments resulted in physiologically stressed limber pine
seedlings, as we saw a significant impact from the acute drought stress on the pine seedling
water potential and photosynthesis-related electron transport. We also were successful in
inoculating the seedlings, and we were able to detect infection in the majority (81%) of
seedlings. Regardless of drought treatment, C. ribicola infection resulted in a decrease in
water potential and electron transport in the seedlings. Drought treatments did not mitigate
or intensify C. ribicola infection or colonization of the seedlings, as measured by visual WPBR
symptoms and amount of pathogen DNA within needle samples during the early stages of
disease we assessed. We did, however, observe trends that suggest water stress-related
variation in C. ribicola performance that may have become more pronounced had the
experiment continued. Trends included a slightly higher disease severity for well-watered
seedlings (see Figure 5), and slightly less DNA detection in needle sampling of acutely

droughted seedlings (see Table 5).

Though we expected to see a reduction of disease due to drought stressors, the
combination of effects was largely absent from our results. None of the WPBR disease
progression metrics varied significantly across water treatments, including our observations
of cankers and spermatia, detectable pathogen DNA, or relative amount of pathogen DNA.
Though not statistically significant, infected seedling in both drought treatments tended to

have reduced development of cankers and spermatia (Figure 5), and these variations in

50



severity may have become significant had the study continued, and a longer study would
inform more about this variation. Among the seedlings that developed visual WPBR
symptoms there was slightly higher, although not statistically significant, colonization within
the acute drought treatment compared to the symptomatic well-watered seedlings (Figure
6 B). Induced water stress has been associated with decreases in mycelial growth and spore
production in fungal-foliar pathosystems (Ayres, 1977), but few studies have tested this on
obligate fungal pathogens and measured disease development under drought stress. What
has been studied indicates that drought decreases carbon intake and this in turn may limit
carbon availability to fungal pathogens (Desprez-Loustau et al., 2006), but this effect has not
been examined in pine rusts. We observed a change in seedling vigor from drought that was
typically expressed as yellowing or browning of needle tips. While not directly measured in
this study, the overall impact of the inoculation to host health may be due to the additional
concentrated carbon and nutrient sink toll on the limber pine seedling needles in the early

infection period.

The droughted seedlings had different pre-inoculation physiological responses
among watering treatments. The varied ongoing drought responses caused lasting impacts
to the seedings that could have ultimately affected the pine’s ability to source carbon. When
initially faced with drought, pines will often increase production of soluble sugars in the
short term and direct this carbon towards root elongation as drought continues. Under mild
water stress, pines typically utilize drought avoidance strategies such as lowering stomatal
conductance to limit transpiration and perform photosynthesis at a lower rate (Gao et al,,
2002; Klein et al,, 2011). However, in prolonged severe acute drought, pines will respond by

closing stomata as water potentials fall below a threshold, inhibiting water loss while halting
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photosynthesis and carbon assimilation (Aaltonen et al., 2017; Brodribb et al., 2014; Meinzer
etal.,, 2014). Within an infected host, rust pathogens often act as a carbon sink, diverting and
depleting host resources (Voegele et al, 2001). Our measurements of chlorophyll
fluorescence (Figure 11) indicate that the photosynthesis process was impaired in acute
droughted seedlings, limiting the potential supply of carbon. However, we observed

comparable levels of C. ribicola colonization in both droughted and well-watered treatments.

The severely reduced water potential observed in pine seedlings in our acute drought
treatment can be associated with changes observed in the physiological traits of other pine
species (Burghardt & Riederer, 2003; Reinhardt et al., 2015), including stomatal closure,
reduction in carbon assimilation, increase root-to-shoot ratio, and xylem embolism (Adams
et al,, 2017; Garcia-forner et al., 2016). Due to our experimental conditions, we established
a drought history within our seedlings which likely changed the prospective rust
environment. Similar to what has been noted in other pine seedlings (Aaltonen et al,, 2017;
Kozlowski, 1992), seedlings under chronic drought likely acclimated to the sub-optimal
water regime, as impact of the watering treatment decreased over time and damage to the

light-absorbing photosystem Il was indistinguishable from the well-watered group.

We saw no significant drought-related variation in the level of C. ribicola colonization
or WPBR disease severity. The percent of infected seedlings (about 62%) (assessed via
qPCR) across watering treatments was similar and thus were not significantly influenced by
drought. Visual signs and symptoms of WPBR also developed similarly in infected seedlings
regardless of watering treatment; there was no reduction in canker development due to

drought. We observed reduced maximum quantum efficiency (Fv/Fm) and lower water
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potential prior to the onset of visual symptoms, and these effects were observed even in
seedlings that did not develop visual WPBR symptoms. We were able to quantify the amount
of fungal DNA in needle samples, but we didn’t find that watering treatments affected the
DNA quantity or predicted disease severity. Quantitative PCR has been used to estimate the
relative amount of fungal DNA in host Triticum aestivum (winter wheat) infected with
pathogen Puccinia recondite (brown rust) (Tischler et al,, 2018). Tischler et al. (2018)
employed this method along with high performance liquid chromatography and a specific
measure of chlorophyll fluorescence to compare how each method assessed disease severity
and found that the measure of relative fungal DNA amount correlated with their other
disease severity metrics. These observations were identified using brown rust, a native and
endemic pathogen with a co-evolutionary history with the wheat host. White pine blister
rust, on the other hand, is a non-native pathogen and lacks that host evolutionary
relationship. In our system, we were able to document mycelial growth, but we were not able
to differentiate disease severity by watering treatment. A native pathogen thatis contending
with host defenses might have a stronger relationship with mycelial tissue growth and host
drought while a non-native might perform the same regardless of the condition of the host

defense, which may have led to our observed differences.

We observed that seedlings that did not develop visual WPBR symptoms still were
affected by WBPR with lower maximum quantum efficiency and lower water potential than
not infected seedlings. These results suggest that C. ribicola likely has a higher presence in
5-needle pines than has been detected by visual observations alone. In 2009, Smith et al.
(2013) found evidence of symptomatic WPBR infection on 43% of living limber pine trees

across 85 plots near Alberta, Canada. Cleaver et al. (2015) found symptomatic evidence of
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WPBR on 26% of limber pine trees surveyed from plots in Colorado, Wyoming, and Montana
and were able to attribute WPBR to 67% of declining limber pine. However, inclusion of
asymptomatic trees may better represent the state of a stand and might be possible by
designing an experiment to determine the proportion of infected pine that harbor C. ribicola
without presenting early visual symptoms, though it should be noted that ascertaining
infection state in the field and assessing sampling requirements would be extremely difficult.
Cronartium ribicola within asymptomatic hosts may be awaiting appropriate environmental
conditions before sporulating and causing symptoms, and the asymptomatic impact to
physiology documented here may be an unattributed contribution to limber pine decline in
surveys. Management decisions to allocate resources based on plot incidence may be

underestimating areas in need.

We were able to detect C. ribicola DNA within 81% of sampled individuals (across
treatments) that did not develop visual symptoms within the timeframe of this study (265
days). In all the inoculated seedlings, both visually symptomatic and asymptomatic, we
observed physiological changes in the form of lower water potentials ( D) and reduced
chlorophyll fluorescence (Figure 11 D). The physiological impact observed prior to the onset
of any visual symptoms and was evident in both those seedlings that remained visually
asymptomatic and those that developed WPBR (Figure 11). There are two likely
explanations for the hosts harboring C. ribicola but not expressing visual symptoms of
WPBR: the rust was awaiting an environmental cue to advance to a sporulating stage, or the
individual host was expressing some form of resistance. It is not uncommon for resistance
to be associated with a physiological cost: resistant (Cr2) Pinus monticola needles expressed

higher levels of resource-demanding proteins than susceptible needles when challenged
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with C. ribicola (Zamany et al., 2012) and resistant P. strobus seedlings upregulated costly
disease resistance proteins when infected with C. ribicola (Smith et al., 2006). In P. flexilis,
Vogan & Schoettle (2016) found that resistance to active C. ribicola infection came at the

expense of growth.

The visually asymptomatic seedlings in our study led us to consider disease
resistance, but resistance alone would not account for all our observations. Although we did
not control the source familial seedstock of our seedlings, it is likely that major gene
resistance (Cr4) was present in the seed source used in our study (Schoettle et al., 2014), and
if Cr4 was expressed in inoculated seedlings that did not visually develop disease, there was
likely an associated physiological cost (Liu et al., 2016; Vogan & Schoettle, 2016). While the
exact mechanisms have yet to be identified, seedlings with Cr4 do not develop stem
symptoms from infection (Schoettle et al.,, 2014), yet C. ribicola still proliferates within
infected needles (Stone et al., 2011). However, the proportion of seedlings that remained
visually asymptomatic 265 days post inoculation and had detectable C. ribicola DNA was
59%, which is far greater than the expected frequency of the Cr4 in the seed lot (Schoettle et
al., 2014) Consequently, it is highly unlikely that all the visually asymptomatic seedlings in

this study carried the Cr4 resistance gene.

In the phenology of WPBR disease development on the pines, this study addresses
just the early stages, and we expect that more seedlings would have developed visual
symptoms had the experiment continued. The seedlings within our lot harboring rust
without visual symptoms were still expressing physiological symptoms from infection,

which is contrary to the traditional meaning of a latent infection. Typically, a pathogen is
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considered latent if it has infected a host but has not yet caused symptoms, awaiting
physiological triggers thatlead to virulence (Mussell, 1980). However, a latent infection that
is not causing damage to the host must eventually become virulent, or it is indistinguishable
from a non-pathogenic endophyte (Carroll, 1986). As we detected non-visual physiological
symptoms resulting from infection, along with mycelial growth, we cannot classify these
infections as latent, but perhaps can be classified as a vegetative state associated with
maintenance and obtaining resources (Rolland et al., 2006). These physiological impacts

could contribute to stand decline even in the absence of visual WPBR symptoms.

Quantifying early fungal colonization by standardizing pathogen gene amount to host
gene amount is a new technique within the WPBR pathosystem. This technique was
facilitated by the identification and sequencing of a single-copy C. ribicola gene
(Crib190)(Bergeron et al,, 2019). For each DNA extract we targeted and quantified Crib190
and a single-copy P. flexilis gene (Agp6) and standardized by relating the pathogen DNA
amount as a proportion of the host DNA amount. Each target was quantified via its
respective standard curve, and we assumed that DNA from different tissue sources is
relatable or scalable (that is, within pine needle tissue is genetically comparable to bud
tissue, and within rust, mycelial tissue is genetically comparable to urediniospore tissue).
Early relative pathogen DNA amount can be useful in assessing cellular growth rate; for
example, qPCR and a known standard curve has been used to estimate fungal biomass within
maize tissue infected with Aspergillus flavus to identify pathogen resistance in hosts (Mitema
et al, 2019). Other studies have also used qPCR to identify and quantify the amount of
pathogen within host tissue. Divon et al. (2012) used qPCR and a known standard curve to

quantify the amount Fusarium langsethiae in oat tissue prior to the onset of disease
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symptoms. We anticipated that drought stress would impact mycelial growth, but we were
not able to detect that relationship based on measured relative fungal DNA in our

experiment.

We were able to report that both C. ribicola infection and drought stress
independently affected seedling water relations and photosynthesis. We have documented
physiological cost of C. ribicola infection to P. flexilis hosts which will likely be useful in forest
management. While many of the biotrophic needs of C. ribicola would appear to be
influenced by drought-related host stress, we saw no variation in disease progression as a
function of watering treatment. Advanced hyphal colonization can interfere with vascular
function (Jacobs et al, 2009), and may have been the reason for our Summer 2021

observations of reduced water potentials.

In general, it is to the advantage of fungal biotrophs to limit the functional cost to their
pine host, as the rusts are reliant on the host for nutrients and impacts to water relations will
ultimately disrupt the nutrient source of the parasitic pathogen (Forward, 1932). In a study
of a native pathosystem in western forests, P. contorta infected with Endocronartium
harknessii and symptomatic with stem galls did not have an increased risk of xylem
cavitation in the early stages of infection, despite the presence of fungal tissue within the
stem, allowing the pine host to continue transpiring and photosynthesizing (Wolken et al,,
2009). White pine blister rust is highly lethal in limber pines, but persistent spread of WPBR
is dependent on hosts surviving for multiple annual growing cycles. We have documented
growing C. ribicola within visually asymptomatic limber pines, which are likely awaiting

appropriate environmental cues to advance to the next reproductive stage. Absence of visual
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symptoms has contributed to existent problems with field surveying for WPBR in whitebark
pine (Shanahan et al,, 2021) and highlight a need for improvements to systematic surveying.

Field surveys are likely underestimating the number of trees that are hosting C. ribicola.

While the experiment was executed as intended, there were several areas where
alterations may have led to more definitive results. The primary method of early pathogen
detection, needle sampling, was not performed on enough needles to accurately assess the
infection status of the seedling, as we did not detect C. ribicola DNA in about 16% of seedlings
that later became visually symptomatic for WPBR. We deliberately sampled what we
estimated would be sufficient needle tissue for our inoculation and experimental conditions,
while considering trade-offs such as the cost of defoliation during the ongoing experiment.
We were reluctant to remove more needles for sampling, as the seedlings varied in size and
foliage density, and needle removal would proportionally reduce photosynthesis capacity
and could alter the disease trajectory of the pathogen. However, a higher sampling quota
could have informed the true infection status of each tree. Other traits that would have been
informative within this experiment could have included a study of carbohydrates, an
examination of gas exchange, and a comparison of root-to-shoot ratio. As our trees were
grown in pots and sourced from a nursery at 3 years old, much of the initial inherent
variation among the seedlings was outside of experimental control and limits the utility of
comparing traits such as belowground biomass. Without controlling the familial seedstock
for the hosts, we were unable to predict and attribute major gene resistance as a factor for

disease inhibition within our experiment.
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5. Conclusion

Non-native pathogens continue to threaten species and ecosystems, particularly as
effects of climate change allow ongoing spread. The relationship between fungal infection
and drought varies with pathosystems, and few studies have examined how non-natives
such as C. ribicola will perform when they inevitably parasitize a droughted host. This study
successfully droughted and inoculated susceptible pine hosts with C. ribicola in an effort to
highlight how the rust would respond and identified an unexpected number of visually
asymptomatic infections that physiologically challenged the pine host. Though rust
performance was not differentiated by drought in this timeframe, this study introduces a C.
ribicola relative DNA quantification method that would confirm this result in a study of

longer duration.
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[II. FUTURE PROSPECTS FOR WHITE PINE BLISTER RUST AND HOST EFFECTS

1. Reflection

A greenhouse experiment was performed to study the infection of droughted Pinus
flexilis seedlings with Cronartium ribicola. In this drought x pathogen experiment, precisely
controlled irrigation amounts were given to seedlings and a controlled rust inoculation was
performed to maximize infection. The primary goal of this study was to assess the host
physiology and measure the performance of the rust, as the pathosystem endured drought
and infection. Though not included in this study, other rust performance and pine
physiological traits were considered. The effect of rust and drought on resource availability
was attempted by monitoring non-structural carbohydrates within needles via enzymatic
assay. Additionally, the development of fungal tissue within the needle was to be assessed
via staining and fluorescent microscopy. Both techniques were successful in limited number,
but too time- and resource-intensive to perform comprehensively for a study of this size.
However, an inclusion of these techniques in future studies would be beneficial, as discussed

below.

In this study, Cronartium ribicola was inoculated onto Pinus flexilis, which was well-
watered and droughted in two distinct ways, acute and chronic. I did not observe variation
in rust performance in infection levels nor continued growth of the pathogen within the first
nine months post infection. Evidence of infection was observed by quantifying external
visual symptoms of cankers and spermatia. However, infection influenced pine physiology,
even among pines without visual symptoms—because of the additional methods used to
assess rust performance, [ was also able to detect C. ribicola infection in seedlings without
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external visual symptoms. Quantifying the relative amount of rust DNA helped us ascertain
that mycelial growth was occurring in sampled tissue without regard to drought, and that
mycelial growth was occurring in pines without visual symptoms. While monitoring host
physiology for drought, physiological changes were also observed as a function of
inoculation, and this included hosts that contained rust DNA but never exhibited visual
symptoms. These early significant infection costs to host performance were suspected but
heretofore unconfirmed effects of inoculation. I was able to drought the hosts to the point of
physiological differentiation, as measured by two metrics, and I was able to infect our hosts,

confirming the successful premise of the experiment.

Within the bounds of this study, I did not observe that our verified host changes had
an effect on the performance of the rust, by measuring visual symptoms or by quantifying
sampled tissue for rust DNA. The interactive effect was expected for a number of reasons,
including dependency of the infection process on humidity, and pathogen dependence on
host resources, which drought should have affected. There are two primary reasons that
prevent us from concluding that droughted hosts have no effect on rust development in this
pathosystem. First, the experimental window only examined the first nine months of
infection, and WPBR is a slow-growing disease that can take years to Kkill the pine host, and
the infection load and the age of the host are large determinants in the time it takes for WPBR
to become severe or kill (Geils et al., 2010). However, both of these factors were controlled
as infection load was maximized during inoculation and all seedlings were of the same age.
Second, rust performance was only measured by a few factors that may have not captured
the scope of disease impact to the host. Metrics of mortality or severity of cankers or blisters

varied insignificantly among seedlings within the early time frame and may have been more
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conclusive after a longer period of colonization. Our method of quantifying relative rust DNA
was highly dependent on encountering rust during blind sampling, which fell short in a few
instances where I did not detect rust DNA in trees that later became clearly symptomatic. A
few modifications to our protocol may have beneficial results, primarily by increasing needle

sampling for DNA detection.

Applying chronic or acute drought, I anticipated being able to stress the host enough
to affect the rust pathogen but did not observe that effect in this experiment. If the
experiment extended longer, it might reveal drought-related variation in canker or
spermatia formation; a duration that lasted until a certain percentage of WPBR-induced tree
mortality or top-kill occurred would allow the experiment to be tailored to the individual
hosts. The morphological variation among limber pine created a wide range of host
substrates for C. ribicola; seedlings of the same age varied in height, stem diameter, number
of branches, number of needles, and in size of needles. This study randomized individuals
within treatments and included height and diameter morphology traits as factors, and water
treatments were tailored to each individual to account for needle variation. However,
including additional morphology-based classification or stratification as a factor in
experimental design may have illuminated further aspects of drought survival and WPBR
vulnerability. Subsampling pine tissue for rust DNA worked conceptually and provided
valuable insight into the number of infected trees not exhibiting symptoms. However,
collecting more needles from an individual or subsampling at additional timepoints would
have increased the opportunities of encountering the pathogen. Sampling needles for
pathogen DNA comes with the cost of destructively removing photosynthetic tissues from

each individual and defoliation may disproportionately hinder individuals. Considerations
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should be made for the total number of needles on an individual and the size of individual
needles, as both varied noticeably in this greenhouse study of seedlings of the same age.
Another consequence of additional needle sampling is the act of removing fungal tissue,
which lowers the pathogen burden and can lessen the effect of disease, effectively diluting
later experimental observations. Therefore, intervals of needle sampling for DNA should be
minimized and infrequent until a comprehensive destructive sampling of needles can occur,
and if so, relative rust DNA can be an effective way of elucidating host effects on rust

performance.

An unexpected result from this study was the impact of inoculation on host
physiology, which was observed regardless of whether the seedling developed cankers,
spermatia, or other visual signs and symptoms of white pine blister rust. There are multiple
possible explanations for the cost to host physiology, particularly those without visual
symptoms. Vogan & Schoettle (2016) observed a cost to growth in limber pine seedlings that
were challenged with C. ribicola, if the seedlings expressed major gene resistance (Cr4). If
major gene resistance was present among seedlings in this study, it would align with our
physiological observations, both of which directly affect carbon acquisition. However, I
observed this affect among a greater proportion of seedlings than can be explained by major
gene resistance alone, which is expected to occur at alower frequency (Schoettle etal., 2014).
Strictly controlling the familial seedstock would aid in attributing the effect of expressed
resistance on infection. Another explanation for the physiological cost of infection includes
the likelihood that mycelial tissue occluded stomata or vascular tissue, physically inhibiting
carbon assimilation or nutrient transport. The degree of occlusion could be determined

using histopathological methods, such as staining needle tissue with a chitin-sensitive UV
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dye and imaging with fluorescent microscopy (Dugyala et al, 2015). Additionally, the
mycelial tissue was a carbon sink and could have diverted carbon from osmolytes or
photosynthetic maintenance, explaining our observed lower water potential and lower
chlorophyll fluorescence, respectively. Corroboration of this would be important and could
be performed by standardized measurements of non-structural carbohydrates within
needles (Landhausser et al., 2018) before and during infection, sampling at regular intervals
throughout the first year of rust growth. Whether the effect is localized to the infection area
or is dispersed throughout the seedling could be assessed by selective masking during the
inoculation process. This could be achieved by masking the lower half of some seedlings in
a way that prevented basidiospores from reaching those needles, while others remain fully
exposed as controls. During the ongoing infection, needles could be sampled from both top
and bottom of fully infected, half-infected, and control seedlings and assessed for non-
structural carbohydrates. Ideally, this would quantify the strength of C. ribicola as a carbon

sink, which would be important in defining the pathogenicity of white pine blister rust.
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