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ABSTRACT

All native North American white pines are highly susceptible to white
pine blister rust (WPBR) caused by Cronartium ribicola. Understanding
genomic diversity and molecular mechanisms underlying genetic
resistance to WPBR remains one of the great challenges in improvement
of white pines. To compare major gene resistance (MGR) present in two
species, southwestern white pine (Pinus strobiformis) Cr3 and limber pine
(P. flexilis) Cr4, we performed association analyses of Cr3-controlled
resistant traits using single nucleotide polymorphism (SNP) assays
designed with Cr4-linked polymorphic genes. We found that ~70% of P.
flexilis SNPs were transferable to P. strobiformis. Furthermore, several
Cr4-linked SNPs were significantly associated with the Cr3-controlled
traits in P. strobiformis families. The most significantly associated SNP
(M326511_1126R) almost colocalized with Cr4 on the Pinus consensus
linkage group 8, suggesting that Cr3 and Cr4 might be the same R locus,
or have localizations very close to each other in the syntenic region of the
P. strobiformis and P. flexilis genomes. M326511_1126R was identified

as a nonsynonymous SNP, causing amino acid change (Valzslle) in a
putative pectin acetylesterase, with coding sequences identical between
the two species. Moreover, top Cr3-associated SNPs were further
developed as TagMan genotyping assays, suggesting their usefulness as
marker-assisted selection (MAS) tools to distinguish genotypes between
quantitative resistance and MGR. This work demonstrates the successful
transferability of SNP markers between two closely related white pine
species in the hybrid zone, and the possibility for deployment of MAS
tools to facilitate long-term WPBR management in P. strobiformis breed-
ing and conservation.
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pine (Pinus flexilis), major gene resistance, marker-assisted selection,
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Cronartium ribicola (J.C. Fisch. in. Rabh.) is the causal agent of
white pine blister rust (WPBR). Since its accidental introduction to
North America in the early 1900s, C. ribicola has spread across
almost all geographical regions where eight of nine native white
pines are distributed in North America, with the one exception
being the Great Basin bristlecone pine (Pinus longaeva; Sniezko
et al. 2011; Tomback and Achuff 2010). All native white pine
species are highly susceptible to C. ribicola, including two closely
related high elevation species, southwestern white pine (P. strobi-
formis Engelm.) and limber pine (P. flexilis James; Kearns et al.
2014; Tomback and Achuff 2010). In the central Rocky Mountains,
73% of the P. flexilis stands assessed have been invaded by WPBR
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and the disease continues to spread in the southern Rocky Moun-
tains (Cleaver et al. 2015). By 2030, P. flexilis is expected to expe-
rience a 40% reduction in basal area in the United States (Krist and
Romero 2014). Over 60% of P. flexilis trees were infected with
>40% mortality in southern Alberta in 2009 (Smith et al. 2013). The
Committee on the Status of Endangered Wildlife in Canada expects
mortality of close to two-thirds of the mature P. flexilis over the next
100 years (COSEWIC 2014). In the province of Alberta, P. flexilis
is listed as endangered and it is being considered for national listing
as such under the Species at Risk Act (Government of Alberta
2014). WPBR infection has also been detected in P. strobiformis
stands across the southwestern United States but has not yet been
found in stands in Mexico (Geils et al. 2010; Looney et al. 2015).
Improvement of genetic resistance is considered as the most effi-
cient approach for long-term WPBR management in P. strobiformis
and other related species (Conklin et al. 2009; Sniezko et al. 2018).
Both major gene resistance (MGR) and quantitative resistance (QR)
to WPBR have been documented in several white pine species in
screening and breeding programs (Sniezko et al. 2008, 2011, 2014).
White pine MGRs to WPBR are controlled by a single dominant
genetic locus, including Cr/ in P. lambertiana (sugar pine; Kinloch
1970), Cr2 in P. monticola (western white pine; Kinloch et al.
1999), Cr3 in P. strobiformis (Kinloch and Dupper 2002), and Cr4
in P. flexilis (Schoettle et al. 2014). Crl, Cr2, and Cr4 have been
mapped on genetic linkage groups (LGs) using several types of
DNA markers, including random amplification of polymorphic DNA
(Devey et al. 1995; Liu et al. 2006), amplified fragment length
polymorphism (Liu and Ekramoddoullah 2008), disease resistance
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gene analog markers (Liu and Ekramoddoullah 2007), and single
nucleotide polymorphisms (SNPs; Jermstad et al. 2011; Liu et al.
2014, 2016). Comparing Pinus consensus maps (Westbrook et al.
2015) by bridging genes of paired orthologs demonstrated that Crl,
Cr2, and Cr4 were anchored on LG-2, LG-1, and LG-8, respectively
(Liu et al. 2017, 2019; Stevens et al. 2016). This indicates that they
have independently evolved with pleiotropic effects, presumably
without historic white pine-blister rust coevolution, given that C.
ribicola is an invasive pathogen that was introduced to North Amer-
ica in the early 1900s (Liu et al. 2016).

P. flexilis is a wide-ranging tree species, growing from Alberta
and British Columbia of Canada, south to California, Arizona, and
New Mexico, with extensive distributions in the U.S. Rocky Moun-
tains (Colorado, Wyoming, Utah, Idaho, and Montana) and Great
Basin. The distribution of P. strobiformis ranges from stands in
mountainous areas of Arizona, New Mexico (with a scattering of
trees in southern Colorado), and Texas, as far south as the Sierra
Madre Occidental Mountains of northern Mexico. Most of the U.S.
portion of the P. strobiformis distribution is a hybrid zone between
P. flexilis and P. strobiformis with gene-flow between the two spe-
cies, forming the P. flexilis complex (Menon et al. 2018, 2019). For
P. flexilis, MGR has been documented in the southern Rocky
Mountain region (Schoettle et al. 2014), and in Alberta, Canada
(Sniezko et al. 2016), with presumably little or no gene-flow
between these two areas because of geographic isolation since the
last glaciation event. An association study revealed that MGR in
both areas is controlled by the same R locus (Cr4) or genetic loci
very close to Cr4 (Liu et al. 2020). However, Cr3 in P. strobiformis
has not yet been genetically mapped, and its evolutionary relation-
ship with other MGRs to C. ribicola, especially Cr4, is unknown.

Transcriptomes have been assembled and compared based on
RNA-seq analysis of several white pine species for in silico mining
of SNPs (Baker et al. 2018; Liu et al. 2014; Lorenz et al. 2012).
Abundant SNPs, documented through RNA-sequencing (RNA-seq)
and other next-generation sequencing (NGS) approaches in these
species, offered a convenient and cost-effective opportunity for
marker applications, facilitating studies of genetic diversity, map
construction, development of molecular tools for marker-assisted
selection (MAS), and other areas of research (Falk et al. 2018).
Nonetheless, no SNPs were available in P. strobiformis until a 2018
development using double digest restriction-site associated DNA
sequencing (ddRADseq; Menon et al. 2018). Neither a linkage map
nor an annotated reference genome or transcriptome is available for
P. strobiformis, limiting comprehensive understanding of the
genomic basis underlying adaptive traits, including Cr3-mediated
resistance and potential QR to C. ribicola. A subset of SNPs was
extracted in P. flexilis genes conserved in the genus Pinus (BLASTn
E values < 1e-100) and used in comparative genetic mapping in
P. flexilis populations with different geographical origins (Liu et al.
2019), but the transferability and utilization of SNP markers across
different white pine species have not been explored yet.

The primary goals of this study were to assess transferability of
SNPs discovered in P. flexilis transcriptomes to P. strobiformis, and
to explore evolution of MGRs in these two closely related white pine
species. To meet these research goals, the SNP loci were selected
based on their genetic linkage to Cr4 as well as high conservation of
the relevant gene sequences in Pinus species (Liu et al. 2020). An
association study was performed by genotyping a P. strobiformis pop-
ulation with phenotypic segregation of MGR-related traits using a
Sequenom MassARRAY iPLEX Genotyping System. TagMan-based
SNP arrays were further developed for MAS, allowing the identifica-
tion of alleles useful in revealing genotypic differences underlying
resistance-related phenotypes conferred by MGR and QR.

MATERIALS AND METHODS

Plant materials and resistance assessment. Open-pollinated
seeds were collected from the BRAOS parent tree in 2008 and 2013
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as the seed families BRAO8 (CYO08) and BRAO8 (CY13), respec-
tively (Supplementary Table S1; Supplementary Fig. S1), from the
same parental tree (BRAOS) in Bradford Canyon in Lincoln National
Forest (Latitude = 32.97851664; Longitude = -105.7209274;
WGS = 84 datum), the first location where MGR was documented in
P. strobiformis (Kinloch and Dupper 2002). Seed collection was
allowed with a National Forest Permit issued by the U.S. Department
of Agriculture’s Forest Service. Although the seed families were
from the same parent tree, they were open-pollinated, and could have
a different mix of pollen parents contributing in different years. In this
stand there is ~90% infection by WPBR, and many surviving non-
cankered trees show MGR or QR genotypes (Johnson and Sniezko
2021; Sniezko et al. 2008). Seeds were sown at Dorena Genetic
Resource Center in the spring of 2014 and 2015. Seedlings were inoc-
ulated for short-term MGR and longer-term operational trials in Sep-
tember of 2014 and 2015, respectively (Supplementary Table S1).
The MGR trial was designed to detect MGR, while the operational
trial was designed to detect QR. However, QR may express the stem-
canker—free phenotype, which is phenotypically difficult to distin-
guish from MGR when virulent races are absent. The MGR trial was
carried out by inoculating 6-month-old seedlings using basidiospores
at high density >6,000 spores/cm?, while the operational trial was car-
ried out by inoculating 18-month-old seedlings using basidiospores at
a lower density of ~3,000 spores/cm®. Younger seedlings with pri-
mary needles are more susceptible, which resulted in many more
infections with higher inoculum density. The MGR trials used youn-
ger seedlings and a higher spore density to minimize the percentage
of seedlings with stem symptom-free traits associated with QR, but it
is possible some were present in the MGR trial. The standard Dorena
Genetic Resource Center protocols were used for inoculation with C.
ribicola basidiospores in an inoculation room under controlled condi-
tions at 18°C and 100% relative humidity (Schoettle et al. 2014;
Sniezko et al. 2016). Given that no virulent races able to overcome
Cr3 or Cr4 have yet been detected, the races used in inoculation trials
were putatively avirulent races (Avcr3, Aver4), collected in Oregon
where P. strobiformis is not native and P. flexilis is rare.

After inoculation, WPBR disease development was assessed from
October of the inoculation year to December of the following year,
with at least three separate assessments for the MGR trials, and annu-
ally for 6 years to detect QR-related traits for the operational trials.
Stem canker development was used as the main criteria to sort resis-
tant from suscegtible phenotypes (Schoettle et al. 2014; Sniezko et al.
2016). Using ~ tests, phenotypic segregation was estimated to deter-
mine if MGR-related traits were consistently expressed by compar-
ing results between seed families from different trials as well from
different inoculation years. Needle samples were collected from each
seedling and stored at —20°C before DNA extraction.

Genomic DNA extraction and SNP genotyping. Nuclear DNA
was extracted from 10 to 20 mg of dry needle tissue per individual
seedling. Needle tissues were transferred into individual lysing
matrix-A 2-ml tubes (MP Biomedicals, Irvine, CA) and an addi-
tional ceramic sphere was added. Tissues were homogenized using
a FastPrep-24 instrument (MP Biomedicals) for 2 x 20 s pulses and
1 x 15 s pulse to fully grind the tissue into a fine powder. Tubes
were frozen in liquid nitrogen before grinding and at intervals
between tube-shaking. For DNA extraction, a DNeasy Plant Mini
kit was used (QIAGEN, Hilden, Germany), following the manufac-
turer’s instructions in general. Small modifications to the extraction
protocol were made by increasing the incubation time of the sam-
ples in lysis buffer at 65°C and using a prewarmed elution buffer at
65°C to improve elution of gDNA from the column during the
last step.

Integrity and purity of extracted genomic DNA were determined
with a NanoDrop 2000/2000c Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA) and agarose gel electrophoresis. A
P. flexilis SNP assay with 72 SNPs developed in a previous Cr4-
association study (Liu et al. 2016, 2020) was used for P. strobifor-
mis genotyping in this study. This SNP set was localized in



P. flexilis genes conserved in the genus Pinus (BLASTn E values
< 1e-100), providing potential for application in comparative genetic
mapping in related Pinus species. The genetic position of these Cr4-
linked genes on the Pinus consensus LG-8 had been determined in
Liu et al. (2019, 2020). Based on flanking sequence of SNP loci, pri-
mers and probes (Supplementary Table S2) were designed and syn-
thesized for SNP genotyping using a Sequenom MassARRAY
iPLEX platform (San Diego, CA; Gabriel et al. 2009).

Association mapping of P. strobiformis disease resistance to
WPBR. SNP loci with minor allele frequency (MAF) > 5% were
extracted to estimate linkage disequilibrium (LD) by calculating the
squared allele frequency correlations (+%) for all pairwise combina-
tions of SNP loci. Trait-SNP genotype association was examined
using the general linear model (GLM) and mixed linear model
(MLM) in the software TASSEL v.3.0 (Bradbury et al. 2007).
Because population stratification or individual relatedness may cause
spurious marker-trait associations, the Q + K method was used in
MLM, incorporating the Q matrix for population structure and kin-
ship (K) matrix for average relationship between individuals
(Eu-ahsunthornwattana et al. 2014; Yu et al. 2006). Significance of
association tests was determined with a P value threshold by
Bonferroni-correction at o = 0.05.

In addition, allele frequency directional difference (AFDD) map-
ping (Fekih et al. 2013; Takagi et al. 2013) was used to search for
Cr3-associated SNPs. The tool GenAlEx (Peakall and Smouse
2012) was used to evaluate allele frequency and Hardy-Weinberg
equilibrium at each SNP locus across the total samples as well as
across all seedlings of two groups: one with all resistant seedlings,
and another with all susceptible seedlings. AFDD values were fil-
tered with a threshold of 30 percentage points for the informative
variants (Dougherty et al. 2018; Fekih et al. 2013), and those SNP
loci were selected for a statistical test of phenotypic associations
using X? tests to compare allele frequency differences between the
two contrasted phenotypes. For mapping the Cr3-conferred resistant
phenotype, the calculated AFDD values between resistant and sus-
ceptible phenotypes were plotted against the genetic positions of the
polymorphic genes mapped previously to the Pinus consensus LG-8.

The multifactor dimensionality reduction statistical analysis
for detecting and modeling gene—gene interaction. The multi-
factor dimensionality reduction (MDR) method was applied to iden-
tifty SNP-SNP interactions (epistasis) using the software program
MDR v.3.0.2 (Ritchie et al. 2001) with the following configura-
tions: random seed = 10; attribute count range = 1 to 3; 10-fold
cross-validation consistency (CVC); track top models = 10; and
search type = exhaustive. The best model was selected on the basis
of maximum values of CVC and testing balance accuracy.

Development of TagMan-based SNP genotyping assays as
MAS tools. The flanking sequences for SNPs, selected based on
genotypic data from Sequenom SNP genotyping, were submitted to
Custom TagMan Assay Design Tools at Thermo Fisher Scientific
(https://www.thermofisher.com/order/custom-genomic-products/tools/
cadt/), where appropriate primers and TagMan probes were designed
(Supplementary Table S3). TagMan minor groove binder probes were
labeled with fluorescent dyes 6-carboxyfluorescein for allele-1 and VIC
(Life Technologies, Carlsbad, CA) for allele-2, respectively, in the cus-
tomized TagMan SNP Genotyping Assays (Supplementary Table S3).

DNA samples were diluted in Milli-Q water (EMD Millipore/
MilliporeSigma, Burlington, MA) to a final concentration of
20 ng/pl. Quantitative PCR (qPCR) was performed in a 10-pl final
volume per PCR reaction, each containing 1 x TagMan Genotyp-
ing Master Mix, 1 x Custom TagMan SNP Genotyping Assay,
and 20 ng of genomic DNA. A 7500 Fast Real-Time PCR system
(Applied Biosystems, Waltham, MA) was used for qPCR runs
with 96-well plates, and PCR conditions consisted of a hot-start
activation at 94°C for 15 min, followed by 40 cycles at 94°C for
20 s and 60°C for 60 s. Negative controls (no template with
water) were also included in each run of qPCR. TagMan Geno-
typer Software (Applied Biosystems) was used to call genotypes

at each SNP locus for each sample. To assess TagMan assay-
based selection for disease resistance, the ratio of the number of
individual samples with agreement between genotypes and pheno-
type to the number of total individuals were calculated as
genotype—phenotype matching rate.

Orthology analysis of the transferable SNP loci. An orthol-
ogy analysis was performed to determine sequence similarity between
P. flexilis and P. strobiformis genes. RNA-seq reads (SRX10204300
and SRX10204301) of the P. strobiformis megagametophyte tissues
(Jin et al. 2021), released by GenBank on 4 June 2021, were down-
loaded and used for read mapping against P. flexilis gene sequences
with targeted SNP loci using the tool CLC Genomics Workbench
(v5.5; QIAGEN) with the following parameters: masking mode = no
masking; mismatch cost = 2; insertion cost = 3; deletion cost = 3;
length fraction = 0.9; similarity fraction = 0.95; global alignment =
yes; and nonspecific match handling = ignore. The P. strobiformis
consensus sequences from mapped RNA-seq reads (Supplementary
Table S4) were extracted and used for BLASTn search (Altschul et al.
1990) to calculate sequence identities between P. flexilis and P. strobi-
formis. The software BLAST2GO (Gotz et al. 2008) was used to
annotate the associated SNPs and polymorphic genes based on
sequence homologies to the available databases (NCBI-nr, PIR,
KEGG, and GO).

RESULTS

Phenotypic segregation of resistance trait. In the MGR trials,
different sets of 6-month-old seedlings were inoculated indepen-
dently in Septembers 2014 and 2015. After inoculation, resistance-
related traits were assessed in the next summer based on cankered
stem versus symptom-free stem. In the operational trials, two inde-
pendent seed families (CYO8 and CY13) of the same parent
(collected in different years) were sown in 2014 and 18-month-old
seedlings were inoculated in the fall of 2015, with six annual phe-
notypic assessments through 2020. A total of 158 seedlings were
phenotypically evaluated and sampled for SNP genotyping, with 78
and 80 seedlings from the MGR and operational trials, respectively
(Supplementary Table S1). Resistant seedlings with stem symptom-
free traits accounted for 64.29 to 77.5% of the total in different trials,
indicating that the parental tree was Cr3/cr3 heterozygote. Although
MGR trials detected phenotypic segregation ratios (stem symptom-
free versus cankered stem) that fit with the expected Mendelian seg-
regation ratio of 1:1 in different seed families in different years, in
the total samples the phenotypic segregation ratios significantly devi-
ated from 1:1, with higher proportions of resistant (stem symptom-
free) than susceptible seedlings (stem-cankered) in both MGR and
operational phenotyping trials. The operational trials detected a
higher frequency of stem symptom-free seedlings than the MGR tri-
als (76.25 versus 67.95%). The phenotyping assessment results
suggest that ~8.3% of total seedlings might have QR-conferred
stemsymptom-free phenotypes in operational trials. Consistent phe-
notypic segregation indicates that stem symptom-free traits were sta-
bly expressed in two P. strobiformis seed families under different
inoculation conditions.

Transferability of P. flexilis SNP assays in P. strobiformis
genotyping. Using the Sequenom MassARRAY iPLEX arrays
with 72 SNPs designed for P. flexilis (Supplementary Table S2), 50
SNPs (69.4% of the total) were successfully genotyped in P. strobi-
Sformis, with missing data <20%. This was slightly, but not signifi-
cantly lower (X* test, P = 0.348) than successfully genotyped SNPs
(76.4%) in P. flexilis populations (Liu et al. 2020). Using RNA-seq
reads of P. strobiformis megagametophyte tissues available from
GenBank, read mapping followed by BLASTn analysis of the
P. strobiformis consensus sequences from read mapping revealed
60 of 72 P. flexilis SNP sequences with orthologous sequences
expressed in P. strobiformis megagametophytes (Supplementary
Tables S4 and S5). These orthologous pairs showed nucleotide
identities from 88 to 100% between P. flexilis and P. strobiformis.
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The transferable SNPs had nucleotide identities (average 98.97 +
1.35%) significantly higher (¢ test, P = 0.035) than the failed and
nontransferable SNPs (average 97.89 + 3.25%). Sequence similarity
between P. flexilis and P. strobiformis appeared to be an important
factor affecting the SNP transferability from one species to another.

The #* statistic was used to estimate levels of LD between SNPs
along LG. LD levels were low (average > = 0.048 + 0.104) for all
detected SNP pairs along the LG in the P. strobiformis open-
pollinated seed families from parent BRAO8 (Fig. 1A). The SNP
pairs of the same genes or different genes with the same genetic posi-
tions on the LG showed complete or high LD (#*=1). In filtering
LD with significance (P < 0.05), SNP pairs had the average LD at
the highest level (average > = 0.49) within genetic distance of 1 cM.
However, LD decayed significantly (one-way analysis of variance,
P =1.23e-08) to low levels (average r~ ranging from 0.19 to 0.12)
beyond 1 cM, without significant LD decay as genetic distances
increased >1 cM (Fig. 1B). The fast LD decay indicated that the seed
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Fig. 1. Plotting the estimates (+*) of linkage disequilibrium (LD) decay
against genetic distance (in centimorgans, cM) between single nucleotide
polymorphism (SNP) loci in southwestern white pine families. A, Linkage
group (LG)-wide LD #* values plotted against the genetic distance between
each intrachromosomal SNP pair on the Pinus consensus LG-8. The dashed
red curve is a nonlinear regressions for expected decay of LD (+%) in all
pairs of SNP loci. B, Comparison of average LD decay estimates (+°) based
on genetic distances between two SNP loci. Estimate of LD decay (+%) was
grouped and compared among four intervals of genetic distances (1, 10, 25,
and >25 c¢cM). Two asterisks indicate significant difference by one-way anal-
ysis of variance at P < 0.01.
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families were open-pollinated with a complex pollen source of high
genetic diversity.

Association mapping. Both a GLM and an MLM were used to
detect SNP markers in association with MGR-related traits. Of 50
genotyped SNPs, five SNP loci of four polymorphic genes
(M326511_1126R, M416463_1129Y, M355530_134M, M355530_
415R, and M438219_3042M) showed significant association with
the resistant phenotype with marker effect (R?) values ranging from
0.166 to 0.522 (Bonferroni-corrected P < 0.05). These five MGR-
associated SNPs, from four unigene, were mapped on the Pinus
consensus LG-8 map at positions from 117.85 to 151.41 cM with
P. flexilis Cr4 at 126.80 cM (Liu et al. 2019, 2020). Manhattan plot
showed —log10 (P value) of the association statistical significance on
the genetic map of LG-8 (Fig. 2A), revealing that the SNP of
M326511_1126R had marker-trait association at the highest level
of significance (R* = 0.527, P = 1.45E-24). This strongest association
of M326511_1126R with resistant traits was further confirmed by
MLM-based association analysis (R2 =0421, P =4.78E-12), followed
by M416463_1129Y (R* = 0.391, P = 3.97E-07), M355530_134M
(R? = 0269, P = 2.04E-05), and M438219_3042M (R*> = 0.219,
P = 1.36E-04). In contrast, the SNP M355530_415R, detected by
GLM, was not significant in marker-trait association as analyzed by
MLM (Fig. 2B). M326511_1126R was mapped at 126.36 cM on the
LG-8, very close to Cr4 (126.80 cM) on the P. flexilis LG-8.
M326511 showed 100% nucleotide sequence identity of the gene-
coding region between P. strobiformis and P. flexilis.

AFDD mapping. Association of Cr4-linked SNPs with the Cr3-
phenotype was further supported by AFDD mapping. Seven SNPs
showed AFDD > 30 with significant difference between two seedling
groups of resistant and susceptible phenotypes (x? test, P = 7.32e-06
~1.49¢-17); including five SNPs detected by the GLM run, and two
additional SNPs M463406_1290R and M286987_932Y (Fig. 2C).
M326511_1126R had the highest AFDD value of 54.2, followed by
M355530_134M/415R and M416463_1129Y with AFDD values at
44.2 and 43.6, respectively, closely positioned at either proximal or
distal side of the Cr4 locus (Fig. 3C). A similar pattern was observed
when ” tested P values were plotted against the genetic positions of
the markers on the Pinus consensus LG-8, with M326511_1126R as
the peak (Supplementary Fig. S2). As expected, those significant
AFDD values of the associated SNPs showed negative correlation
(Pearson correlation coefficient R = —0.7374, P = 0.009) with their
genetic distances (in centimorgans) to the Cr4 locus (Supplementary
Fig. S3). These results implied that Cr3 and Cr4 might be an ortholo-
gous MGR locus, or located very close to each other on the Pinus
consensus LG-8.

Impact of associated SNPs on gene functions. All seven SNPs
identified above showing association with Cr3/Cr4-controlled MGR
phenotypes were localized in the coding region of a unigene. Three
of them (M416463_1129Y, M438219_3042M, and M355530_
415R) were synonymous SNPs, not affecting putative functions of
the proteins encoded by the corresponding genes. M416463 and
M438219 encoded proteins with homologies to endoglucanase
16-like protein and nuclear matrix constituent protein 1-like protein,
respectively. In contrast, four other SNPs were nonsynonymous
SNPs with amino acid changes, which might impact putative func-
tions of the proteins. They included M326511_1126R for Valzglle
in a pectin acetylesterase (PAE) encoded by M326511; M355530_
134M for Met,Leu in a transport inhibitor response 1-like protein
encoded by M355530; M463406_1290R for Valyg;lle in a protein
with domains of nucleotide-binding site and leucine-rich repeats
(NLRs) encoded by M463406; and M286987_932Y for Iles;; Thr
in a pyrimidine reductase encoded by M286987.

Six SNP loci targeted in two putative NLR genes (M463406 and
M373574) were included in the SNP array (Supplementary Table S1).
P. strobiformis and P. flexilis shared 99.83 and 92.08% nucleotide
identities for M463406 and M373574, respectively. Only one of them
(M463406_1290R) was associated with Cr3-controlled phenotype
with a MAF = 0.42 and AFDD = 36.4 (x2 test, P = 3.54E-07). Of the



other five, two (M373574_318Y and M463406_171K) were not trans-
ferable; two (M373574_94K and M463406_337Y) were detected
with MAF = 0; and one (M373574_220R) had a MAF = 0.08, proba-
bly with minor allele contribution as a result of open pollination.
Genetic interactions between Cr3-associated SNPs. MDR anal-
ysis was implemented to investigate if SNPs interact with each
other (Supplementary Table S6). Consistent with association analy-
sis and AFDD mapping, M326511_1126R was the best single-
locus model to predict Cr3-confered WPBR resistance (CVC =
10/10; Testing balanced accuracy = 0.942; P = 0.016). A combina-
tion of M326511_1126R and M416463_1129Y fit in the best two-locus
model (CVC = 9/10; Testing balanced accuracy = 0.942; P = 0.016)
while the best three-locus model consisted of M?326511_1126R,
M355530_134M, and M416463_1129Y (CVC = 10/10; Testing
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Fig. 2. Association analyses of single nucleotide polymorphism (SNP) geno-
types with phenotypic traits conferred by southwestern white pine major gene
(Cr3) resistance to Cronartium ribicola. The Manhattan plots of association
levels (loglO P values) against genetic positions of SNP loci on the Pinus con-
sensus linkage group 8 (LG-8). The x-axis represents SNP locations (in centi-
morgans) on LG-8 while the y-axis represents —logl0 P values of association
analyses with the phenotypic-resistant traits. The red-dashed vertical lines mark
the genetic position of Cr4 as mapped in limber pine in Liu et al. (2020). The
gray-dashed horizontal lines mark the thresholds for significant association.
Genes with significant associations are labeled. A, Association test using a gen-
eral linear model (GLM). B, Association test using a GLM. C, Association test
using genetic mapping based on allele frequency directional difference (AFDD).

balanced accuracy = 0.948; P = 0.018). Not surprising, little additive
effect between the models was detected for MGR against C. ribi-
cola, and SNP-SNP interactions were negligible (blue lines) with
independent effects of the impact (Supplementary Fig. S4A). How-
ever, a combination of three SNP loci increased predicative value
for selection of Cr3/Cr4-conferred MGR (Supplementary Fig. S4B).

Development of TagMan arrays as MAS tools to distinguish
MGR and QR genotypes. TagMan assays were designed based
on sequences around SNP loci M326511_1126R and M355530_
415R (Supplementary Table S3). TagMan-based SNP genotyping
confirmed genotypic results as detected by the Sequenom MassAR-
RAY iPLEX platform, and both genotyping technologies were
highly reliable in P. strobiformis. Genotypic frequencies of A/A,
A/G, and G/G were in Hardy-Weinberg equilibrium at both SNP
loci (? test, P = 0.7877 at M326511_1126R, x* test, P = 0.4047 at
M355530_415R), suggesting the population size of this study is
large enough with little sampling effect.

At the M326511_1126R locus, the BRAOS parent tree was an
A/G genotype, and allele A was associated with resistant allele Cr3,
while allele G was associated with susceptible allele cr3. Of its
open-pollinated progeny, genotypes A/A and A/G were linked to the
resistant phenotype while G/G was linked to the susceptible pheno-
type (Fig. 3A).

Because we hypothesized that the resistant phenotypes detected in
the operational trial were contributed by genotypes of both MGR
(Cr3) and QR, we performed a comparison of genotype-phenotype
matching rates between the MGR- and operational trials (Fig. 3B).
The genotype-phenotype matching rate was 93.6% in all seedlings
from MGR trials, with 96.0 and 92.5% in susceptible and resistant
phenotypes, respectively. As compared with MGR trials, operational
trials showed the genotype-phenotype matching rate significantly
lower in all seedlings (84.0 versus 93.6%; x> test, P = 0.011) and in
resistant seedlings (81.4 versus 92.5%; X2 test, P = 0.022), but no sig-
nificant difference in susceptible seedlings between two types of inoc-
ulation trials (93.8 versus 96.0%; x2 test, P = 0.953). Because there is
little question in phenotypic assessment of susceptibility during either
MGR or operational trials, our results demonstrated that the TagMan
assay of M326511_1126R had an accuracy of 95.1% for selection of
Cr3 in both BRAOS (CY08) and BRAOS (CY13) families.

Of all resistant seedlings from both seed families of BRAOS
(CY08) and BRAOS (CY13), the M326511_1126R genotype G/G
accounted for 7.5% in the MGR trial, while it increased to 18.6% in
the operational trial (Fig. 3A). Comparison of two seed families
revealed that all susceptible seedlings of family BRAO8 (CY13) had
M326511_1126R genotype GG as assessed in both MGR and opera-
tional trials while 95.0 and 87.5% of susceptible seedlings of family
BRAO8 (CYO08) had genotype G/G in MGR and operational trials,
respectively (Fig. 3C and D). Percentages of the M326511_1126R
genotype G/G in resistant seedlings showed no significant different
between two seed families (7.0 versus 9.1%) in the MGR trials (Fig.
3C), but the percentage was much higher in BRA0O8 (CYO08) than in
BRAO8 (CY13;25.0 versus 12.9%; x? test, P = 0.03) in operational tri-
als (Fig. 3D), suggesting a significant shift of genetic compositions
between seed families collected from the same tree but in different
years. Therefore, we hypothesize that for the increased proportion of
resistant seedlings, mainly in family BRAO8 (CYO08), during the opera-
tional trials, it was likely QR rather than MGR that contributed the
stem symptom-free traits of the resistant phenotypes. Thus, the resistant
seedlings identified with the G/G genotype at the M326511_1126R
locus may be a valuable resource to pinpoint QR genotypes for durable
resistance to WPBR in future P. strobiformis breeding.

DISCUSSION
SNP transferability and consideration in design of genotyping
arrays for cross-species application. P. strobiformis is considered

an important component of mixed-conifer forests of the U.S. South-
west. However, in this nonmodel conifer species, available genomic
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resources are very limited; neither a reference genome nor tran-
scriptome have been reported. Although SNPs have been developed
throughout the P. strobiformis genome by using ddRADseq
(Menon et al. 2018), no genotyping assay has been designed yet
with functional SNP annotation for comparative genetic mapping.
This study tested and confirmed the transferability of a set of SNP
markers between two white pine species of the P. flexilis complex.
Overall, P. flexilis SNP markers showed high transferability and
informativeness in P. strobiformis despite only open-pollinated
progeny of one parental tree having been genotyped with limited
sample sizes. We detected high transferability of cross-species gen-
otyping, with 69.4% successful across total loci, making it possible
to design SNP assays to cover a high proportion of highly polymor-
phic markers. The successful genotyping rate and marker informa-
tiveness in the cross-species genotyping were similar to those in the
marker source species of P. flexilis (Liu et al. 2020), leading to
identification of genotypes with significant phenotypic association
in subsequent analyses of resistance genetic mapping.

An orthology analysis based on P. flexilis transcriptomes and
P. strobiformis RNA-seq reads available from GenBank allowed us
to determine which factors might affect SNP transferability between
closely related white pine species and whether any of transferable
SNPs have functional impacts on the proteins encoded by the poly-
morphic genes. We found that the transferable SNPs had flanking
sequences with average nucleotide identities higher than the non-
transferable SNPs (98.97 + 1.35% versus 97.89 + 3.25%), providing
a useful index for selection of SNPs to design genotyping assays
with potential applications across multiple species of white pines.

The pattern of marker distribution throughout the genome is
another factor that may affect cross-species transferability. Because
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amplification primers and/or hybridization probes designed for geno-
typing were more conservative across species and usually unique for
the targeted loci, genic markers were probably more transferable
with good reproducibility and increased resolution as compared with
DNA markers in nongenic or random genomic regions (Poczai et al.
2013). Despite the small size of this genotyping assay, all 72 SNP
loci were localized within putative protein-coding regions with map-
ping positions targeted on only one LG, thus the informativeness of
the SNP assay was a key prerequisite for final identification of SNPs
and polymorphic genes significantly associated with Cr3-controlled
phenotypes. Genic markers are usually less polymorphic than ran-
dom genomic ones, potentially limiting their utilization in genomic
selection of quantitative traits (Abdollahi-Arpanahi et al. 2016). None-
theless, genic SNPs are favorable for design of SNP assays and for
targeted-NGS to search for functional markers and mutant-causing
genes (Giral et al. 2018). Some genic SNPs within coding regions
may cause amino acid changes of the encoded proteins while other
genic SNPs within regulatory elements (such as promoter, enhancer
regions, and long noncoding RNAs) affect expression of the causal
genes; these may be better suited to identify significant association
with informative annotations in a genome-wide association study
(DeFaveri et al. 2013; Oetjen and Reusch 2007).

In addition to genetic mapping and association studies of disease
resistance, confirmation of transferability of genomic resources
among closely related species also facilitates the application of
molecular markers in other studies, such as dissection of genetic
architecture of other adaptive traits of economic and ecologic impor-
tance in a conifer hybrid zone formed between P. strobiformis and
P. flexilis (Menon et al. 2021). Large SNP assays need to be devel-
oped based on in silico SNPs mined in P. flexilis and P. strobiformis
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Fig. 3. Genotyping single nucleotide polymorphism loci M326511_1126R using a TagMan assay. A, Genotypic frequencies in resistant and susceptible seed-
lings evaluated in major gene resistance (MGR) trials and operational trials. MGR trials detected resistant traits expressed exclusively by MGR phenotype
while operational trials detected resistant traits expressed by genotypes of both MGR and quantitative resistance (QR) as inoculated avirulent races (avcr3/4).
B, Genotype-phenotype matching rates for estimating accuracy for phenotypic prediction. C, Comparison of genotypic and phenotypic compositions between
seed families BRAO8 (CY08) and BRAO8 (CY13) in the MGR trials; ns, not significant. D, Comparison of genotypic and phenotypic compositions between
seed families BRAOS (CYO08) and BRAO8 (CY13) in the operational trials. An asterisk indicates significant difference between MGR trials and operational tri-

als (X2 test, P < 0.05).
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through various NGS approaches (Liu et al. 2016; Menon et al.
2018), especially by including those within candidate genes underly-
ing phenotypic traits of interest with successful applications in popu-
lation and conservation genetic studies in the P. flexilis complex
(Menon et al. 2021). These invaluable genomic resources and tools
allow for further examination of their cross-species transferability
and utilization in studies of closely related native white pine species
in North America.

Evolution of MGR to WPBR in P. strobiformis and other
white pines. There is a dynamic “arms race” during plant—microbe
interactions (Yang et al. 2013), resulting in adaptation of new R
genotypes for plants to fight against new pathogenic races mainly
through expansion and rearrangement of gene members within R
loci (Leister 2004; Marone et al. 2013). Because C. ribicola was
introduced to North America only ~100 years ago, Crl to Cr4
appeared to be ancient R genes that had occurred before native
white pines were exposed to this exotic fungus; thus evolutionary
dynamics would be actually more complex than a simple “arms
race” model for the WPBR pathosystems in North America. On the
other hand, emergence of virulent C. ribicola races vcrl and vcr2,
which overcome Crl and Cr2, respectively (Kinloch and Dupper
2002), probably resulted from selection pressure, considering
that they were first detected at field sites where most susceptible
trees were killed and MGR trees became dominant (Kinloch 1970;
Kinloch et al. 1999).

Our comparative association study implied that Cr3 and Cr4
might be the same orthologous R locus, or different alleles very
close to each other within the syntenic genomic region at least for
the U.S. part of the range for P. strobiformis. MDR analysis
showed no gene—gene interaction among Cr3/Cr4-associated SNPs,
providing additional evidence that Cr3/Cr4 locus is a single domi-
nant R locus with resistant traits stably expressed in independent
inoculation trials of seed families from one P. strobiformis seed
tree. Despite MGR conservation between P. strobiformis and P.
flexilis, we found that LD decayed faster along LG-8 in P. strobi-
formis than in P. flexilis despite sample types and sizes being simi-
lar in both studies (Liu et al. 2020), implying that they might have
been subjected to different evolutionary forces (such as natural
selection, mutation, and recombination rates). Because the U.S. part
of the range is possibly the “ancient” hybrid zone for the P. flexilis
complex (Menon et al. 2018), the question of whether P. strobifor-
mis MGR is the same in the Mexican range, where there is no spe-
cies hybridization, will have to be confirmed with utility of
available SNP markers.

In contrast to Cr3/Cr4 conservation, localizations of Crl, Cr2, and
Cr3/Cr4 on different Pinus consensus LGs indicated an independent
evolution of these three R loci. They may have functions other than
genetic resistance to WPBR that evolved before C. ribicola was
introduced through sensu exaptation (Gould and Vrba 1982). In addi-
tion, research suggests that Cr4 in P. flexilis has a negligible fitness
cost (Vogan and Schoettle 2016) and has a fitness benefit with
respect to abiotic stress tolerances in P. flexilis (Vogan and Schoettle
2015), which may contribute to the much higher frequency of Cr4 in
predominantly naive populations of P. flexilis compared with Crl
and Cr2 in populations of P. lambertiana and P. monticola, respec-
tively (Schoettle et al. 2014). C. ribicola virulent verl and ver2 races
are also distinct, with different frequencies and spreading patterns in
populations (Kinloch et al. 2004; Kinloch and Dupper 2002). Previ-
ous research has shown that Cr4 in P. flexilis is not overcome by
ver2 (Schoettle et al. 2014), contributing additional evidence to sug-
gest that the genetic basis of Cr3/Cr4 is different from that underly-
ing MGRs in the other two white pine species.

The presence of functionally unique Cr genes, each with resistant
and susceptible alleles that would have evolved over many thousands
of years, raises the question of how these R-genes have been selected
and how their polymorphic alleles have been maintained. The Cr4
seed trees identified so far are not in the P. flexilis—P. strobiformis
hybrid zone with distribution further north, even to Alberta, Canada.

If Cr3 and Cr4 are confirmed to be the same R orthologous locus in
the P. flexilis—P. strobiformis hybrid zone, as our research here sug-
gests, it would be interesting to ascertain whether this conserved R
locus is an old ancestral gene or had recently introgressed from one
species to another. For example, higher drought and freeze tolerance
of P. strobiformis—P. flexilis hybrid populations was likely generated
through recent introgression of P. flexilis alleles into the P. strobifor-
mis genomic background (Menon et al. 2021). A comprehensive
comparison of the gene sequences and structures of the Cr3/Crd
region between P. flexilis and P. strobiformis, as well as their hybrid
populations, would be an optimal way to address these questions and
give insights into the long-term evolutionary dynamics of R-genes in
the wild stands of the P. flexilis complex from wide geographical
areas.

R genes of the NLR family are well characterized for their roles
conferring MGR in various angiosperm plants, and they also have
pleiotropic effects with other fitness benefits in the absence of path-
ogenic diseases (MacQueen et al. 2016), such as enhanced drought
tolerance (Chini et al. 2004). Unlike other Pinus MGR loci where a
number of NLR genes were genetically mapped in the syntenic
regions, R candidates of the NLR family mapped at Cr3/Cr4 locus
were relatively limited, despite extensive NLR mapping efforts
throughout the P. flexilis genome using whole exome-sequencing
and targeted-sequencing of the NLR family (Liu et al. 2019, 2021).
Our study revealed that one NLR gene (M463406) was highly con-
served while another (M373574) was divergent between P. strobi-
formis and P. flexilis. BLAST analyses comparing the sequence
data flanking genotyped SNP loci of other functional genes between
the two species also confirmed the presence of dramatic genome
divergence between species. Targeted NGS approaches, such as the
R gene enrichment sequencing (or “RenSeq”), have been widely
used to identify allelic variations of candidate R genes against vari-
ous pathogens and pests in model and agricultural plant species
(Jupe et al. 2013). The genomic variation documented here paves
the way for future work to investigate the evolutionary mechanisms
and adaptation of WPBR-resistance in the syntenic Cr3/Cr4 region.

Previous studies have identified NLR genes as candidates in
WPBR resistance (Liu et al. 2014; Stevens et al. 2016). However,
we cannot exclude the possibility that Cr3/Cr4 belongs to a non-
NLR gene family, despite the prevalence of case studies with func-
tionally confirmed R genes belonging to the NLR family. Our work
identified a nonsynonymous SNP of a PAE homolog with the high-
est significance for association with Cr3-controlled resistance traits.
PAEs are pectin-modifying enzymes catalyzing the deacetylation of
pectin. Several studies have demonstrated modification of cell wall
properties as having significant impacts on cell wall-mediated resis-
tance. Over-expression of a fungal hemicellulose- and pectin-
specific acetylesterase in transgenic plants led to increased resis-
tance to microbial pathogens as the degree of polysaccharides acet-
ylation decreased (Pogorelko et al. 2013). Arabidopsis PAE9 is
required for constitutive up-regulation of defense-related com-
pounds through its activity in oxidation-reduction reactions (Kloth
et al. 2019). Fine cluster organization of NLRs and candidates
belonging to other gene families at the Cr3/Cr4 locus can be dis-
sected by completely sequencing the targeted genomic regions inde-
pendently in resistant and susceptible trees of both P. flexilis and P.
strobiformis. Information obtained from this study using compara-
tive genetic mapping as well as sequence comparison of both trans-
ferable and nontransferable SNPs will help functional confirmation
of DNA variants and gene alleles that have indispensable roles in
MGR, and contribute to a comprehensive understanding of short-
term dynamics during molecular interactions of white pines with
C. ribicola.

MAS tools to distinguish genotypes between MGR and QR.
QR appears to be more durable than MGR at many field sites for
long-term WPBR management (Sniezko et al. 2020). However,
development of MAS tools for accurate prediction of MGR-related
phenotypes and other complex traits conferring QR to WPBR is
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quite challenging because of the huge genome size of white pines
and availability of limited genetic resources. With this in mind,
SNPs mined from comparative transcriptomics were selected to
design SNP assays for genotyping white pine species. Validation
and application of genic SNPs developed from transcriptomes
probably have an increased chance to reveal DNA variations
linked to causal genes that contribute to phenotypic variation of
the morphological traits with economic or ecological interests,
such as durable and stable resistance to environmental biotic or
abiotic factors. In the context of white pine resistance to C. ribi-
cola, distinguishing MGR genotypes from QR-related genotypes
is important for molecular characterization of different resis-
tance mechanisms, and for breeders to pinpoint germplasm
resources as well as to develop either MAS or genomic selection
tools.

Since the first report of WPBR infection in natural P. strobiformis
stands in 1990 (Hawksworth 1990), C. ribicola continues to spread
in New Mexico and Arizona landscapes (Looney et al. 2015), threat-
ening the sustainability of P. strobiformis as a significant component
in many high elevation ecosystems (Goodrich et al. 2018). Con-
trolled seedling screening trials for P. strobiformis MGR and QR to
WPBR has been carried out with significant progress in 2018
(Sniezko et al. 2018). Because of the relatively low frequencies of
MGR and QR genotypes across P. strobiformis’ geographical range,
MAS tools may expedite seed family screening by genotyping
parental trees and family progeny for planting resistant genotypes
(Schoettle and Sniezko 2007). Previous studies in P. flexilis found that
most Cr4-linked SNPs were family-dependent, suitable for resistance
screening in the progeny of the tested families with specific genomic
background and geographical origins (Liu et al. 2020). This study
identified SNP locus M326511_1126R as the best marker associated
with the Cr3-controlled stem symptom-free trait in the P. strobiformis
two seed families of parent BRAO8; we do not yet know if it is
family-dependent. This marker was originally mapped closely to Cr4
with a genetic distance of 0.44 cM in two P. flexilis families (LJ-112
and PHA-106) that originated in the southern Rocky Mountains, and
one family (#6665) from Alberta (Liu et al. 2016, 2020). However,
this SNP locus had no polymorphism in five other analyzed P. flexilis
families. Second to M326511_1126R, M355530_134M was another
top SNP locus in significant association with Cr3, mapped at 1.05 cM
away from Cr4. However, no significant Cr3-association was detected
in two SNPs (M296815_486Y and M362068_140R) that were close
to Cr4 within 1 cM, indicating that both SNP loci were monomorphic
in the parent tree BRAOS. These results implied that Cr3/Cr4-linked/
associated alleles documented so far may have occurred through alle-
lic mutation or/and recombination events during genetic differentiation
among regions, populations, and seed families. Even ddRADseq-
based genome-wide SNP genotyping detected little to no differentia-
tion for most SNP loci between P. strobiformis and P. flexilis (Menon
et al. 2018). Thus, a set of informative markers rather than one single
marker appears to have a higher chance to achieve efficient MAS for
accurate MGR prediction among parental trees without known resis-
tance information, until markers are developed from Cr3/Cr4 itself
through positional sequencing and functional verification.

It is difficult to distinguish genotypes of QR from MGR in the
WPBR pathosystems, especially for P. flexilis and P. strobiformis,
where HR-like spots on infected needles, which are usually diag-
nostic for MGR in other species, are often not obvious in these two
species. Identification of the MGR resistance genotype in P. flexilis
and P. strobiformis therefore depends on the stem symptom-free
trait. However, in the seedling trials, the progeny of some QR
parents showed a relatively high frequency of canker-free seedlings,
even when showing many susceptible needle spots, making the sep-
aration of MGR and some QR genotypes (the stem symptom-free
phenotypes) problematic during phenotypic assessment. Phenotypic
segregation ratios are commonly used to estimate presence of either
MGR or QR in a seed family, but it is impossible to tell the differ-
ence between the two types of resistant genotypes if both resistant
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mechanisms are present in the same open-pollinated seed family. In
addition, the frequency of canker-free seedlings from QR parents can
vary from very low to intermediate levels (Johnson and Sniezko
2021). If QR approaches the 1:1 segregation ratio, it becomes pheno-
typically undistinguishable from MGR. This study assessed resistant
traits of the same family using both MGR and operational trials. The
susceptible ones would have neither MGR nor canker-free QR, but
stem symptom-free traits of the resistant seedlings could be conferred
by MGR, QR, or both MGR and QR genes. Some canker-free seed-
lings in MGR trial might also be developed by QR, although with
the higher inoculum and younger age we would expect fewer. For an
open-pollinated family, the seed parent is MGR, but pollen parents
can be susceptible, QR, or MGR genotypes. Overall, 67.9% in MGR
tests and 76.2% in QR tests were canker-free in this study, higher
than the expected 50%, indicating either MGR or strong QR have
some contribution through the pollen sources, especially obvious in
family BRAOS (CY08). There are both MGR and QR parents, as
well as susceptible ones, in the BRAOS stand, with MGR at a lower
frequency. From our data, QR is more common than MGR in the
Bradford Canyon region (Johnson and Sniezko 2021), where the
parental tree was selected to harvest seeds for this study. The fact
that we observed phenotypic segregation ratios significantly higher
than 1:1 in the BRAOS family suggests that pollination of BRAOS
occurs by MGR parents or QR parents or both MGR and QR
parents, along with some susceptible genotypes. The MGR trials
use younger seedlings and a much higher spore density in inocula-
tion, factors that have little or no impact on expression of MGR,
but that would be expected to yield relatively fewer canker-free
seedlings from QR genotypes than in the operational trials. From
the difference in percentage of canker-free seedlings in the two
types of trials, it appears that ~10% of canker-free seedlings in the
operational trials may be controlled by the QR genotypes in family
BRAOS (CYO08). In MGR trials, QR may also contribute a few
seedlings, making marker-genotype—phenotyping matching rates
lower in resistant phenotypes than in susceptible phenotypes in
both MGR and operational trials.

With the aid of SNP genotyping using a TagMan assay for
M326511_1126R, we demonstrated that seedlings hypothesized to
be QR genotypes can be tagged and separated from MGR genotypes
in this P. strobiformis family. The TagMan assay of M326511_
1126R thus provided a MAS tool with potential application for pyra-
miding different resistance mechanisms in future screening of
P. strobiformis resistance to C. ribicola. Seedling families from
hundreds of additional P. strobiformis families covering the entire
range of the species, including its populations in Mexico, are cur-
rently undergoing WPBR screening (R. Sniezko, personal com-
munication), and tools such as these may be useful in clarifying
the resistance type and in making forward selections for seed
orchards and clone banks after they have been shown to work in
wide genetic backgrounds. As shown in MDR analysis, a combi-
nation of multiple Cr3/Cr4-linked SNP markers has the potential
for more accurate MGR prediction and genotypic differentiation
of QR from MGR. Integration of these modern genomics-
based breeding tools, along with rapid phenotyping techniques
(Haagsma et al. 2020), will accelerate long-term sustainable man-
agement of white pine species by selecting and utilizing a diver-
sity of elite genotypes with a combination of multiple R genes
underlying both MGR and QR and other well-adapted genes
responsive to environmental stresses, such as drought and cold
hardiness.
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