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Abstract

The coevolution of virulence reduces the effectiveness of host resistance
to pathogens, posing a direct threat to forest species and their key ecosystem
functions. This is a threat to limber pine (Pinus flexilis), an endangered
species in Canada due to rapid decline mainly driven by white pine
blister rust caused by Cronartium ribicola. We present the first report
of a new, virulent race of C. ribicola (designated vcr4) that overcomes
limber pine major gene (Cr4) resistance (MGR). Field surveys found that
three parental trees (pf-503, pf-508, and pf-2015-0070) were cankered
with white pine blister rust in Alberta, but their progenies showed MGR-
related phenotypic segregation postinoculation with an avirulent race of
C. ribicola (Avcr4). Genotyping of their progenies using Cr4-linked DNA
markers and a genome-wide association study provided additional support
that these cankered parental trees had Cr4-controlled MGR. To confirm

the presence of vcr4, aeciospores were collected from the cankered pf-
503 tree to inoculate resistant seedlings that had survived prior inoculation
using the Avcer4 race, as well as seedlings of two U.S. seed parents, one
previously confirmed with MGR (Cr4) and one without MGR, respectively.
All inoculated seedlings showed clear stem symptoms, confirming that the
virulent race is vcr4. These results provide insights into the evolution of
C. ribicola virulence and reinforce caution on deployment of Cr4-controlled
MGR. The information will be useful for designing a breeding program for
durable resistance by layering both R genes with quantitative trait loci for
resistance to white pine blister rust in North America.

Keywords: co-evolution, major gene resistance (MGR), pathogen
surveillance, single-nucleotide polymorphism (SNP), virulence

Virulence of plant pathogens is usually defined as the degree of
damage and the corresponding fitness reduction of their hosts fol-
lowing infection by the pathogens (Barrett et al. 2009; Sacristdn and
Garcia-Arenal 2008; Sacristan et al. 2021). Evolution of novel viru-
lence is defined as any event or process that promotes the (qualitative
or quantitative) fitness of a pathogen, causing disease; it includes
pathogen adaptation to host immunity and physiology, host species,
genotypes, tissues, or the environment (Sacristan et al. 2021). Both
genetic diversity within pathogen populations and the processes
that maintain variation in pathogenicity provide essential infor-
mation for predicting pathogen evolution, disease outcomes, and
prevalence (Burdon and Thrall 2008). Coevolution between hosts
and pathogens is an arms race of constant reciprocal adaptation.
Infection outcomes and their economic and ecological impacts in
many pathosystems are determined by dynamic interactions among
hosts, pathogens, and the environment (Lannou 2012; Tack et al.
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2012). Host genetic diversity is a key factor affecting variation of
pathogenicity in the pathogen populations. Plant immune response,
nutrient availability, and quantitative disease resistance (QDR) may
hamper pathogen reproduction after an initial successful infection
(Karisto et al. 2018). Thus, novel virulence activity is essential for
pathogens to gain new adaptations to host resistance. Despite the
central importance of virulence-related traits to pathogenicity, the
processes underlying their evolution and the maintenance of in-
traspecies variation within populations of pathogens are not well
understood, especially in forest pathosystems, such as the white
pine blister rust (WPBR) pathosystem.

WPBR, caused by Cronartium ribicola (J.C. Fisch.) is the most
destructive disease of five-needle pines in the subgenus Strobus.
Originating in Eurasia, it has spread worldwide via human activ-
ities and caused significant losses of timber and forest ecosystem
integrity, particularly in North America. Limber pine (Pinus flexilis
James) is a foundation species for high-elevation ecosystems, dis-
tributed in the Rocky Mountains and Intermountain Ranges from
southern British Columbia and Alberta in Canada to New Mexico,
Arizona, and California in the United States. Limber pine is highly
susceptible to WPBR, a pathogen that poses a risk for the collapse
of associated high-elevation ecosystems (Schoettle et al. 2022). Due
to high rates of rust infection and rust-caused mortality, limber pine
has been recommended for designation as an endangered species
by the Committee on the Status of Endangered Wildlife in Canada
(COSEWIC 2014).

To counteract the primary threat to the species, the core of limber
pine restoration involves selecting and propagating WPBR-resistant
germplasm across its geographical range (Alberta Environment and
Parks 2022; Schoettle et al. 2019a, 2022). Major gene resistance
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(MGR) and QDR were detected at low frequencies in several five-
needle pine species native to North America (Liu et al. 2022a;
Sniezko and Liu 2022). Research has identified MGR loci (Crl,
Cr2, Cr3, and Cr4) against WPBR in sugar pine (P. lambertiana
Douglas), western white pine (P. monticola, Douglas ex D. Don),
southwestern white pine (P. strobiformis), and limber pine, respec-
tively (Kinloch and Dupper 2002; Schoettle et al. 2014). Limber
pine MGR was first genetically characterized in stands in Colorado
and Wyoming and recently also confirmed in stands in Alberta,
Canada (Schoettle et al. 2014; Sniezko et al. 2016). Comparative
association mapping further confirmed that MGR was controlled
by the same genetic locus Cr4 in limber pine populations from the
Southern and Northern Rocky Mountains (Liu et al. 2020). An as-
sociation study revealed that Cr3 and Cr4 were likely the same
R locus, orthologous between southwestern white pine and limber
pine (Liu et al. 2022b).

Breeding and ecosystem restoration programs of five-needle
pines in Canada and the United States are using both MGR and
QDR to improve WPBR disease resistance (Alberta Environment
and Parks 2022; Schoettle et al. 2019a, 2022; Sniezko and Liu 2022;
Sniezko et al. 2011, 2023, 2024). However, the durability of host
genetic resistance is affected by the genetic diversity of pathogenic
populations (Sniezko and Liu 2023). MGR generally confers a race-
specific resistance and can lose its effectiveness when new virulent
races evolve. Plant R genes typically encode receptors that recognize
avirulent (Avr) effectors, leading to activation of effector-triggered
immunity for complete disease resistance (Jones and Dangl 2006).
A gene-for-gene (Avr—R) relationship has not yet been confirmed
at the molecular level in the WPBR pathosystem, but R proteins
encoded by Crl to Cr4 are presumed to detect corresponding
C. ribicola Avr effectors (Avcrl to Aver4) in a classic gene-for-gene
relationship, resulting in development of MGR-related phenotypes
(Kinloch and Dupper 2002; Liu et al. 2022a).

Resistance in host populations, especially MGR, favors evolu-
tion of novel virulent effectors in pathogen populations that allow
pathogens to overcome the host immune system or mutation of
the original Avr effector that then allows the pathogen to evade
host surveillance mediated by R proteins. Either scenario leads
to a disease outbreak in previously resistant host populations.
C. ribicola virulent races (vcrl and ver2) have been documented on
infected MGR trees where the fungus had overcome sugar pine Cr/
(Kinloch and Comstock 1981) and western white pine Cr2
(Kinloch et al. 2004), respectively. Both vcrl and ver2 cause fatal
stem cankers, killing host trees despite their Crl or Cr2 genotypes
in native forests, field plantations, or seedling inoculation trials
(Kinloch etal. 1999, 2004; Sniezko et al. 2020). In contrast to MGR,
QDR is usually controlled by quantitative trait loci with phenotypic
contribution from multiple genes (Gou et al. 2023). QDR was well
maintained when sugar pine and western white pine hosts were
challenged with verl and ver2 (Sniezko et al. 2020).

Documentation of MGR in limber pine and southwestern white
pine is relatively recent (Kinloch and Dupper 2002; Schoettle et al.
2014; Sniezko and Liu 2022; Sniezko et al. 2016). Although neither
ver3 nor ver4 has previously been reported in Canada or the United
States, detection and characterization of either ver race would be
useful for developing race-specific DNA markers to detect virulence
genes. Effective monitoring of C. ribicola evolution and migration
of virulent races in North America would help define the corre-
sponding R gene (Cr3 or Cr4) in pine breeding and restoration
programs (Liu et al. 2021). Knowing which virulence genes are
present and where they occur would be beneficial for the design
of efficient breeding programs for durable resistance to WPBR in
North America.

Knowledge of the evolution of virulence in C. ribicola is essential
to estimating the long-term outcomes of deploying resistant five-
needle pines and the potential role of MGR. In this study, seeds
were collected from healthy and cankered limber pine parent trees.
Half-sib seedling progeny of their open-pollinated seed families

were inoculated using the Avr C. ribicola race (Avcr4) collected in
Oregon. Several seed families had close to 50% canker-free progeny,
suggesting the presence of MGR. However, some putative MGR
families originating from recently cankered wild parent trees in
Alberta suggested the existence of a C. ribicola virulent race that
could overcome MGR in limber pine. The objective of this study was
to determine whether the Alberta C. ribicola virulent race is ver4
that overcomes MGR controlled by Cr4. A more comprehensive
understanding of Cr4—vcr4 interactions will promote future selec-
tion of novel R genes against a broad spectrum of rust races and will
also likely highlight the need for development of limber pine pop-
ulations with QDR to provide seedlings that can have a long-term
impact on the successful restoration of limber pine ecosystems.

Materials and Methods

Plant materials

Open-pollinated seeds of half-sib families were collected from
four seed parents from Alberta and two from the Southern Rocky
Mountains in Colorado and Wyoming for use in this study (Supple-
mentary Table S1). The four Alberta parental trees used were pf-2,
pf-503, pf-508, and pf-2015-0070; the latter three parental trees had
developed stem cankers. Of these seed families, progeny from pf-
2 previously showed Mendelian phenotypic segregation with the
stem canker trait (Sniezko et al. 2016), and progeny from pf-508
were previously characterized as Cr4-controlled MGR against the
C. ribicola Avr race collected in Oregon in the MGR-2016 trial
(Liu et al. 2020). The other two Albertan parental trees were char-
acterized for the first time in this study. The two Southern Rocky
Mountain parental trees were NR-3647, which is located on Niwot
Mountain in northern Colorado, and PHA-112, which was located
at Pilot Hill, southern Wyoming, but is now dead. In MGR progeny
tests using the C. ribicola Avr race collected in Oregon, NR-3647
was documented as a Cr4-controlled MGR family with 71% stem-
symptom-free seedlings (Liu et al. 2016; Schoettle et al. 2014),
and PHA-112 was documented as a susceptible (cr4/cr4) family
with 0% stem-symptom-free seedlings and 0% survivors (Liu et al.
2016; Schoettle et al. 2014). Seed tree PHA-112 had WPBR in-
fection at the time of seed collection in 2003. Seed tree NR-3647
and other seed trees previously inferred to be Cr4 in and around
the Niwot Mountain and Pilot Hill regions have remained canker-
free in the field despite rust incidence exceeding 40% at both sites
when inspected and assessed in 2023 (A. W. Schoettle, personal
communication).

Fungal inoculation and assessment of disease symptoms
Seedlings were inoculated at two locations: (i) at the Dorena
Genetic Resource Center (DGRC) in Dorena, Oregon, using C. ribi-
cola races (Avcr4) collected from Oregon, and (ii) at the Canadian
Forest Service, Pacific Forestry Centre (CFS-PFC) using the pu-
tatively virulent race collected from Alberta cankered tree pf-503
(Supplementary Table S2). C. ribicola infects Ribes to complete
its lifecycle (Geils et al. 2010). The Oregon inoculum source was
a heterogeneous mixture of Avcr4 genotypes from infected Ribes
spp. leaves collected from multiple field locations in Oregon
(Schoettle et al. 2014). Resistant and susceptible phenotypes were
determined based on stem canker development as reported previ-
ously (Schoettle et al. 2014; Sniezko et al. 2016). Three inoculation
trials of Alberta seed families using Avcr4 rust sources occurred at
the DGRC: MGR2016, SY2016, and SY2017, in which 6-month-
old seedlings (MGR-2016) and 18-month-old seedlings (SY2016
and SY2017) were inoculated using basidiospore densities of ap-
proximately 6,000 or 3,000 spores/cm?, respectively (Liu et al.
2020). The MGR2016 trial was used to classify a parent or a seed
family as MGR or non-MGR, whereas SY2016 and SY2017 trials
were used to examine the parental offspring for QDR but also to
confirm the MGR nature of a family tested in the MGR trial.
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To further clarify if the Alberta virulent race is vcr4 that over-
comes Cr4-controlled MGR, aeciospores were collected from one
of the MGR parent trees, pf-503. The tree had inactive cankers as
early as 2011, yet aeciospores were observed and sampled (race pf-
503) on 24 May 2019, and propagated by inoculating black currant
(Ribes nigrum ‘Ben Nevis’) leaves of container-grown plants in a
greenhouse inoculation room at the CFS-PFC on 6 June 2019. The
Ribes plants were sprayed with water to keep the abaxial and adaxial
sides of the leaves well moistened immediately before inoculation.
Spores from pf-503 were applied to the moistened underside of the
Ribes leaves using a fine paint brush or by hand. The underside
of the leaves was subsequently gently sprayed with water, so the
spores were suspended in water droplets without washing them off.
The inoculated Ribes plants were incubated for 24 h under ambient
laboratory conditions, inside a moistened, plastic inoculation box
with a plastic cover. A fog mist machine worked constantly to keep
the inoculation room as damp as possible. After 24 h, the plants
were removed from the inoculation boxes and left on the bench
in the inoculation room for 4 days until orange blisters were visi-
ble, indicating urediniospore development. Ribes plants were then
moved to a growth chamber maintained at 21/15°C day/night with a
16-h photoperiod where they were watered regularly and monitored
for disease development. Urediniospores began shedding after 10 to
12 days and were collected by gently suctioning the spores from the
underside of the infected Ribes leaves into a small side arm-flask
under low vacuum. The spores were transferred from the flask into
microcentrifuge tubes and stored at either 4°C for re-inoculation or
at —80°C for long-term storage.

Ribes inoculations were repeated to bulk up our spore collection,
and urediniospores were used on 16 September 2019, to inocu-
late Ribes with the goal of infecting limber pines. By 9 October,
telia were well developed on the Ribes leaves, and growth cham-
ber conditions were adjusted to 15°C with a 12-h photoperiod to
promote basidiospore development and subsequent shed. The in-
oculation trial at the PFC in 2019 was initiated on 23 October
2019, to test the virulence of race pf-503 (Supplementary Table
S2). Limber pine resistant seedlings of seed families from pf-2 (two
seedlings) and pf-503 (six seedlings) that survived the 2016 MGR
trial at the DGRC were shipped to Canada in the winter of 2018
and re-inoculated with the race pf-503 (putative vcr4) at the CFS-
PFC. This inoculation trial also included 10 2-year-old seedlings
from each of the seed families PHA-112 and NR-3647, for a total
of 28 seedlings. A plastic inoculation box containing a metal grid
on top was placed inside a growth chamber set to 15°C with a 12-h
photoperiod. Diseased Ribes leaves were placed on the metal grid
with the spore shedding side facing down. Leaves were sprayed
with water, and water-saturated sponges were placed on top of
the leaves to keep them wet. The 28 limber pine seedlings were
placed underneath the leaves with about a 15-cm distance between
them. The inner plastic wall of the inoculation box was sprayed with
water to maintain humidity. Vaseline-coated slides were placed in
different locations under the leaves to capture spore shed, and the
plastic box was kept closed. After 24 h, the slides were removed and
inspected under a compound microscope at 200 to 400 x magnifica-
tion. Urediniospores and germinating basidiospores were observed.
The seedlings were left a second night under the diseased Ribes
leaves to facilitate infection of the pine seedling needles.

After inoculation, seedlings were monitored regularly, and dis-
ease symptoms were visually assessed a total of five times, once
each in March 2020, October 2020, June 2021, October 2021, and
January 2022 when most seedlings began dying and were sam-
pled for DNA extraction. The inoculation trial at the CFS-PFC
generally followed the same standard measurements for rust in-
spection at the USDA-DGRC (Johnson and Sniezko 2021; Sniezko
et al. 2011), with both the presence of needle disease spots and
stem disease symptoms being recorded. Stem disease symptoms
included swellings on the main stem or branches of the seedlings;
these swellings were often fusiform-shaped with an orange-colored
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margin on the perimeter of the swollen area. Assessment criteria
included seven disease-related morphological traits: (i) types of nee-
dle disease spots (a yellow-red center, yellow, or red); (ii) swelling at
the base of the needle fascicle (yes or no); (iii) number of branches
with swelling per total number of branches; (iv) number of stem
swellings on the main stem per number with associated pycnia;
(v) rust-caused damage coded in categories (0 = none, 1 = ani-
mal, 2 = mechanical, 3 = disease [non-blister rust], 4 = disease
[blister rust] and alive, 5 = insect, 6 = general climatic [e.g., snow,
frost], 7 = water/drought, 8 = unknown/other, 9 = dead from rust;
these categorical codes were not quantitative values, so a missing
value (such as 6, 7, or 8), especially under greenhouse inocula-
tion conditions, should not affect the interpretation of the results);
(vi) rust-caused disease severity coded based on an ordinal scale
(0 = no stem infection, 1 = just beginning to see orange at the
base of a needle or infection on limb instead of bole [main stem],
2 = less than 20% of the bole encircled by stem infection, 3 = 20
to 40% of the bole encircled by stem infection, 4 = 40 to 99% of
the bole encircled by stem infection, 5 = infection completely en-
circles the bole with relatively little vertical expansion at less than
10% of bole length, 6 = infection completely encircles the bole and
affects 10 to 40% of the length of bole, 7 = infection completely
encircles the bole and affects 40 to 90% of the length of the bole,
8 = infection completely encircles the bole and is observed over 90
to 100% of the bole, 9 = dead from rust); and (vii) seedling vigor,
where 1 = tree alive and green, 2 = alive with yellow needle tips,
3 = tree chlorotic, and 4 = tree dead. For seed families pf-2 and
pf-503, disease symptoms focused on the new stem growth begin-
ning in 2019 to distinguish it from previous infections due to the
MGR16 inoculation at the DGRC. A Kruskal-Wallis test was used
to detect differences between disease assessment scores among seed
families.

TagMan-based single-nucleotide polymorphism (SNP) genotyping
using Cr4-linked SNP markers

Following inoculations at the DGRC using Oregon Avcr4 races
(trials MGR2016, SY2016, and SY2017; see Supplementary Ta-
ble S2), a total of 27, 28, and 53 seedlings from pf-503, pf-508,
and pf-2015-0070 families, respectively, were sampled for associ-
ation studies. Genomic DNA was extracted from needles using a
DNeasy Plant Mini Kit (Qiagen) following the manufacturer’s pro-
tocol and used to detect SNPs through qPCR-based SNP genotyping
and targeted amplicon-seq as outlined below.

Cr4-linked SNP markers characterized in previous genetic map-
ping and association studies, including snp296815Y, snp204077R1,
snp438219K, and snp-M304083-485Y (Liuetal. 2016, 2021), were
used to test and confirm if the MGR phenotype was controlled by
Cr4 using TagMan-based SNP genotyping. TagMan arrays were de-
signed (Supplementary Table S3) and genotyping was performed as
described previously (Liu et al. 2021) using needle genomic DNA
from the progeny of the seed families. To determine if SNP loci de-
tected by TagMan arrays were significantly associated with MGR
phenotypes, G x P association was evaluated by x 2 tests using geno-
typic frequencies between two seeding groups with susceptible and
resistant phenotypes (characterized by presence versus absence of
stem symptoms).

Amplicon-seq and SNP detection

For a genome-wide association study (GWAS), SNPs were de-
tected by the same amplicon-seq arrays as reported previously (Liu
et al. 2024). In brief, the amplicon-seq arrays targeted a set of 480
limber pine genes with genome-wide distribution that were selected
from a previously constructed limber pine genetic linkage group
(LG) map (Liu et al. 2019). One exon sequence per gene was used
to design Fluidigm custom primers with one amplicon per gene, and
multiplex PCR amplification was performed with 10 pooled sets of
primers per PCR reaction using the Fluidigm Access Array System
(Fluidigm Corporation). Targeted amplicon-seq was performed to



generate 250-bp paired-end sequences using the Illumina MiSeq
sequencer as described previously (Liu et al. 2021).

After filtering raw MiSeq data using the Trimmomatic program
with default settings (Bolger et al. 2014), clean 250-bp paired-end
reads were used to detect DNA variants using FreeBayes as de-
scribed previously (Garrison and Marth 2012; Liu et al. 2019, 2024).
In-house R scripts were developed to merge SNP data from indi-
vidual samples, as well as to perform statistics for distributions
of SNP depth, missing data, and minor allele frequencies prior to
association analysis (Liu et al. 2019, 2024).

GWAS of genetic resistance to C. ribicola

The seedling family from pf-2015-0070 was selected for GWAS
to determine if the Alberta virulent race is indeed vcr4 that over-
comes Cr4-controlled MGR. Families from pf-503 and pf-508 were
not included because of their smaller family sizes (only 27 and 28,
respectively), which was due to poor seed germination rates (Sup-
plementary Table S2). GWAS was performed using a general linear
model and a mixed linear model in TASSEL (Bradbury et al. 2007).
Because MGR phenotypic data were binary (presence versus ab-
sence of stem symptoms), a logistic regression model was also used
for GWAS in PLINK (Purcell et al. 2007). A population structure
(Q) and a kinship matrix of polygene (K) were considered in the
mixed linear model (y = marker + Q + K) to avoid spurious marker-
trait associations (Yu et al. 2006). Because the adjacent SNPs within
the same gene had high linkage disequilibrium, the number of poly-
morphic genes rather than the number of total SNPs was used for
Bonferroni correction, setting a threshold of P < 1.58 x 10~% for
a significant association of the SNP loci in GWAS. Manhattan and

Fig. 1. Stem cankers and aeciospores
of Cronartium ribicola (cause of
white pine blister rust) on Alberta
limber pine parental trees. A to

C, Cankered branches of tree pf-503.
D to F, Cankered branches of tree
pf-508.

quantile-quantile (Q-Q) plots were used to graphically present re-
sults of association tests, and the marker-Rsq values (R?) were used
to estimate the proportion of total phenotypic variation that could
be explained by each SNP locus.

Results

Seedling families of cankered Alberta parental trees showed MGR
against C. ribicola Oregon Avcré4 races

During seed collection and field surveys, three Alberta parent
trees (pf-503, pf-508, and pf-2015-0070) were noted as having one
or more cankers. Both pf-503 and pf-508 are localized in the same
stand of trees, which had a stand rust incidence (cankered trees)
of 83% as surveyed in 2019. By contrast, pf-2015-0070, 34 km
northeast, originated in a stand with a rust incidence of 42% in
the same survey. Tree pf-503 was recorded with inactive cankers
as early as 2011, although aeciospores were only observed and
collected in May 2019. Aeciospores were observed on tree pf-508,
and samples were collected in June 2020 (Fig. 1). In contrast to
heavy infection on pf-503 and pf-508, the tree pf-2015-0070 had
one inactive canker in 2017 and 2021, as well as a few possible
WPBR needle spots in 2017, but no aeciospores were available to
confirm C. ribicola infection or WPBR.

Following inoculation at the DGRC using Oregon Avcr4
races, families pf-503, pf-508, and pf-2015-0070 showed MGR-
related phenotypic segregation based on assessments of presence
or absence of stem symptoms. Family pf-508 was inoculated
independently in the MGR16 trial as reported previously (Liu et al.
2020) and as in the SY2016 trial of this study. The ¥ test revealed
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that phenotypic segregation fit the Mendelian segregation ratio as
expected with a 1:1 ratio and P values ranging from 0.361 to 0.862
for the open-pollinated seed families of trees pf-503, pf-508, and
pf-2015-0070, respectively (Supplementary Table S2). The ratios
indicate that all three parental trees might have a dominant R locus
for MGR against the Oregon C. ribicola races and suggest that the
Alberta C. ribicola race that infected and caused stem cankers on
the parental trees was virulent, in contrast to the Oregon Avr (Avcr4)
race.

In contrast to results from Alberta, the field phenotypes of
the Southern Rockies parental Cr4-resistant tree, NR-3647 (stem-
symptom-free), and susceptible tree PHA-112 (cankered and now
dead) are consistent with their Cr4 resistance, or lack thereof,
inferred from progeny inoculation trials using the Oregon C. ribi-
cola Avcrd race (Schoettle et al. 2014; A. W. Schoettle, personal
communication). This suggests that C. ribicola populations in the
Southern Rockies are currently composed of an Avr (Avcr4) race
(Supplementary Table S2).

TagMan-based SNP genotyping and GWAS confirmed that the
Alberta virulent race was vcr4 overcoming Cr4-controlled MGR

Of the MGR families used in this study, previous resistance
screening and association studies revealed that MGR in seed fam-
ilies NR-3647 (Schoettle et al. 2014) and pf-2 (Liu et al. 2020;
Sniezko et al. 2016) was controlled by Cr4. NR-3647 with Cr4-
controlled MGR was confirmed here by TagMan genotyping using
Cr4-linked SNPs. The snp-M304083Y locus was well segregated
in the NR-3647 family, with genotypic frequencies of T/T, T/C,
and C/C at 10, 50, and 40% before inoculation with either vcr4
or Avcr4. In contrast, survivors from the Avcr4 infection shifted

Fig. 2. Genotypic frequency of the poly- A
morphic Cr4-linked single-nucleotide
polymorphism (SNP) loci as detected

by TagMan SNP genotyping arrays.

Phenotypes of major gene (Cr4) resis-

tance in limber pine were determined

by controlled inoculation using Cronar-

tium ribicola Avcr4 races collected in

Oregon. A, The NR-3647 family geno-

typed at the snp-M304083Y locus.

B, The pf-2015-0070 family genotyped

at the snp-M304083Y locus. C, The

pf-2015-0070 family genotyped at the

snp296815Y locus. D, The pf-508 fam-

ily genotyped at the snp-M304083Y c 75 -
locus. E, The pf-503 family genotyped
at the snp204077R1 locus. F, The pf-503
family genotyped at the snp296815Y
locus. All monomorphic SNP loci are
not presented here for any of the four
seed families.

75

% of total seedlings

50

25

% of total seedlings

c/c T TT

Resistant

50

25

% of total seedlins

Resistant
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NR-3647/snp-M304083Y

Survival from Avcr4 | All killed by Vcra

pf-2015-0070/snp296815Y

c/c

pf-503/snp204077R1

A/A A/G G/G | A/A A/G G/G

genotypic frequencies, with T/T, T/C, and C/C at 40, 50, and 10%,
respectively (Fig. 2A). The genotypic frequencies detected by the
TagMan array were fully consistent with the previous resistance
screening trial that revealed a stem-symptom-free rate at 71% post
Avcr4 inoculation (Schoettle et al. 2014).

To determine if parental MGR of pf-503, pf-508, and pf-2015-
0070 was mediated by Cr4, three Cr4-SNP genotyping arrays
(snp-M304083Y, snp296815Y, and snp204077R1; Supplementary
Table S3) were used to genotype their progenies following pheno-
typing by Avcr4 inoculation. Atleast one SNP locus was informative
with genotypic segregation in a genotyped seed family (Fig. 2B to
F; Supplementary Table S4). Association of Cr4-linked SNP geno-
types with MGR phenotypes showed the highest significant level
in the pf-508 family (snp-M304083Y with 2 tested P = 3.7E-
44). Family pf-2015-0070 had association levels (snp296815Y
with P = 2.2E-23 and snp-M304083Y with P = 3.0E-25) very
similar to family NR-3647 with known Cr4-controlled MGR
(snp-M304083-485Y with P =2.9E-20). In contrast, pf-503 showed
G x P associations at the lowest levels, but still significant
(snp296815Y with P = 3.1E-06 and snp204077R1 with P =
1.2E-12, respectively).

For family pf-2015-0070, GWAS was further performed through
amplicon-seq-based SNP genotyping. The targeted 480 genes were
previously mapped across 12 Pinus consensus LGs. After filtering
SNPs at a minor allele frequency of 5% or greater and missing
data less than 20%, 3,348 SNPs were detected and used for GWAS.
Analyses using a general linear model, mixed linear model, and lo-
gistic regression model consistently revealed that SNPs within three
genes (m286986, m265032, and m410333) were significantly asso-
ciated with MGR-related phenotypic traits (Fig. 3). The associated
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SNPs included four in gene m286986 (at nucleotide positions —37R,
—144K, —249K, and —314R), one in gene m265032 (at nucleotide
position —171R), and two in gene m410333 (at nucleotide posi-
tions —79Y and —110K). These associated SNP loci explained
total phenotypic variations with R? values up to 0.65. The three as-
sociated genes encoded a putative cytidine/deoxycytidylate deam-
inase family protein (m286986), beta-amylase (m265032), and
a pyridoxal-dependent decarboxylase family protein (m410333).
They were previously mapped on the Pinus consensus LG-08, and
gene m286986 was close to Cr4 with a genetic distance of ~3 cM
(Liu et al. 2019).

TagMan-based SNP genotyping and GWAS demonstrated that
MGR of pf-503, pf-508, and pf-2015-0070 families was likely con-
trolled by Cr4, and the C. ribicola race causing cankers on parental
stems overcame Cr4-controlled MGR. Thus, the virulent Alberta
race was designated the vcr4 race.

Inoculation by Alberta virulent race vcr4 confirms it can overcome
limber pine MGR

Following inoculation using the pf-503 rust race, stem symptoms
developed on all seedlings of the four families, with no difference
between MGR (pf-2, pf-503, and NR-3647) and susceptible
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Fig. 3. Manhattan and quantile-quantile (Q-Q) plots depicting single-nucleotide polymorphism (SNP) loci strongly associated with major gene resistance phenotypes
of limber pine to white pine blister rust. A, Genome-wide association study (GWAS) using a general linear model (GLM). B, GWAS using a mixed linear model
(MLM). C, GWAS using a logistic regression model (LRM). The x axis shows relative orders and positions of SNPs on the limber pine genetic linkage groups (LGs),
and the y axis of —logjo(P values) show association levels. The horizontal green lines in the Manhattan plots (the left panels) indicate the threshold of significant
association shown by —log;o(P values) adjusted by Bonferroni correction. The red dotted lines in the Q-Q plots (the right panels) represent the diagonals for the

trends of expected association P values.
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(PHA-112) families. Swelling was observed on all seedlings at
needle fascicles or on branches and stems. Pycnia were observed on
all inoculated seedlings except two: one seedling in family pf-503
with one large stem symptom that died at the early infection stage
and another seedling in family pf-2 with five branches with stem
symptoms. These stem disease symptoms and signs indicated that
all seedlings were susceptible to the pf-503 race (Supplementary
Fig. S1; Supplementary Table S2), with stem infection and high
scores for development of rust-caused damage and disease severity
(Fig. 4A).

Comparison of disease assessment scores found no significant
difference among Cr4-controlled MGR families pf-503/pf-2 and
NR-3647 and susceptible (cr4/cr4) family PHA-112 (P values for
the Kruskal-Wallis test for rust-caused damage, disease severity,
and growth vigor were 0.199, 0.239, and 0.632, respectively), in-
dicating that MGR families with Cr4 were 100% susceptible when
inoculated with the putative ver4 race (Fig. 4B). Both the inocu-
lation trials and the association studies confirmed that the Alberta
pf-503 C. ribicola race infecting progeny from parental MGR trees
was vcr4, which overcame Cr4-controlled MGR, and that it is dif-
ferent from the Oregon Avr (Avcr4) race. C. ribicola pf-503 race
overcame Cr4-controlled MGR in three limber pine seed families,
two originating from Canada and one originating from the Southern
Rockies in the United States.

Discussion

This study is the first to document a C. ribicola vcr4 race over-
coming Cr4-controlled MGR in Alberta limber pine field stands.

Fig. 4. Assessment of white pine blister A

rust disease at 1 year postinoculation 12
with Cronartium ribicola ver4 race.
A, Scores of damages, severity, and
growth vigor on each seedling of the
four seed families, including pf-503 9 r
(numbers 1 to 6), pf-2 (numbers 7

to 8), PHA-112 (numbers 9 to 18),
and NR-3647 (numbers 19 to 28).
B, Comparison of diseased traits
among families. Families pf-2 and
pf-503 were combined as one set
and compared with PHA-112 and
NR-3647. Rust-caused damage was
scored as 0 = none, 4 = rust, and

9 = dead seedlings. Disease severity
was scored as 0 = no infection; 1 to
3 =rust, little impact; 4 to 6 = inter-

Disease scores

!

Results of the inoculation trials at the DGRC using an Avcr4 race
confirmed that three Alberta parents used in this study were MGR.
The seed families pf-503 and pf-2015-0070 were first reported as be-
ing MGR in the present study, but field observations found that their
parents were cankered. An association study using TagMan geno-
typing arrays and GWAS revealed that MGR was controlled by Cr4
in three Alberta cankered parent trees. We isolated and propagated
the ver4 race from one infected Alberta MGR parent tree (pf-503)
and used it to successfully infect Cr4 seedlings under controlled
growth chamber conditions. The inoculation with the pf-503 rust
race resulted in 100% of seedlings developing stem disease symp-
toms, with Cr4 seedlings from both Alberta and Colorado MGR
families being moribund or dead at the final sample date at the end of
the inoculation trial. Following infection with the pf-503 race, stem
disease development showed no difference on seedlings between
MGR and susceptible (cr4/cr4) families, confirming that the pf-
503 race is a ver4 race. Documenting the presence of ver4 provides
additional insight into the durability of MGR against C. ribicola
and the evolution of fungal virulence in the WPBR pathosystem.
The confirmed Alberta MGR parent trees with cankers were lo-
calized at two sites (Cloudy Ridge and Beaver Mines) of southwest
Alberta, 35 km apart, where stand disease incidences were 85 and
42% in the 2019 survey, respectively. High infection rates would
kill most of the susceptible parent trees and increase frequencies
of resistance genotypes in the surviving stands through natural se-
lection. However, higher incidence of MGR parents within a stand
increases the selection for emergence of virulent races. Inactive
cankers on pf-503 were recorded as early as 2011, indicating that
ver4 emergence might have occurred earlier than 2011 in this stand.
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The stem canker of pf-2015-0070 was noticed later in 2017 in the
stand (Beaver Mines). A collection of aeciospores in nearby trees at
this site in coming years will help confirm the continued presence
of the C. ribicola vcr4 race in this stand.

In contrast to ver4, the ver2 race that overcomes Cr2-mediated
MGR in western white pine was originally detected in the 1960s in
the Champion Mine region near Cottage Grove, Oregon, where Cr2
was first documented (Kinloch et al. 1999). It was later found with
wide distribution throughout the Oregon Central Cascades (Kinloch
et al. 2004; Sniezko et al. 2020). Because western white pine now
occurs in relatively low abundance in natural stands or plantings, the
ver2 distribution pattern has likely been caused by migration of ver2
to neighboring areas. However, vcr2 has not yet been documented in
Washington or British Columbia, where some MGR families have
been planted over the last few decades (R. A. Sniezko, personal
communication). MGR has generally maintained its effectiveness
in six western white pine progeny trials in western Washington, at
least through the first 15 years after planting, even though most of
the trials now have more than 85% disease incidence (R. A. Sniezko,
personal communication). The first documented occurrence of verl/
that overcame the sugar pine (P. lambertiana Dougl.) Crl-mediated
MGR was in 1976 to 1978 near Happy Camp, California, where
sugar pine MGR seedlings that had survived WPBR testing had
been extensively planted (Kinloch and Comstock 1981). About
20 years later, verl appeared ~700 km south of Happy Camp
(Kinloch et al. 2004). To date, vcrl has not been documented in
Oregon field trials (R. A. Sniezko, personal communication), and
Crl is still an important component of the California sugar pine rust
resistance program.

Monitoring for ver4 has been underway since 2008 in the South-
ern Rocky Mountains (Cleaver et al. 2017; Schoettle et al. 2014,
2019a). WPBR incidence is 65% in the stand of PHA-112, 7.3%
immediately around NR-3647, and 29% in the larger site of the
stand. However, no evidence of a virulent race that can overcome
Cr4 resistance has been found as of 2023 in the Southern Rocky
Mountain regions (A. W. Schoettle, personal communication), but
this may be due to the relatively few Cr4 parents identified and the
relatively low prevalence of WPBR in the past. It is important to
monitor the incidence, distribution, and migration of vcr4 and other
ver races to determine the future utility of MGR for reforestation
with the associated pine species. For this purpose, more MGR par-
ent trees or plantings using MGR seed lots from these parent trees
need to be identified and monitored in different host tree regions.

Mutation rates, costs of genetic fitness, the frequency of resistant
alleles, and genotype—environment interactions may affect emer-
gence, migration, and distribution patterns of pathogenic virulence.
The spontaneous rate for a favorable mutation from Avr to Vir was
estimated at 1 x 107 to 1 x 107 among spores per generation
(Drake et al. 1998; Stam and McDonald 2018). In several crop
pathosystems, preexistence of virulence to new R genes was de-
tected with low frequencies (ranging from 6 x 1075 to 1.3 x 1072)
before the pathogens were exposed to the R genes (Balesdent et al.
2013; Degrave et al. 2021). Given the natural life cycle of rust fungi
with the development of five distinct spore stages (urediniospores,
teliospores, basidiospores, spermatia, and aeciospores), C. ribicola
may have evolved various vcr races in a short time after its in-
troduction into North America. During the lifespan of long-lived
perennial plants, genetic variation of associated pathogens can arise
and shift in frequency multiple times, increasing the chance of vir-
ulence emergence and outbreak (Plissonneau et al. 2017). WPBR
can infect and kill five-needle pines of any age. The same tree may
be attacked by various WPBR genotypes repeatedly for many years
during its long life, until a virulent race is able to infect, resulting in
cankers and mortality. Like other rust fungi (Figueroa et al. 2020),
both sexual out-crossing of the pathogen on five-needle pines and
asexual reproduction on Ribes enable generation and proliferation
of new combinations of beneficial alleles and purging of deleteri-
ous alleles (Gitzendanner et al. 1996). Previous studies found that

densities and frequencies of MGR trees in natural stands were low
in all tested species of American native five-needle pines, with the
average frequency of Cr/ at 2.2% (range: 0 to 8.9%), Cr2 at 0.11%
(range: 0 to 0.8%), and Cr4 at 5% in the Southern Rocky Mountains
(range: 0 to 13.9%) (Kinloch 1992; Kinloch et al. 2003; Schoettle
etal. 2014). However, some field plantings can contain much higher
incidence of MGR because this resistance was predominant in both
field trial and reforestation plantings of both sugar pine and western
white pine in Oregon and California. Changes in genetic diversity
of rust populations may result in rapid adaptation of C. ribicola
to stands with high frequencies of R genes or resistant quantitative
trait loci in WPBR pathosystems (Sniezko et al. 2020).

To help minimize migration of virulent races and the damage they
cause, reforestation plantings in the last several decades in Oregon
and California for sugar pine and western white pine included genet-
ically diverse mixtures from seed orchards that incorporate MGR,
QDR, and susceptible seedlings (R. A. Sniezko, personal communi-
cation). In addition, for most of the plantings in Oregon, the western
white pine or sugar pine has been planted in relatively low frequency
in combination with other tree species. Potential durability of MGR
in these species is discussed by Sniezko and Liu (2023). In some
western white pine plantations, pruning of the lower branches of
high-value trees is done to reduce the area suitable for infection by
the pathogen (Singleton and Oblinger 2017). Additionally, it helps
further extend the utility of Cr2 because in many areas, the majority
of cankers occur at less than 3 m height (Koester et al. 2018). De-
ployment strategies to maximize the utility of MGR to C. ribicola in
limber pine and other white pine species are also being considered
(Schoettle et al. 2019a, b).

The evolutionary dynamics of rust virulence are heavily influ-
enced by molecular interactions of host R proteins with pathogen
Avr effectors. Because of the emergence and migration of virulent
races, resistant host genotypes have failed in some forest pathosys-
tems over a short time span (Louet et al. 2023). The frequent
outbreak of forest diseases, as driven mainly by adaptation of novel
virulence-related traits in populations of pathogens, presents one
major limitation for the deployment of resistant germplasm for long-
term control of nonnative and native forest pathogens (Ghelardini
etal. 2016; Kinloch 2003). Thus, the emergence of the virulent races
of C. ribicola such as vcrl, ver2, and ver4 will make restoration
of five-needle pines more complex and challenging. WPBR con-
trol strongly depends on the durability of resistance in host trees
(Sniezko and Liu 2023). There is a serious concern regarding re-
sistance durability in the face of evolving new genes or alleles of
rust effectors. A shift from Avr to virulence in the WPBR popu-
lations will render MGR deployment ineffective (Kinloch 2003).
However, the prevalence of the virulent C. ribicola races is still
largely unknown in North American populations.

Knowledge of the emergence and frequency of virulence genes
across the landscape will support the design of an appropriate breed-
ing program by incorporating both R genes and QDR genotypes for
durable resistance to WPBR in North America. Considering that
there are few known Cr genes and the low frequencies of germplasm
with QDR to WPBR in some five-needle pine species, there is still
aneed to explore how to promote resistance while maintaining high
genetic diversity in populations of five-needle pines (Jenkins et al.
2022; Schoettle et al. 2022). In some western white pine plantings
with MGR seedling stock, disease incidence is 100%, with very
high mortality. In contrast, the disease incidence of QDR families
has been lower and more durable (Sniezko et al. 2020). In natu-
ral outbreaks of forest diseases, the frequency of resistance will
increase, as they will be the only survivors. However, natural popu-
lations will crash or potentially be extirpated if they contain few/no
resistant genotypes (Schoettle et al. 2022). In most five-needle pine
species, supplementing stands with rust-resistant genotypes will
be needed to raise the level and frequency of QDR for popula-
tion sustainability. Breeding programs to develop resistant planting
stock are already underway for the commercial species of western
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white pine and sugar pine, as well as for whitebark pine, a key-
stone high elevation species (Sniezko et al. 2024). Using seeds
from known resistant field trees to enrich seedling stock for the im-
mediate ecological restoration needs of the other five-needle pine
species will have to suffice until breeding programs can be devel-
oped (Sniezko et al. 2024). To face the threat posed by new, more
virulent isolates, future resistance selection of limber pine and other
five-needle pines may need to increase their focus on QDR, which
is already a component in applied resistance programs (Schoettle
et al. 2022; Sniezko and Liu 2022, 2023; Sniezko et al. 2020, 2024).
Although vcrl and ver2 have no obvious impacts on QDR in sugar
pine, western white pine, and whitebark pine (Sniezko et al. 2020,
2024), we still need to determine if any newly emerged virulent
race (such as ver4) has an effect on the durability of QDR in other
five-needle pines by inoculation of their QDR genotypes with vir-
ulent races of C. ribicola. This is important especially for species
(such as whitebark pine) that to date have had no MGR documented.
The presence of MGR and QDR and level of QDR vary widely by
species (Sniezko and Liu 2022). Before novel R genes and quanti-
tative trait loci for durable resistance to WPBR are identified and
made available, a more practical and operationally feasible interim
solution is to maintain high genetic diversity of host populations
by mixing MGR with other genotypes in plantation or restoration
areas where high infection and mortality rates are predicted to min-
imize the selection on rust genotypes and decrease the risk of an
outbreak of virulent races. This strategy has been routinely used
in Oregon and Washington for western white pine and sugar pine
for several decades and recommended in the Southern Rockies for
limber pine (Schoettle et al. 2014, 2019a, b). Therefore, the genetic
diversity of both plants and pathogens needs to be carefully assessed
to benefit sustainable management of plant—microbe interactions.
The molecular mechanisms underlying the virulence of pathogens
and resistance of their hosts are complex, and related knowledge
is still limited in the WPBR pathosystems. Current restoration is
mainly based on resistance phenotypes we can identify and prop-
agate, with incorporation of MGR in some western white pine
and sugar pine programs. Confirmed emergence of vcr4 highlights
the need to focus on QDR more intensely for limber pine (Liu
et al. 2024). Fortunately, resistance breeding programs for western
white pine, sugar pine, and whitebark pine, some underway for over
50 years, have emphasized the use of QDR (Sniezko and Liu 2022;
Sniezko et al. 2020, 2024).
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