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ABSTRACT
White pine blister rust (WPBR) is a disease on North American five-needle white pine trees caused by the non-native fungal 
pathogen Cronartium ribicola that is causing widespread decline and mortality of Pinus flexilis (limber pine) in high elevation 
western forests. Elucidating the infection process is important for developing solutions for managing the disease. As an obligate 
biotroph, C. ribicola infects pine needles through stomatal pores and parasitizes needle tissue before growing into the stem, 
causing stem cankers. Pinus flexilis retains 8–9 years of needles on shoots, and it remains unclear whether infection and fungal 
colonisation, as well as the quantities of epicuticular wax, differ between needles of various age classes or between trees with 
and without major gene resistance to WPBR. To assess the relationship between quantity of C. ribicola DNA in P. flexilis needles, 
needle age, and resistance status, P. flexilis shoots from mature resistant and susceptible field trees were artificially inoculated 
with C. ribicola, where dispersal of fungal inoculum was applied evenly across all needle age classes. The quantity of epicuticular 
wax by needle age class and tree resistance status was explored. The results demonstrate that all needle age classes of P. flexilis 
are susceptible to C. ribicola infection. A significant positive correlation between needle age class and C. ribicola DNA quantity, 
regardless of tree resistance status, was noted. Additionally, epicuticular wax weight increased significantly with needle age, and 
wax did not appear to hinder needle colonisation by C. ribicola.

1   |   Introduction

Elucidating the infection process of plant pathogens is criti-
cal for developing effective disease management strategies. 
Variations in microclimate, along with anatomical and physio-
logical susceptibility of foliage within the canopy, can influence 
pathogen infection (Costes et al. 2013; Kraus et al. 2018; Pangga 
et  al.  2013). One source of variation within the canopy of ev-
ergreens, such as pines and other conifers, is the age class dis-
tribution of needles (Ewers and Schmid 1981; Reich et al. 1996; 
Schoettle  1990; Schoettle and Fahey  1994). Some pathogens 
preferentially infect young or older foliage while others can in-
fect and cause disease in needles of all ages (Mafia et al. 2009; 
Woods et al. 2005). Differential susceptibility of needle cohorts 
can significantly affect the target area of a mature canopy and 

the likelihood of infection. Pines with short needle lifespans 
have a greater proportion of the crown composed of current 
or 1-year-old needles than those with longer needle lifespans 
(Schoettle 1994). Likewise, species with rapid needle turnover 
may reduce pathogen persistence by shedding infected needles 
before fungal growth penetrates branch tissue. Conversely, 
greater needle longevity may provide a longer opportunity for 
latent infections in needles to cause disease before being shed.

Biotrophic pathogens such as Cronartium ribicola, the causal 
agent of white pine blister rust (WPBR), infect their hosts either 
by direct penetration or through stomatal pores. Amongst those 
that enter through stomata, many species preferentially infect 
younger leaf tissue (Mapuranga et  al.  2022). Cronartium ribi-
cola enters through stomatal pores and parasitizes needle tissue 
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before growing into the stem, causing stem cankers. Previous 
studies have shown C. ribicola tends to infect current-year 
needles in some species including eastern white pine (P. stro-
bus) and western white pine (P. monticola), although findings 
across species are mixed (Duarte et al. 2025; Geils et al. 2010; 
Hudgins et  al.  2005; Hunt and Jensen  2000; Snell  1936; Woo 
et al. 2004). Other factors such as tree age and shoot age can also 
alter infectability (Mielke  1943; Pierson and Buchanan  1938). 
Most research within the WPBR pathosystem has focused on 
pine species with relatively short needle lifespans (2–4 years), 
and it remains unclear whether these findings extend to other 
pine hosts that routinely retain needles for 8–15 years or longer 
(Ewers and Schmid 1981). For example, P. flexilis retains nee-
dles on its shoots for 6 to 10 years (Schoettle and Rochelle 2000), 
and differential susceptibility across different needle age classes 
could play a significant role in disease progression. If younger 
needle age classes exhibit higher susceptibility to colonisa-
tion, their placement in the outermost canopy could enhance 
the likelihood of spore deposition and subsequent infection. 
Alternatively, if older needles are more vulnerable, infections 
may initiate closer to the main stem, potentially speeding up 
the process of canker formation and accelerating tree mortality. 
Understanding the dynamics of pathogen infection across the 
needle age class distribution for species with long-lived needles 
is necessary for accurately dating disease introductions and 
dynamics, especially for non-native invasive pathogens such 
as C. ribicola (Arsdel et al. 2006; Kearns et al. 2009; Schoettle 
et al. 2011).

White pine blister rust poses a severe threat to five-needle white 
pine species across North America. Since its introduction in the 
early 1900s, WPBR has led to significant tree decline and mor-
tality (Brar et al. 2015; Burns et al. 2023; Schoettle et al. 2022). 
Pinus albicaulis (whitebark pine) and P. flexilis populations 
have been particularly devastated by this disease, with P. flexi-
lis population decline comparable to that observed in whitebark 
pine a decade prior to its federal designation as a threatened 
species under the Endangered Species Act (Goeking and 
Windmuller-Campione 2021).

Natural resistance to WPBR in P. flexilis populations can occur 
via major gene resistance (MGR), specifically the Cr4 gene 
(Schoettle et  al.  2014). In addition to discrepancies by nee-
dle age, it is not yet understood how C. ribicola colonisation 
of needles differs between Cr4-resistant and susceptible trees. 
Observations of needle lesions in trees with MGR demonstrate 
that initial needle infection does occur, but the timing and mech-
anism of colonisation cessation remain unknown. Investigating 
these dynamics is crucial for understanding the role of MGR in 
limiting WPBR progression.

Beyond the role of MGR, it is important to consider other 
constitutive defence strategies in pine trees. Pine needle sur-
faces are protected by a cuticle composed of epicuticular wax, 
a hydrophobic barrier that prevents microbial penetration 
(Evert et  al.  2006). Studies have shown wax levels decrease 
with needle age in P. sylvestris (Scots pine), potentially due to 
environmental factors such as wind abrasion, heavy precipi-
tation, or atmospheric pollutants (Cape et al. 1989; Turunen 
et al. 1997). Notably, P. monticola resistant to WPBR has been 

found to possess higher quantities of epicuticular wax relative 
to susceptible trees (Noshad et  al.  2023; Smith et  al.  2006), 
yet it remains unclear whether increased wax levels signifi-
cantly increase needle resistance to C. ribicola infection (Woo 
et al. 2001).

Despite extensive research on C. ribicola infection, critical 
gaps remain in understanding early stages of colonisation 
within needle tissue. It remains unclear whether infection 
and fungal colonisation, as well as the quantities of epicu-
ticular wax, differ between needles of various age classes or 
between trees with and without MGR to WPBR. This study 
aims to address key gaps in our understanding of early C. rib-
icola infection in P. flexilis by examining fungal colonisation 
patterns and needle wax quantity by needle age and tree re-
sistance status. Specifically, our objectives are to: (1) deter-
mine whether C. ribicola colonisation varies across needle age 
classes 21 days post-inoculation, (2) assess whether epicutic-
ular wax levels differ by needle age class or resistance status 
and (3) evaluate the potential role of epicuticular wax in the 
infection dynamics of C. ribicola. The findings will contribute 
to a deeper understanding of factors that can influence the 
colonisation of obligate biotrophs like C. ribicola and inform 
conservation strategies for at-risk pine populations.

2   |   Methods

2.1   |   Plant Material

Pinus flexilis shoots were collected in the Colorado Rocky 
Mountains (approximately 9 km NE of Nederland) in a stand 
with no evidence of WPBR from two healthy, mature trees, 
one resistant (Cr4) to WPBR (R1; 8.4 cm DBH) and one sus-
ceptible (cr4) to WPBR (S1; 23.3 cm DBH) based on previous 
studies (Schoettle et al. 2014). All stems from both trees were 
collected from full-sun, south-facing shoots. To prevent dry-
ing and to maintain an intact xylem water column, shoots 
remained under water during and after pruning. Each shoot 
was inserted through a soft plastic lid with a pre-cut hole, 
re-cut underwater approximately 1 cm away from the initial 
cut, and placed into individual 60 mL plastic tubes filled with 
water. Parafilm was applied around each shoot at the tube lid 
opening to ensure a tight seal and prevent water leakage and 
evaporation.

2.2   |   Inoculation With C. ribicola

In preparation for shoot inoculation, C. ribicola was initially 
grown on potted Ribes nigrum plants to obtain basidiospore 
inoculum. To do this, aeciospores of C. ribicola collected from 
multiple P. flexilis trees were used to inoculate R. nigrum grown 
in a growth chamber (Conviron CMP6050) set to a 12-h photo 
period (400 μmol light), 18°C/23°C and 75% relative humidity 
(RH). Plants, in 2-gal pots, were approximately 91.4 cm tall with 
many branches prior to inoculation. They were fertilised with 
granular fertiliser (Osmocote Plus 14-14-14) according to the 
manufacturer's instructions every 2 weeks and watered daily. 
Ribes plants (12 ca.) were inoculated with a suspension of 1 × 105 
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spores/ml C. ribicola aeciospores in Tween-20 (0.03% v/v). 
Inoculum was applied to the underside of each leaf until fully 
saturated with an 80 mL finger-pump sprayer and leaf tops were 
sprayed with tap water to increase humidity. Plants were placed 
in plastic bags and returned to the growth chamber set to 18°C 
at 80% RH in the dark for 66 h. Bags were removed, and plants 
were watered to full saturation and placed back in the growth 
chamber at 23°C and 18°C with a 12 h photoperiod (400 μmol/
m2/s photosynthetically active radiation) to stimulate uredia 
formation. Fifty days post-inoculation of the Ribes, the growth 
chamber with infected Ribes was set to 15°C at 75% RH, with 
a day/night photoperiod of 12 h with light levels at 400/0 μmol/
m2/s for 21 days to promote teliospore and subsequent basidio-
spore formation.

Twelve P. flexilis shoots were inoculated in a single dew cham-
ber (Percival Model I36D; Perry, ID) at the same height while 
laying horizontal to ensure even distribution of inoculum from 
R. nigrum leaves with C. ribicola basidiospores supported on
a wire mesh above the shoots (Figure  S1a). The dew cham-
ber was set to 16°C air temperature and 100% RH (29°C water
temperature, 11°C wall temperature). Shoots were inoculated
over a 5-day period and were horizontally rotated after the
first 24 h. Two shoots used for control, one from each source
tree, were left vertical on a lab bench out of direct sunlight for
5 days (Figure S1b).

To quantify inoculum distribution, six glass slides with a layer 
of rubber cement glue were placed in two rows in the centre, 
left and right of the dew chamber around and above the pine 
shoots. Slides were put in the chamber immediately after Ribes 
leaves were added and changed every 24 h for 5 days. When 
slides were removed, they were stained with lactophenol 
blue, and three photos (0.5 mm2 each) were taken randomly 
per slide at 100× magnification with a microscope digital 
camera (Olympus SC180). In total, 90 photos were analysed. 
Total spore count and the number of germinating spores were 
counted per photograph to calculate the average spore counts 
and density as well as germination rate (germinated spores/
total spores) per area. A final estimate of total spores per cm2 
deposited across the 5-day inoculation period was calculated. 
Across the 5-day inoculation period, an estimated 16,286 ba-
sidiospores per cm2 were deposited, and an estimated 9651 
per cm2 germinated. Average spore count (15.47–18) and per-
cent germination (49%–83%) were calculated for each slide 
position per day. There was no evidence of a significant rela-
tionship between slide position and average spore count per 
slide, while accounting for date (F = 0.04, p = 0.99), indicating 
that basidiospore drop was approximately evenly distributed 
throughout the dew chamber.

Post-inoculation, all shoots were placed upright in containers 
on a laboratory bench for 21 days to provide time for C. ribicola 
colonisation of infected needles. The shoots were placed next to 
a humidifier, grow lights were placed over the pines on a 12-h 
light cycle, and a layer of soft plastic was placed over the grow 
lights to maintain humidity. Water was added as needed to each 
shoot container, and water usage was measured. By 21 days, all 
shoot foliage remained green, and water usage and chlorophyll 
fluorescence measurements indicated that shoots were still 
physiologically active.

2.3   |   Quantitative Comparisons of C. ribicola in 
Needle Tissue

Quantity of C. ribicola in P. flexilis needle tissue was compared 
by needle age class and tree resistance status following artifi-
cial inoculations. Three weeks post-inoculation, shoots were 
destructively sampled. Each annual cohort was aged using bud 
scale scars (Ewers and Schmid  1981; Schoettle  1990). While 
still attached to the stem, needles of each age class were dark-
adapted for 30 min with dark clips, and chlorophyll fluorescence 
was measured using a chlorophyll fluorometer (Opti-Sciences 
Fv/Fm Meter, USA) (Figure  S1c). Freshly excised needles from 
each cohort were then weighed.

Needle surfaces were cleaned and disinfected prior to pro-
cessing for molecular detection of C. ribicola to eliminate any 
external C. ribicola DNA. All needles per cohort per shoot 
were placed in a 0.2% Tween-20 solution, vortexed at 500 rpm 
for 10 min, followed by a one-minute rinse in 70% ethanol. 
Needles were dried by dabbing onto a clean paper towel, 
placed on ice, then finely cut (~6 mm) with sterilised scissors 
and placed into a new, sterile tube. Tubes were shaken to ho-
mogenise needle cuttings, and 60 mg of needles were weighed 
from each needle cohort from each shoot for DNA extraction. 
To grind needle tissue, mortar and pestles were first sterilised 
using 90% ethanol and flamed, then wiped with 3% hydrogen 
peroxide. Liquid nitrogen was poured into each mortar with 
the pestle placed inside to cool. Pre-weighed needles were 
frozen in liquid nitrogen and ground with mortar and pestle 
until powdered. DNA was extracted using a Synergy Plant 
DNA Extraction Kit (OPS Diagnostics, Lebanon, NJ) following 
manufacturer protocols with the addition of bead beating each 
sample for 4 min in step 2. DNA quantity and quality were as-
sessed for all samples using a spectrophotometer (NanoDrop 
ND-1000, Thermo Fisher Scientific).

Real-Time quantitative PCR was performed following meth-
ods described previously (Bertram 2021) using PrimeTime 
Gene Expression 2× Master Mix (IDT, Coralville, IA). Two 
primer sets were used, one that targets C. ribicola gene Crib190 
(Bergeron et al. 2019), and a newly developed qPCR assay was 
designed that targets the pine host gene Agp6 (Table 1) (Syring 
et al. 2005). Reactions were conducted in a 96-well plate with 
10 μL Master Mix, 0.50 μL forward primer (100 μM), 0.50 μL 
reverse primer (100 μM), 0.25 μL probe (100 μM), 8.75 μL mo-
lecular grade water, and 2 μL sample DNA extract per reac-
tion. Seven targeted DNA standards were run in duplicate 
on each plate for C. ribicola (ten-fold change from 11.5 ng/
μL to 0.0115 pg/μL), and for P. flexilis (five-fold change from 
118 ng/μL to 7.5 pg/μL), and reactions specific to each species 
were run on separate plates in parallel using real-time ther-
mocycler machines (CFX Connect Real-Time PCR Detection 
Sybranch, Bio-Rad, US). Initial DNA denaturation was set 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. Mean reaction effi-
ciency was 0.83 (± 0.12). The average quantitation cycle (Cq) 
number was used to create standard curves for the DNA on 
each plate. Conversion of Cq value to absolute quantity of 
DNA was performed using CFX Manager Software (v3.1, Bio-
Rad, US). DNA was then standardised for each sample using 
Equation (1), where absolute quantity of C. ribicola DNA was 
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divided by the absolute quantity of P. flexilis DNA. Equation 1 
as Standardised C. ribicola DNA quantity = C. ribicola DNA 
quantity / P. flexilis DNA quantity.

2.4   |   Wax Quantity Experiment

Quantity of epicuticular wax was examined in P. flexilis needles 
by age class and tree resistance status to WPBR. Pinus flexilis 
shoots from three susceptible (cr4) and two resistant (Cr4) trees 
were collected from Pilot Hill, WY. The shoots were dissected 
into age cohorts as described above, and all needles per cohort 
were excised and weighed (fresh). Cohorts were organised such 
that each tube contained needles of only one age class from 
one shoot, ranging from 0 to 10 year old needles. Needles were 
cut into approximately 1 cm segments using scissors sterilised 
with 70% ethanol, returned to their respective tubes, and gently 
shaken to homogenise. Wax quantity was measured following 
previous studies (Noshad et al. 2023; Smith et al. 2006). A total 
of 1 g subsample of each age cohort per shoot was added into 
pre-weighed 10 mL borosilicate glass tubes and 3 mL 100% chlo-
roform was added to each tube to fully submerge the needles for 
two minutes. Needles were then removed using a microspatula 
and tweezers that were sterilised between samples with 100% 
ethanol. Needles were discarded, and tubes remained in the 
fume hood until all chloroform had evaporated, approximately 
96 h. Each tube was then re-weighed, and the dry weight of 
epicuticular wax was calculated by subtracting the initial tube 
weight from the final tube weight. Needle wax was standardised 
by dividing the dry weight of wax by the total weight of needles 
per sample. Nine blank tubes were used that contained 3 mL 
100% chloroform with no needles; sterilised collection tools 
were submerged in three of them to assess possible contamina-
tion. All weight measurements were carried out on an analyti-
cal scale (Torbal AGCN120) with a standard deviation rating of 
0.0001 g.

2.5   |   Statistical Analyses of Inoculation Data

To assess an effect on needle stress, a linear mixed model was fit 
(Equation 2), with 𝐹𝑣 /𝐹𝑚 predicted by the interaction between 
needle age class (categorical) and tree resistance status while 
accounting for whether the tree was in the inoculation or con-
trol group and stem number as a random effect, followed by an 
ANOVA test. Equation  2 as Fv/Fm∼Needle Age Class × Tree + 
Experiment + (1∣Stem). Effect size was calculated using partial 

eta-squared. Spearman's correlation was used to evaluate the 
relationship between 𝐹𝑣/𝐹𝑚 and standardised C. ribicola DNA. 
To assess overall differences in standardised C. ribicola DNA 
concentrations, two Kruskal-Wallis non-parametric tests were 
conducted, with one test predicting differences by age class 
and the other by tree resistance status. Following a significant 
result, a Dunn's test with Benjamini-Hochberg adjustment for 
small sample size was performed to identify specific pairwise 
differences amongst age classes while controlling for multiple 
comparisons. Residual normality for all models was assessed 
using Shapiro-Wilks tests, and linearity was assessed using re-
sidual vs. fitted plots. Difference in mean accumulative shoot 
water usage per shoot needle mass (g/g) was examined using 
a Student's t-test. All analyses were performed with a signif-
icance level (α) set to 0.05 in R Statistical Software (v3.3.4; R 
Core Team 2023).

2.6   |   Statistical Analyses of Epicuticular Wax Data

Wax weight was calculated by the change in glass weight (g) 
divided by the total weight of needle mass (g) subsampled. To 
assess the effects of age class and susceptibility on wax weight, 
a generalised linear regression model (GLM) with a Gaussian 
family distribution was fit (Equation  3). Wax weight (g) was 
modelled as a function of age class (categorical) and tree resis-
tant status with Equation 3 as Wax weight ~ Needle Age Class 
+ Tree Resistance Status. Model fit was assessed using Akaike
Information Criterion (AIC) and ANOVA assumptions were
checked using a Shapiro–wilk test and standardised vs. fitted
residuals plot. Once all assumptions were met, an Analysis of
Variance (ANOVA) test was used, followed by a Tukey HSD.
Further, Spearman's rank correlation was calculated to assess
direction and strength of correlation. All analyses were per-
formed in R Statistical Software (v3.3.4; R Core Team 2023) with 
a significance level (α) set to 0.05.

3   |   Results

3.1   |   Quantitative Comparisons of C. ribicola 
Colonisation

To better understand the dynamics of C. ribicola colonisation, 
the relationship between needle age class and the mean quan-
tity of standardised C. ribicola DNA following artificial inoc-
ulation was examined (Figure  1). In all inoculated branches 

TABLE 1    |    Forward and reverse primers and probe (IDT, Coralville, IA) of Agp6 (Syring et al. 2005) developed specifically for Pinus flexilis used 
to standardise quantified Cronartium ribicola DNA in P. flexilis needles following qPCR.

Assay Targeted taxon

Primer, 
TaqMan 

probe Sequence Tm
Amplicon 

length
GenBank 

accession no.

Agp6 Pinus flexilis Agp6F 5′-CTGCTAAACCACCCACAACT-3′ 62.4°C 134 bp AF101785

Agp6R 5′-CTTGGTGGGAGCAACGG-3′ 62.4°C

Agp6T 5′-FAM/TCTCAACTC/ZEN/
CGAAGCCTCCCAC/IBFQ-3′

67.4°C
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from both susceptible and resistant trees, there was a significant 
relationship between needle age class and the mean quantity 
of standardised C. ribicola DNA (pg C. ribicola:pg P. flexilis) 
(X2 = 23.23, p = 0.006). Pairwise comparisons indicated that 
older needles contained significantly higher levels of C. ribicola 
DNA compared to current or 1-year old needles (Table 2). There 
was no difference in mean C. ribicola DNA by tree resistance 
status (X2 = 0.707, p = 0.401).

Chlorophyll fluorescence measurements were used to assess 
the physiological condition of the needle cohorts (Figure  2). 
The interaction between needle age class and tree resistance 
status was analysed and revealed a significant interaction 
with a large effect size (η2p = 0.15, X2 = 15.768, p = 0.046), indi-
cating that the effect of age class on 𝐹𝑣 /𝐹𝑚 varied depending 
on the source tree. Mean 𝐹𝑣 /𝐹𝑚 values of the uninoculated 
control stems were not significantly different from inoculated 
stems (X2 = 0.007, p = 0.935), suggesting that a change in 𝐹𝑣 
/𝐹𝑚 values is not detected at 21 days post-inoculation. Age 
class showed a large effect size (�2p = 0.20) and explained 20% 
of the variance in 𝐹𝑣/𝐹𝑚, though the influence of tree alone 
was negligible (�2p = 0.008). Further, no significant correla-
tion between 𝐹𝑣 /𝐹𝑚 and standardised quantity of C. ribicola 
DNA (Spearman's ρ = 0.048, p = 0.633) was found, suggesting 
that incidence and quantity of C. ribicola infection do not sig-
nificantly affect needle stress in the first three weeks post-
inoculation, and photochemical efficiency varies by needle 
age class depending on the source tree. Lastly, per shoot on 
average, accumulative water use by needle mass (g/g) was not 
significantly different between uninoculated shoots (1.436, 
±0.448) and inoculated shoots (1.780, ±0.895) after 21-days 
post-inoculation (t(17.148) = 2.000, p = 0.401).

FIGURE 1    |    Standardised DNA (pg C. ribicola DNA: Pg. P. flexilis DNA) by age class per extraction three weeks after artificial inoculation of 
branches collected from one susceptible and one resistant (Cr4) mature field tree with six biological replicates each. Older needles exhibited signifi-
cantly higher quantities of C. ribicola DNA than younger needles (X2 = 23.23, p = 0.006) (A), while there was no significant difference in DNA quan-
tity between needles sourced from the susceptible and resistant trees (X2 = 0.707, p = 0.401) (B).
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TABLE 2    |    Pairwise comparisons of mean quantity of standardised 
C. ribicola DNA (pg C. ribicola:Pg. P. flexilis DNA) in pine needles of
different age classes (in years) following artificial inoculation.

Age classes Z p p adjusted

0–4 −2.206 0.014 0.068

1–4 −2.613 0.004 0.04

0–5 −2.075 0.019 0.085

1–5 −2.482 0.007 0.042

1–6 −1.882 0.03 0.104

0–7 −2.344 0.01 0.054

1–7 −2.732 0.003 0.035

0–8 −2.954 0.002 0.035

1–8 −3.318 0 0.02

2–8 −1.85 0.032 0.103

3–8 −1.949 0.026 0.105

0–9 −2.612 0.005 0.034

1–9 −2.869 0.002 0.031

2–9 −1.838 0.033 0.099

3–9 −1.909 0.028 0.105

6–9 −1.679 0.047 0.131

Note: Comparisons indicate that older needles contained significantly higher 
levels of C. ribicola DNA compared to current or 1-year old needles. Significant 
results using raw p-value from Dunn's test for multiple comparisons are shown, 
as well as Benjamini-Hochberg-adjusted p-values.
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3.2   |   Variation in Wax Quantity

To explore variations in epicuticular wax quantity, the linear 
relationship between needle age class and epicuticular wax 
weight was explored while controlling for tree resistance sta-
tus (Figure 3). The analysis revealed a significant relationship 
between age class and wax weight (F = 13.123, p < 0.0001). Wax 
weight increased with needle age, as indicated by a positive 
correlation (r = 0.54, p < 0.0001, n = 152). The mean wax mass 
(gwax/gneedle) sourced from resistant trees and susceptible trees 
was not significantly different (t(147.19) = 1.560, p = 0.121).

4   |   Discussion

This study demonstrates that C. ribicola can infect and colonise 
all needle age classes in P. flexilis. Colonisation was more ex-
tensive in older needles regardless of whether the needles were 
sourced from a tree with or without Cr4-resistance. Colonisation 
of C. ribicola was measured across all needle age classes using 
molecular markers and quantitative PCR, marking one of the 
first completed studies using this technology on this pathosys-
tem. These findings challenge long-held assumptions about nee-
dle susceptibility and provide new insights into the biology of C. 
ribicola infection.

It is commonly observed that biotrophic pathogens preferentially 
infect and colonise younger tissue compared to older tissue due 
to lower levels of defence, such as a thin cuticle and relatively 
lower phenolic content (Farber and Mundt 2017; Li and Xu 2002; 
Mapuranga et al.  2022). However, previous literature presents 
conflicting results regarding which pine needle age class is most 
susceptible to C. ribicola. In previous studies on P. monticola 
and P. strobus, inoculated young seedlings demonstrated high 
susceptibility in current-year needles (Hunt 1991; Patton 1961) 
and in young trees and shoots (Arsdel 1961; Patton 1970). In con-
trast, studies on P. monticola of naturally inoculated older trees 
(> 5 years) exhibited lower infection on current-year needles 
(Hunt and Jensen 2000; Pierson and Buchanan 1938). It is there-
fore suggested that as trees mature, their needle cohorts exhibit 
decreasing susceptibility to C. ribicola colonisation, though all 
age classes remain susceptible.

Molecular tools used in this study revealed greater C. ribicola 
colonisation in older needles of mature P. flexilis, regardless 
of whether the needles were sourced from a susceptible or re-
sistant tree. Our results align with previous research that sug-
gested that white pines with MGR to WPBR are colonised at the 
same rate as susceptible trees during the early stages of infection 
(Stone et  al.  2011). This provides additional evidence that the 
Cr4-mediated resistance mechanism in P. flexilis occurs after 

FIGURE 2    |    Chlorophyll florescence (Fv/Fm) by needle age class from two mature P. flexilis trees by WPBR resistance status 3 weeks post-
inoculation with C. ribicola. There is a statistically significant interaction between needle age class and source tree resistance status on Fv/Fm when 
accounting for whether the stem was inoculated or control (X2 = 15.779, p = 0.046).
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initial needle colonisation. In P. strobus, for example, C. ribicola 
growth was halted in resistant individuals approximately seven 
weeks post-infection due to increased production of phenolic 
compounds (Jurgens et al. 2003). These results suggest that both 
resistant and susceptible trees may experience similar early col-
onisation by C. ribicola, with resistance mechanisms diverging 
later in the process.

Epicuticular wax, a physical barrier to fungal penetration, was 
also evaluated in this study. Mean wax quantities were similar 
in needles sourced from both susceptible and resistant P. flexi-
lis field trees. Conversely, previous literature suggests trees re-
sistant to WPBR exhibit higher epicuticular wax quantity than 
susceptible trees, such as in P. strobus (Jurgens et al. 2003; Smith 
et  al.  2006) and P. monticola (Noshad et  al.  2023). Increased 
epicuticular wax can act as a physical barrier to stomatal entry, 
leading to decreased penetration of a fungal germ tube and thus 
decreased levels of infection (Patton and Spear 1980; Smith 
et  al.  2006). Interestingly, the results presented here showed 
that older needles, which had relatively more epicuticular wax, 
were more heavily colonised by C. ribicola. This suggests that 
wax quantity alone does not play a significant role in WPBR re-
sistance, aligning with earlier research on P. monticola and P. 
strobus that propose wax is not a major mechanism of needle 
resistance (Patton 1970; Woo et al. 2001). Differences in inocu-
lum load may contribute to discrepancies from past work, and 
further research incorporating a range of inoculum loads is nec-
essary to refine the understanding of this relationship.

A significant interaction was observed between needle age class 
and source tree on Fv/Fm values of inoculated needles, indicat-
ing that photochemical efficiency is influenced by both factors. 
With increasing needle age class, the resistant tree exhibited 
a negative trend and the susceptible tree exhibited a positive 
trend. While small sample sizes limit the ability to draw con-
clusions about the role of resistance status, these findings indi-
cate the relationship between needle age class and Fv/Fm values 

varied by source tree. Additionally, a significant difference in 
mean Fv/Fm values was not observed between inoculated and 
uninoculated shoots at 21 days post-inoculation, suggesting 
that C. ribicola inoculation may not cause notable changes in 
needle stress 3 weeks following inoculation. Studies in other 
rust pathosystems have reported significant decreases in Fv/
Fm values following inoculation, including Puccinia coronata on 
Avena sativa (oat) (Scholes and Rolfe  1996) and Hemileia vas-
tatrix on Coffea arabica (coffee) (Honorato Júnior et al. 2015). 
However, (Bertram 2021) found no change in Fv/Fm values of P. 
flexilis needles in the first 16 weeks following inoculation with 
C. ribicola, but observed a significant decrease after 18 weeks.
Therefore, 21 days post-inoculation was likely too early to de-
tect a similar effect. Chlorophyl fluorescence and water uptake
values indicated that all stems remained alive and needles were
viable at 21 days post-inoculation (Figure S1).

In this study, nine-year-old P. flexilis needles were particularly 
susceptible to C. ribicola colonisation. At this age, the highest 
median quantity of C. ribicola DNA (standardised) was observed 
as well as a marked decrease in both needle photochemical ef-
ficiency and epicuticular wax quantity. These physiological 
changes suggest the oldest needles are undergoing senescence, a 
process that may create a favourable environment for biotrophic 
colonisation. Senescing tissues often experience increased lev-
els of soluble sugars and nitrogen compounds as chlorophyll 
degrades and nutrients are mobilised for reabsorption (Lei 
et  al.  2023; Thomas and Ougham  2014). Chloroplast degrada-
tion, in particular, is a major source of remobilised nitrogen, as 
these organelles store a significant portion of total leaf nitrogen 
in proteins such as Rubisco (Hörtensteiner and Feller  2002). 
This release of nitrogen-rich compounds may facilitate patho-
gen establishment, particularly for rust obligate biotrophs like 
C. ribicola, which have been shown to exhibit impaired nitro-
gen assimilation pathways thus relying fully on their host for
reduced nitrogen (Duplessis et al. 2011). Furthermore, Maupetit
et  al.  (2018) observed Melampsora larici-populina was more

FIGURE 3    |    Epicuticular wax weight (mg) exhibits a significant linear relationship with needle age class (F = 13.1226, p < 0.0001) after accounting 
for tree resistance status. Brackets represent Bonferroni-adjusted p-values following pairwise comparisons that revealed significantly higher mean 
wax weight between the age class with the highest mean wax weight at 7 years and the oldest age class at 9 years, relative to the current year's needle.
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aggressive on older Populus deltoides × P. nigra ‘Robusta’ poplar 
leaves and proposed this was due to increased accumulation of 
phenolic content relative to young leaves, as they observed no 
clear correlation between pathogen success and leaf sugar, total 
C, or N content. Further research into the metabolic and struc-
tural changes in ageing needles could provide deeper insights 
into host susceptibility dynamics.

Age-related differences in needle susceptibility have significant 
implications for our understanding of disease spread, particu-
larly in pine hosts that can maintain needles for over a decade. 
Tracking disease spread relies on accurately determining the 
timing of initial infection, which is often inferred by estimat-
ing canker age. This approach provides crucial insights into in-
fection timing and subsequent pathogen progression. However, 
estimating the timing of initial infection from the location of a 
canker on a shoot has proved challenging as it requires assump-
tions of the age of leaves at infection and the length of the la-
tent period between infection and visual disease development 
(Kearns et al. 2009; Schoettle et al. 2011). Canker ageing is typ-
ically inferred from its location relative to young needles, under 
the assumption that only those needles are susceptible. In hosts 
with long-lived needles, this approach becomes more complex. 
Prolonged needle retention can introduce ambiguity to canker 
ageing as needles may experience prolonged exposure to infec-
tion or reinfection over multiple seasons, potentially increas-
ing the margin of error by several years (Schoettle et al. 2011). 
Accurately determining the temporal progression from needle 
infection to visible canker formation is critical for epidemio-
logical modelling. Kearns et  al.  (2009) developed a method to 
estimate canker age on P. flexilis based on canker dimensions 
and expansion rate. However, no clear method currently exists 
to estimate the timing of initial infection or length of the latency 
period. The results presented here suggest that because all nee-
dle age classes are susceptible to infection further research is 
needed to develop a method for estimating the timing of initial 
infection and the duration of the latency period.

This study offers a unique perspective by utilising mature field 
trees grown under natural conditions rather than seedlings 
grown under controlled nursery settings. Discrepancies from 
prior research could stem from variations in tree age, white pine 
species, environmental conditions, natural versus artificial in-
oculations, or genetic makeup of tree families used. While the 
sample size in this study is limited, it provides valuable insights 
into differential susceptibility by needle age, especially in the 
context of WPBR. Future research with larger sample sizes will 
be important to confirm these findings and further investigate 
factors that influence needle susceptibility.

5   |   Conclusion

This study advances our understanding of C. ribicola infection 
dynamics in P. flexilis by demonstrating that all needle age 
classes can be colonised, challenging the long-standing assump-
tion that younger needles are the most susceptible. Molecular 
tools provided novel insights, showing that colonisation rates do 
not differ between susceptible and resistant trees during early 
infection stages. Furthermore, epicuticular wax quantity did not 
appear to impede infection by C. ribicola in P. flexilis under the 

artificial inoculation conditions used. Instead, resistance mech-
anisms including Cr4 likely act post-colonisation, emphasising 
the importance of physiological and biochemical defences. By 
utilising branches from mature field trees, this study highlights 
the need to consider natural environmental variability when 
evaluating host-pathogen interactions. These findings contrib-
ute to the understanding of early infection by obligate biotrophic 
fungal pathogens like C. ribicola in white pines and inform fu-
ture management strategies aimed at improving resistance in 
at-risk pine populations.

Author Contributions

Ashley E. Miller: investigation, methodology, writing original draft. 
Anna W. Schoettle: investigation, methodology, supervision, re-
viewing and editing draft. Jorge R. Ibarra Caballero: investigation, 
methodology. Tori Teegardin: investigation, methodology. Jane E. 
Stewart: methodology, supervision, reviewing and editing draft.

Acknowledgements

We thank Jilly Sal Greenberger and Dr. Olga Kozhar for their excellent 
technical assistance. This research was partially supported by an em-
ployee of the USDA Forest Service, and the findings and conclusions in 
this publication are those of the authors and should not be construed to 
represent any official USDA determination or policy.

Funding

This project was supported by USDA Forest Service, Forest Health 
Protection, Special Technology Development Program. Western 
Wildland Environmental Threat Assessment Center and the FS 
State, Private, and Tribal Forestry, Forest Health Protection–Special 
Technology and Development Programme.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

Arsdel, E. P. V. 1961. “Growing White Pine in the Lake States to Avoid 
Blister Rust.” In Station Paper LS-92. U.S. Department of Agriculture, 
Forest Service, Lake States Forest Experiment Station 12p., 92, 1–12.

Arsdel, E. P. V., B. W. Geils, and P. J. Zambino. 2006. “Epidemiology for 
Hazard Rating of White Pine Blister Rust.” In Proceedings of the 53rd 
Western International Forest Disease Work Conference; 2005 September 
26–30, edited by J. C. Guyon. U.S. Department of Agriculture, Forest 
Service, Intermountain Region. https://​resea​rch.​fs.​usda.​gov/​trees​
earch/​​25712​.

Bergeron, M.-J., N. Feau, D. Stewart, P. Tanguay, and R. C. Hamelin. 
2019. “Genome-Enhanced Detection and Identification of Fungal 
Pathogens Responsible for Pine and Poplar Rust Diseases.” PLoS One 
14, no. 2: e0210952. https://​doi.​org/​10.​1371/​journ​al.​pone.​0210952.

Bertram, J. H. 2021. Effects of Drought Stress on Early White Pine Blister 
Rust Development in Limber Pine. Text, Colorado State University. 
https://​mount​ainsc​holar.​org/​handle/​10217/​​235251.

Brar, S., C. K. M. Tsui, B. Dhillon, et al. 2015. “Colonization History, 
Host Distribution, Anthropogenic Influence and Landscape Features 

https://research.fs.usda.gov/treesearch/25712
https://research.fs.usda.gov/treesearch/25712
https://doi.org/10.1371/journal.pone.0210952
https://mountainscholar.org/handle/10217/235251


9 of 10Forest Pathology, 2026

Shape Populations of White Pine Blister Rust, an Invasive Alien Tree 
Pathogen.” PLoS One 10, no. 5: e0127916. https://​doi.​org/​10.​1371/​journ​
al.​pone.​0127916.

Burns, K. S., W. T. Tinkham, K. A. Leddy, A. W. Schoettle, W. R. Jacobi, 
and J. E. Stewart. 2023. “Interactions Between White Pine Blister Rust, 
Bark Beetles, and Climate Over Time Indicate Vulnerabilities to Limber 
Pine Health.” Frontiers in Forests and Global Change 6: 1149456. https://​
doi.​org/​10.​3389/​ffgc.​2023.​1149456.

Cape, J. N., I. S. Paterson, and J. Wolfenden. 1989. “Regional Variation 
in Surface Properties of Norway Spruce and Scots Pine Needles in 
Relation to Forest Decline.” Environmental Pollution 58, no. 4: 325–342. 
https://​doi.​org/​10.​1016/​0269-​7491(89)​90143​-​7.

Costes, E., P. E. Lauri, S. Simon, and B. Andrieu. 2013. “Plant 
Architecture, Its Diversity and Manipulation in Agronomic Conditions, 
in Relation With Pest and Pathogen Attacks.” European Journal of 
Plant Pathology 135, no. 3: 455–470. https://​doi.​org/​10.​1007/​s1065​
8-​012-​0158-​3.

Duarte, B. P., N. Feau, P. Zambino, R. A. Sniezko, and R. C. Hamelin. 
2025. “Best Practices and Methods for Telial and Aecial Host 
Inoculations With Cronartium ribicola, Causal Agent of White Pine 
Blister Rust.” Canadian Journal of Plant Pathology 47, no. 3: 287–302. 
https://​doi.​org/​10.​1080/​07060​661.​2024.​2445591.

Duplessis, S., C. A. Cuomo, Y.-C. Lin, et al. 2011. “Obligate Biotrophy 
Features Unraveled by the Genomic Analysis of Rust Fungi.” 
Proceedings of the National Academy of Sciences 108, no. 22: 9166–9171. 
https://​doi.​org/​10.​1073/​pnas.​10193​15108​.

Evert, R. F., S. E. Eichhorn, and K. Esau. 2006. Esau's Plant Anatomy: 
Meristems, Cells, and Tissues of the Plant Body: Their Structure, 
Function, and Development. 3rd ed. Wiley.

Ewers, F. W., and R. Schmid. 1981. “Longevity of Needle Fascicles of 
Pinus longaeva(Bristlecone Pine) and Other North American Pines.” 
Oecologia 51, no. 1: 107–115. https://​doi.​org/​10.​1007/​BF003​44660​.

Farber, D. H., and C. C. Mundt. 2017. “Effect of Plant Age and Leaf 
Position on Susceptibility to Wheat Stripe Rust.” Phytopathology 107, 
no. 4: 412–417. https://​doi.​org/​10.​1094/​PHYTO​-​07-​16-​0284-​R.

Geils, B. W., K. E. Hummer, and R. S. Hunt. 2010. “White Pines, Ribes, 
and Blister Rust: A Review and Synthesis.” Forest Pathology 40, no. 3–4: 
147–185. https://​doi.​org/​10.​1111/j.​1439-​0329.​2010.​00654.​x.

Goeking, S. A., and M. A. Windmuller-Campione. 2021. “Comparative 
Species Assessments of Five-Needle Pines Throughout the Western 
United States.” Forest Ecology and Management 496: 119438. https://​doi.​
org/​10.​1016/j.​foreco.​2021.​119438.

Honorato Júnior, J., L. Zambolim, H. S. S. Duarte, C. E. Aucique-Pérez, 
and F. Á. Rodrigues. 2015. “Effects of Epoxiconozale and Pyraclostrobin 
Fungicides in the Infection Process of Hemileia Vastatrix on Coffee 
Leaves as Determined by Chlorophyll a Fluorescence Imaging.” Journal of 
Phytopathology 163, no. 11–12: 968–977. https://​doi.​org/​10.​1111/​jph.​12399​.

Hörtensteiner, S., and U. Feller. 2002. “Nitrogen Metabolism and 
Remobilization During Senescence.” Journal of Experimental Botany 
53, no. 370: 927–937. https://​doi.​org/​10.​1093/​jexbot/​53.​370.​927.

Hudgins, J. W., G. I. McDonald, P. J. Zambino, N. B. Klopfenstein, and V. 
R. Franceschi. 2005. “Anatomical and Cellular Responses of Pinus mon-
ticolastem Tissues to Invasion by Cronartium ribicola.” Forest Pathology 
35, no. 6: 423–443. https://​doi.​org/​10.​1111/j.​1439-​0329.​2005.​00425.​x.

Hunt, R. S. 1991. “Operational Control of White Pine Blister Rust by 
Removal of Lower Branches.” Forestry Chronicle 37: 3.

Hunt, R. S., and G. D. Jensen. 2000. “Long Infection Period for White 
Pine Blister Rust in Coastal British Columbia.” HortTechnology 10, no. 
3: 537–539.

Jurgens, J. A., R. A. Blanchette, P. J. Zambino, and A. David. 2003. 
“Histology of White Pine Blister Rust in Needles of Resistant and 
Susceptible Eastern White Pine.” Plant Disease 87: 1026–1030.

Kearns, H. S. J., W. R. Jacobi, and B. W. Geils. 2009. “A Method for 
Estimating White Pine Blister Rust Canker Age on Limber Pine in the 
Central Rocky Mountains.” Forest Pathology 39, no. 3: 177–191. https://​
doi.​org/​10.​1111/j.​1439-​0329.​2008.​00575.​x.

Kraus, C., T. Pennington, K. Herzog, et  al. 2018. “Effects of Canopy 
Architecture and Microclimate on Grapevine Health in Two Training 
Systems.” Vitis - Journal of Grapevine Research 57, no. 2: 2. https://​doi.​
org/​10.​5073/​vitis.​2018.​57.​53-​60.

Lei, P., F. Yu, and X. Liu. 2023. “Recent Advances in Cellular Degradation 
and Nuclear Control of Leaf Senescence.” Journal of Experimental 
Botany 74, no. 18: 5472–5486. https://​doi.​org/​10.​1093/​jxb/​erad273.

Li, B., and X. Xu. 2002. “Infection and Development of Apple Scab 
(Venturia Inaequalis) on Old Leaves.” Journal of Phytopathology 150, 
no. 11–12: 687–691. https://​doi.​org/​10.​1046/j.​1439-​0434.​2002.​00824.​x.

Mafia, R. G., A. C. Alfenas, E. M. Ferreira, G. C. G. Andrade, C. A. 
Vanetti, and D. H. B. Binoti. 2009. “Effects of Leaf Position, Surface, 
and Entry Sites on Quambalaria Eucalypti Infection in Eucalypt.” 
Tropical Plant Pathology 34: 3–9. https://​doi.​org/​10.​1590/​S1982​-​56762​
00900​0100001.

Mapuranga, J., N. Zhang, L. Zhang, J. Chang, and W. Yang. 2022. 
“Infection Strategies and Pathogenicity of Biotrophic Plant Fungal 
Pathogens.” Frontiers in Microbiology 13: 799396. https://​doi.​org/​10.​
3389/​fmicb.​2022.​799396.

Maupetit, A., R. Larbat, M. Pernaci, et al. 2018. “Defense Compounds 
Rather Than Nutrient Availability Shape Aggressiveness Trait Variation 
Along a Leaf Maturity Gradient in a Biotrophic Plant Pathogen.” 
Frontiers in Plant Science 9: 1396. https://​doi.​org/​10.​3389/​fpls.​2018.​
01396​.

Mielke, J. L. 1943. “White Pine Blister Rust in Western North America.” 
In Yale School of Forestry & Environmental Studies Bulletin Series 56. 
Yale University.

Noshad, D., N. Ukrainetz, J. King, and A. Yanchuk. 2023. “Epicuticular 
Wax Content of Western White Pine Is Involved in Cronartium ribicola 
resistance.” Forest Pathology 53, no. 1: e12793. https://​doi.​org/​10.​1111/​
efp.​12793​.

Pangga, I. B., J. Hanan, and S. Chakraborty. 2013. “Climate Change 
Impacts on Plant Canopy Architecture: Implications for Pest and 
Pathogen Management.” European Journal of Plant Pathology 135, no. 
3: 595–610. https://​doi.​org/​10.​1007/​s1065​8-​012-​0118-​y.

Patton, R. F. 1961. “The Effect of Age Upon Susceptibility of Eastern 
White Pine to Infection by Cronartium ribicola.” Phytopathology 51: 
429–434.

Patton, R. F. 1970. “Mode of Penetration of Needles of Eastern White 
Pine by Cronartium ribicola.” Phytopathology 60, no. 6: 977. https://​doi.​
org/​10.​1094/​Phyto​-​60-​977.

Patton, R. F., and R. N. Spear. 1980. “Stomatal Influences on White Pine 
Blister Rust Infection.” Phytopathologia Mediterranea 19: 1–7.

Pierson, R. K., and T. S. Buchanan. 1938. “Susceptibility of Needles of 
Different Ages on Pinus monticola seedlings to Cronartium ribicola in-
fection.” Phytopathology 28: 833–839.

R Core Team. 2023. “R: A Language and Environment for Statistical 
Computing.” R Foundation for Statistical Computing, Vienna, Austria. 
https://​www.R-​proje​ct.​org/​.

Reich, P. B., J. Oleksyn, J. Modrzynski, and M. G. Tjoelker. 1996. 
“Evidence That Longer Needle Retention of Spruce and Pine Populations 
at High Elevations and High Latitudes Is Largely a Phenotypic 
Response.” Tree Physiology 16, no. 7: 643–647. https://​doi.​org/​10.​1093/​
treep​hys/​16.7.​643.

Schoettle, A. W. 1990. “The Interaction Between Leaf Longevity and 
Shoot Growth and Foliar Biomass Per Shoot in Pinus contorta at Two 
Elevations.” Tree Physiology 7: 209–214. https://​doi.​org/​10.​1093/​treep​
hys/7.​1-​2-​3-​4.​209.

https://doi.org/10.1371/journal.pone.0127916
https://doi.org/10.1371/journal.pone.0127916
https://doi.org/10.3389/ffgc.2023.1149456
https://doi.org/10.3389/ffgc.2023.1149456
https://doi.org/10.1016/0269-7491(89)90143-7
https://doi.org/10.1007/s10658-012-0158-3
https://doi.org/10.1007/s10658-012-0158-3
https://doi.org/10.1080/07060661.2024.2445591
https://doi.org/10.1073/pnas.1019315108
https://doi.org/10.1007/BF00344660
https://doi.org/10.1094/PHYTO-07-16-0284-R
https://doi.org/10.1111/j.1439-0329.2010.00654.x
https://doi.org/10.1016/j.foreco.2021.119438
https://doi.org/10.1016/j.foreco.2021.119438
https://doi.org/10.1111/jph.12399
https://doi.org/10.1093/jexbot/53.370.927
https://doi.org/10.1111/j.1439-0329.2005.00425.x
https://doi.org/10.1111/j.1439-0329.2008.00575.x
https://doi.org/10.1111/j.1439-0329.2008.00575.x
https://doi.org/10.5073/vitis.2018.57.53-60
https://doi.org/10.5073/vitis.2018.57.53-60
https://doi.org/10.1093/jxb/erad273
https://doi.org/10.1046/j.1439-0434.2002.00824.x
https://doi.org/10.1590/S1982-56762009000100001
https://doi.org/10.1590/S1982-56762009000100001
https://doi.org/10.3389/fmicb.2022.799396
https://doi.org/10.3389/fmicb.2022.799396
https://doi.org/10.3389/fpls.2018.01396
https://doi.org/10.3389/fpls.2018.01396
https://doi.org/10.1111/efp.12793
https://doi.org/10.1111/efp.12793
https://doi.org/10.1007/s10658-012-0118-y
https://doi.org/10.1094/Phyto-60-977
https://doi.org/10.1094/Phyto-60-977
https://www.r-project.org/
https://doi.org/10.1093/treephys/16.7.643
https://doi.org/10.1093/treephys/16.7.643
https://doi.org/10.1093/treephys/7.1-2-3-4.209
https://doi.org/10.1093/treephys/7.1-2-3-4.209


10 of 10 Forest Pathology, 2026

Schoettle, A. W. 1994. “Influence of Tree Size on Shoot Structure and 
Physiology of Pinus contorta and Pinus aristata.” Tree Physiology 14: 
1055–1068. https://​doi.​org/​10.​1093/​treep​hys/​14.​7-​8-​9.​1055.

Schoettle, A. W., K. S. Burns, S. T. McKinney, et al. 2022. “Integrating 
Forest Health Conditions and Species Adaptive Capacities to Infer 
Future Trajectories of the High Elevation Five-Needle White Pines.” 
Forest Ecology and Management 521: 120389. https://​doi.​org/​10.​1016/j.​
foreco.​2022.​120389.

Schoettle, A. W., and T. J. Fahey. 1994. “Foliage and Fine Root Longevity 
of Pines.” Ecological Bulletins 43: 136–153.

Schoettle, A. W., and S. G. Rochelle. 2000. “Morphological Variation 
of Pinus flexilis (Pinaceae), a Bird-Dispersed Pine, Across a Range of 
Elevations.” American Journal of Botany 87, no. 12: 1797–1806. https://​
doi.​org/​10.​2307/​2656832.

Schoettle, A. W., R. A. Sniezko, A. Kegley, and K. S. Burns. 2011. 
“Preliminary Overview of the First Extensive Rust Resistance 
Screening Tests of Pinus flexilis and Pinus aristata.” In The Future of 
High-Elevation, Five-Needle White Pines in Western North America: 
Proceedings of the High Five Symposium. June 28-30, 2010 Missoula MT, 
edited by R. E. Keane, D. F. Tomback, M. P. Murray, and C. M. Smith, 
265–269. USDA For. Serv. Proc. RMRS-P-63. https://​resea​rch.​fs.​usda.​
gov/​trees​earch/​​38235​.

Schoettle, A. W., R. A. Sniezko, A. Kegley, and K. S. Burns. 2014. “White 
Pine Blister Rust Resistance in Limber Pine: Evidence for a Major 
Gene.” Phytopathology 104, no. 2: 163–173. https://​doi.​org/​10.​1094/​
PHYTO​-​04-​13-​0092-​R.

Scholes, J. D., and S. A. Rolfe. 1996. “Photosynthesis in Localised 
Regions of Oat Leaves Infected With Crown Rust (Puccinia coronata): 
Quantitative Imaging of Chlorophyll Fluorescence.” Planta 199, no. 4: 
573–582. https://​doi.​org/​10.​1007/​BF001​95189​.

Smith, J. A., R. A. Blanchette, T. A. Burnes, J. H. Gillman, and A. J. 
David. 2006. “Epicuticular Wax and White Pine Blister Rust Resistance 
in Resistant and Susceptible Selections of Eastern White Pine (Pinus 
strobus).” Phytopathology 96, no. 2: 171–177. https://​doi.​org/​10.​1094/​
PHYTO​-​96-​0171.

Snell, W. H. 1936. “The Relation of the Age of Needles of Pinus strobus to 
Infection by Cronartium ribicola.” Phytopathology 26: 1074–1080.

Stone, J., A. Schoettle, R. Sniezko, and A. Kegley. 2011. “Histological 
Observations on Needle Colonization by Cronartium ribicolain 
Susceptible and Resistant Seedlings of Whitebark Pine and Limber 
Pine.” In The Future of High-Elevation, Five-Needle White Pines in 
Western North America: Proceedings of the High Five Symposium. 
28–30 June 2010; Missoula, MT. Proceedings RMRS-P-63, edited by 
R. E. Keane, D. F. Tomback, M. P. Murray, and C. M. Smith, 243. U.S. 
Department of Agriculture, Forest Service, Rocky Mountain Research 
Station 63, 243. https://​resea​rch.​fs.​usda.​gov/​trees​earch/​​38233​.

Syring, J., A. Willyard, R. Cronn, and A. Liston. 2005. “Evolutionary 
Relationships Among Pinus (Pinaceae) Subsections Inferred From 
Multiple Low-Copy Nuclear Loci.” American Journal of Botany 92, no. 
12: 2086–2100. https://​doi.​org/​10.​3732/​ajb.​92.​12.​2086.

Thomas, H., and H. Ougham. 2014. “The Stay-Green Trait.” Journal of 
Experimental Botany 65, no. 14: 3889–3900. https://​doi.​org/​10.​1093/​jxb/​
eru037.

Turunen, M., S. Huttunen, K. E. Percy, C. K. McLAUGHLIN, and J. 
Lamppu. 1997. “Epicuticular Wax of Subarctic Scots Pine Needles: 
Response to Sulphur and Heavy Metal Deposition.” New Phytologist 135, 
no. 3: 501–515. https://​doi.​org/​10.​1046/j.​1469-​8137.​1997.​00675.​x.

Woo, K.-S., L. Fins, G. I. McDonald, and M. V. Wiese. 2001. “Differences 
in Needle Morphology Between Blister Rust Resistant and Susceptible 
Western White Pine Stocks.” Canadian Journal of Forest Research 31, 
no. 11: 1880–1886. https://​doi.​org/​10.​1139/​x01-​121.

Woo, K.-S., G. I. McDonald, and L. Fins. 2004. “Influence of Seedling 
Physiology on Expression of Blister Rust Resistance in Needles of 

Western White Pine.” In Breeding and Genetic Resources of Five-Needle 
Pines: Growth, Adaptability and Pest Resistance; 2001 July 23–27; 
Medford, OR, USA. IUFRO Working Party 2.02.15. Proceedings RMRS-
P-32, edited by R. A. Sniezko, S. Samman, S. E. Schlarbaum, and H. 
B. Kriebel. U.S. Department of Agriculture, Forest Service, Rocky
Mountain Research Station.

Woods, A., K. D. Coates, and A. Hamann. 2005. “Is an Unprecedented 
Dothistroma Needle Blight Epidemic Related to Climate Change?” 
Bioscience 55, no. 9: 761. https://​doi.​org/​10.​1641/​0006-​3568(2005)​
055[0761:​IAUDNB]​2.0.​CO;​2.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Limber pine shoots were 
collected from mature field trees and inoculated with Cronartium ribi-
cola. Images are of shoots at 0 (A) and 21 days post-inoculation (C), and 
immediately prior to inoculation (B). Needles showed minimal brown-
ing and shoots were still taking up water at 21 days post-inoculation. 

https://doi.org/10.1093/treephys/14.7-8-9.1055
https://doi.org/10.1016/j.foreco.2022.120389
https://doi.org/10.1016/j.foreco.2022.120389
https://doi.org/10.2307/2656832
https://doi.org/10.2307/2656832
https://research.fs.usda.gov/treesearch/38235
https://research.fs.usda.gov/treesearch/38235
https://doi.org/10.1094/PHYTO-04-13-0092-R
https://doi.org/10.1094/PHYTO-04-13-0092-R
https://doi.org/10.1007/BF00195189
https://doi.org/10.1094/PHYTO-96-0171
https://doi.org/10.1094/PHYTO-96-0171
https://research.fs.usda.gov/treesearch/38233
https://doi.org/10.3732/ajb.92.12.2086
https://doi.org/10.1093/jxb/eru037
https://doi.org/10.1093/jxb/eru037
https://doi.org/10.1046/j.1469-8137.1997.00675.x
https://doi.org/10.1139/x01-121
https://doi.org/10.1641/0006-3568(2005)055%5B0761:IAUDNB%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055%5B0761:IAUDNB%5D2.0.CO;2

	Differential Infection and Colonisation of Needle Age Classes by Cronartium ribicola
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Plant Material
	2.2   |   Inoculation With C. ribicola
	2.3   |   Quantitative Comparisons of C. ribicola in Needle Tissue
	2.4   |   Wax Quantity Experiment
	2.5   |   Statistical Analyses of Inoculation Data
	2.6   |   Statistical Analyses of Epicuticular Wax Data

	3   |   Results
	3.1   |   Quantitative Comparisons of C. ribicola Colonisation
	3.2   |   Variation in Wax Quantity

	4   |   Discussion
	5   |   Conclusion
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References




