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A B S T R A C T   

All nine 昀椀ve-needle white pine species (genus Pinus, subgenus Strobus, subsections Strobus and Balfourianae) 
native to the U.S. and Canada are highly susceptible to white pine blister rust (WPBR), caused by the non-native 
fungal pathogen Cronartium ribicola. WPBR is present within the geographic range of eight of the nine species in 
the U.S. including the four species also present in Canada, but has not yet been documented in Mexico. Genetic 
resistance to WPBR has been documented in eight of the white pine species present in the U.S., with extensive 
work on foxtail pine (Pinus balfouriana) just recently started. The development of populations of trees with 
durable genetic resistance, while also retaining genetic diversity and adaptability, is seen as a fundamental step 
in restoring white pine species. Major gene resistance (MGR) has been documented in four species, and quan-
titative resistance (QR) is likely present in all species, but at levels ranging from very low to moderately high. 
Restoration using seed from WPBR resistant parent trees has been underway for several decades for western 
white pine (P. monticola), sugar pine (P. lambertiana), and eastern white pine (P. strobus), and has begun more 
recently for whitebark pine (P. albicaulis) and limber pine (P. 昀氀exilis). For many of these white pine species, 
locating additional resistant parents and acquiring more seed will be needed over the ensuing decades. The 
previous efforts in developing populations of trees with genetic resistance to WPBR has used conventional tree 
improvement techniques of tree selection and seedling inoculation trials. However, in the future with the 
continued development of omics resources and tools in white pines, biotechnology has the potential to aid 
resistance programs. Candidate genes have been identi昀椀ed for host MGR, QR, and disease susceptibility (S) to 
WPBR, as well as for C. ribicola effectors. Marker-assisted selection (MAS) tools developed from MGR-linked 
genes would be useful to combine MGR and QR, which should improve the potential durability of resistance. 
Integration of breeding programs with omics information and tools can help pave a road towards improvement of 
WPBR resistance through biotechnological approaches such as MAS, and genomic selection (GS), or potentially 
helping to incorporate unique resistance not currently found in North American 昀椀ve-needle white pines. In the 
near future, these tools could potentially aid in the initial search for candidate trees which would increase the 
ef昀椀ciency of developing WPBR resistant populations, as well as de昀椀ning the extent and distribution of adaptive 
genetic variation in the species, which will aid in planning restoration efforts.   

1. Introduction 

Nine 昀椀ve-needle white pine species, (genus Pinus, subgenus Strobus, 
subsections Strobus and subsections Strobus and Balfourianae), are native 
to the U.S, with four of them also native to Canada. These species are 
long-lived conifers covering a wide geographic range and provide an 
array of ecosystem services (Tomback and Achuff, 2010). However, all 
nine of these species are highly susceptible to white pine blister rust 
(WPBR), caused by the non-native, invasive fungal pathogen Cronartium 

ribicola, and WPBR is present in the geographic range of all but Great 
Basin bristlecone pine (P. longaeva) (Hoff et al., 1980; Stephan, 2004; 
Kinloch, 2003; Tomback and Achuff, 2010). The infection and mortality 
from WPBR in some populations can exceed 95 percent. In the three 
species of highest economic value, western white pine (Pinus monticola), 
sugar pine (P. lambertiana) and eastern white pine (P. strobus), the high 
susceptibility led to extensive research and management activities to try 
to mitigate the impacts of the disease (Maloy, 1997; Geils et al., 2010), 
including investigations on genetic resistance to WPBR (Hoff and 
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McDonald, 1980; Bingham, 1983; King et al., 2010; Sniezko et al., 2014, 
2020). 

The research on genetic resistance to WPBR led to the development 
of resistance breeding programs for the three species of highest eco-
nomic value (King and Hunt, 2004; Kriebel, 2004; McDonald et al., 
2004), and these continue today. More recently, investigations into 
genetic resistance have begun in the six high elevation 昀椀ve-needle white 
pine species: whitebark pine (P. albicaulis), limber pine (P. 昀氀exilis), 
southwestern white pine (P. strobiformis), Great Basin bristlecone pine, 
Rocky Mountain bristlecone pine (P. aristata), and foxtail pine 
(P. balfouriana) (Sniezko et al., 2011; Schoettle et al., 2018b; Johnson 
and Sniezko, 2021), and these species are the primary focus here. A 
consensus has developed that 昀椀nding and using genetic resistance 
within these species will be a key determinant to future successful 
restoration efforts with North American 昀椀ve-needle white pines (Sam-
man et al., 2003; Schwandt, 2006; Aubry et al., 2008; Tomback et al., 
2022, this issue), which strengthens support to continue to examine 
resistance in these species. 

In the Paci昀椀c Northwest, the USDA Forest Service’s Dorena Genetic 
Resource Center (DGRC), established in 1966, has had as one of its 
primary missions the development of resistant populations of 昀椀ve- 
needle white pine species for reforestation and restoration. Although 
there are several WPBR resistance programs in North America (King and 
Hunt, 2004; McDonald et al., 2004; Murray and Strong, 2021; Sniezko 
et al., 2011), DGRC has the most extensive experience and has evaluated 
all nine species of these white pines, to varying degrees (Kegley and 
Sniezko, 2004; Sniezko et al., 2008, 2011, 2014, 2020; Johnson and 
Sniezko, 2021), while other programs focus primarily on one or two 
white pine species. Thus, the trials at DGRC, all done under similar 
protocols and environment, provide a basis to note not only components 
of resistance within a species, but also to make comparisons among 
species of the type, level, and frequency of resistance that updates earlier 
work from others that used more limited sampling (Hoff et al., 1980; 
Stephan, 2004). Table 1 summarizes some aspects of results of resistance 
evaluations for the nine species native to the U.S. and three Eurasian 
species (P. sibirica, P. armandii, and P. peuce) tested at DGRC, including 

number of tested parent trees from forest selections, con昀椀rmation of any 
major gene resistance (MGR), and level of survival from quantitative 
resistance (QR) of open-pollinated half-sib seedling families. 

Classical selective breeding has been the source of developing 
resistance to date. The main method used for WPBR resistance evalua-
tion has been the inoculation trials of seedling families of parent trees 
selected in natural stands. These progeny trials are used to evaluate the 
resistance of parent trees and the trials can take 昀椀ve years or more 
(Kegley and Sniezko, 2004; Sniezko et al., 2011; Johnson and Sniezko, 
2021). The overall process includes selecting parent trees in the 昀椀eld, 
collecting cones, seed extraction from the cones, growing seedlings from 
one to three years before inoculation with C. ribicola, and subsequently 
evaluating the seedlings for three to 昀椀ve years for a range of resistance 
traits (Sniezko et al., 2014; Johnson and Sniezko, 2021). 

A signi昀椀cant amount of work on evaluating genetic resistance to 
WPBR in this group of high elevation white pine species has been un-
derway since an earlier summary was compiled a decade ago (Sniezko 
et al., 2011). In this paper, we discuss some of the results of resistance 
testing and comparisons among species for resistance, as well as a 
summary of the genomics related work undertaken to-date that will help 
increase understanding of resistance and may provide useful tools for 
their evaluation in the future. We also provide some thoughts on 
restoration based on what is known about WPBR resistance in the 
different species, and brie昀氀y discuss potential use of biotechnology to 
increase the ef昀椀cacy of developing populations of white pines with ge-
netic resistance. 

2. Lessons from western white pine and sugar pine - setting the 
stage for evaluating resistance in the high elevation white pine 
species 

In forest trees, if resistance is going to be useful, one needs some 
basic information on the frequency of resistance, the level of resistance, 
the geographic distribution of resistance, and the type of resistance, as 
well as whether the resistance is likely to be durable (effective under 
potential evolutionary changes in the virulence or aggressiveness of the 
rust pathogen) and stable over varying environmental conditions, 
including a changing climate. 

The long-term programs with western white pine and sugar pine 
provide some guidance for examining resistance in the six high elevation 
species and on the potential utility and limitations of resistance. For both 
species, seedling families of>4000 parent trees have been tested for 
WPBR resistance over 昀椀ve decades at DGRC. The work with these spe-
cies has documented the presence of both MGR, conditioned by a single 
dominant R gene, Cr1 in sugar pine and Cr2 in western white pine, as 
well as QR (Kinloch et al., 1999; Kinloch and Dupper, 2002; Sniezko 
et al., 2014; Weiss et al., 2020). The work with these two species has also 
noted that MGR appears to be less durable than QR due to presence of 
virulent pathotypes (Kinloch et al., 2004, 2008; Sniezko et al., 2020). 

Resistance in both sugar pine and western white pine is relatively 
rare (Kinloch et al., 2003, 2018; Sniezko et al., 2008; King et al., 2018). 
In general, the level of QR in western white pine is greater than that in 
sugar pine (Kinloch et al., 2008; Kegley and Sniezko, 2004; Sniezko 
et al., 2008, 2020), but in both species, open-pollinated half-sib seedling 
families from 昀椀eld selections generally show<10 percent survival 
(Table 1, Kegley and Sniezko, 2004; Sniezko et al., 2008). Breeding to 
increase the level of QR is underway and shows great promise (Kinloch 
et al., 2012; Sniezko et al., 2014). Seed orchards of both species have 
been established and are supplying seed for reforestation and restora-
tion, but future orchards using selections from the ongoing breeding 
work will provide higher levels of resistance. 

For families with MGR, 50 percent or more of seedlings may be 
canker-free in absence of a virulent pathotype of rust. However, for 
western white pine Cr2, a virulent vcr2 pathotype of the rust is present in 
much of western Oregon, rendering MGR ineffective in those areas 
(Kinloch et al., 2004; Sniezko et al., 2020). For sugar pine Cr1, the 

Table 1 
White pine blister rust resistance summary from testing at Dorena Genetic 
Resource Center (MGR = major gene resistance, QR = quantitative resistance).   

Species 
Number 
families 
tested 

MGR 
(Gene) 

QR – 

overall 
survival of 
families (%) 
c 

QR 
survival % 
(family 
range) 

Relative 
QR Rank 

P. lambertiana >4000 Yes 
(Cr1) 

<5 0 to ~ 10 5 

P. monticola >4000 Yes 
(Cr2) 

<10 0 to ~ 20 d 4 

P. albicaulis >1500 No <20 0 to ~ 90 1 
P. strobiformis >400 Yes 

(Cr3) 
<10 0 to ~ 85 3 

P. 昀氀exilis >200 Yes 
(Cr4) 

<5 0 to 10 5 

P. balfouriana >150 No <1 0 to 5 8 
P. aristata ~170 No <60 n.a. 1 
P. longaeva ~30 No <35 n.a. n.a. 
P. strobus 18 No <5 0 to 10 5 
P. sibirica 2 n.a. 98b 95 to 100 – 

P. armandii 2 bulked 
lots 

Yes 100 a,b 
– – 

P. peuce 1 bulked 
lot 

n.a. 68.9 b 
– –  

a 3.3% and 9.5% of seedlings had stem symptoms, but survived. 
b The contribution of QR versus MGR is unknown for the Eurasian species. 
c Overall survival means are generally for selections in stands with low or 

unknown level of white pine blister rust infection. 
d Very few (<5) families out of > 4000 parent trees tested showed higher 

survival. n.a. Not available. 
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virulent vcr1 pathotype has been documented only in a few locations in 
California (Kinloch et al., 2004). By contrast, the families with highest 
level of survival from QR may have a combination of some canker-free 
seedlings and some seedlings with stem symptoms, and often many of 
these are small bark reactions or somewhat larger inactive cankers (Hoff 
and McDonald, 1980; Bingham, 1983; Kinloch et al., 2012; Sniezko 
et al., 2014). In the QR families, the progress of the rust appears to be 
slowed, with some seedlings showing stem symptoms later than the 
susceptible control and having fewer stem symptoms (Hoff and McDo-
nald, 1980; Kegley and Sniezko, 2004; Sniezko et al., 2014). 

Similar to both sugar pine and western white pine, eastern white pine 
appears to have only a low level of QR (Table 1) (Hoff et al., 1980; 
Stephan, 2004). However, for eastern white pine, there was a relatively 
high percentage of partial bark reaction in the tests at DGRC (Sniezko 
et al., 2008), which could suggest that 昀椀eld resistance could be higher. 
In an early international test series eastern white pine from the U.S. was 
also shown to be very susceptible, although seedlots collected from the 

species grown in Germany showed much more resistance than those 
from the U.S. (Stephan, 2004), likely from natural selection in presence 
of the rust. More recent work on eastern white pine elsewhere provides 
somewhat more encouraging news on resistance (Pike et al., 2018). 

3. Resistance testing of high elevation white pine species at 
DGRC 

Testing at DGRC for WPBR resistance in the six high elevation species 
is relatively recent, beginning in 2001 with southwestern white pine and 
2002 with whitebark pine. In many cases, detailed summary of test re-
sults is still pending. However, because all testing has been at DGRC 
under similar protocols, there is a unique opportunity to begin to 
compare the type and level of resistance found among the species 
(Table 1), which expands on earlier reports by others (Hoff et al., 1980; 
Stephan, 2004). The whitebark pine trials have involved primarily 
parent trees selected in the Paci昀椀c Northwest U.S. (Oregon and 

Fig. 1. Geographic variation in white pine 
blister rust resistance for the 昀椀rst 749 
whitebark pine (Pinus albicaulis) parent trees 
that were evaluated in seedling inoculation 
trials at Dorena Genetic Resistance Center. 
Trials were sown from 2002 to 2013, and 
parents tested represent all nine seed zones 
in Oregon and Washington. These interim 
ratings re昀氀ect primarily the percentage of 
seedlings within each family that have stem 
symptoms ~ 1-year post-inoculation, one 
measure of resistance, and percent survival 
for the two earliest trials. Each parent is 
assigned a A to F letter grade, with A indi-
cating the highest level of resistance in a trial 
(often < 50 percent of seedlings cankered) 
and F generally indicating 95–100 percent of 
seedlings cankered.   
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Washington), while the other species have involved partners from other 
areas in the western U.S., Mexico, and Canada. 

3.1. Whitebark pine 

Whitebark pine is the most extensively tested species of the high 
elevation white pines with several programs underway in the U.S. and 
Canada (Murray and Strong, 2021; Sniezko et al., 2011). In the DGRC 
program (Table 1), seedling families of>1500 parent trees have been 
included in testing at DGRC since a 2004 inoculation of seedlings sown 
in 2002. Trials usually include ~ 120 seedling families and trials have 
been sown in 2002, 2004, 2005, 2007, and in almost every year since 
2011. The seedling families tested come from parent trees in all nine 
seed zones designated for this species in Oregon and Washington (Fig. 1) 
(Aubry et al., 2008). Several susceptible and resistant families, docu-
mented in earlier trials, are included as controls in newer trials. 

Early results of some of earlier trials indicate that although white-
bark pine is very susceptible, there is a very wide range in resistance 
among seedling families and geographic areas (Figs. 1, 2, 3, 4) (Sniezko 
et al., 2007, 2008, 2018; Kegley et al., 2012). Most seedling families 
have <10% survival in testing, but the most resistant families have 30 to 
90 percent survival (Figs. 2, 3, 4; unpublished data), and the frequency 
of resistant families can vary dramatically by geographic area (Fig. 1). At 
this stage QR is documented, but MGR has not yet been documented in 
whitebark pine. 

Resistance can encompass an array of traits and effectiveness, 
including fewer needle spots, fewer stem symptoms, later developing 
stem symptoms, bark reactions, stem-symptom-free seedlings, and 
higher survival (Sniezko et al., 2007, 2011; Kegley et al., 2012). The 
percentage of seedlings with early stem symptoms varies widely by 
family and by geographic area (Fig. 1) (Sniezko et al., 2018). 

One question that arises is whether the genetic variation in the rust 
can in昀氀uence results. In an early trial at DGRC two geographic sources of 
rust were used, one from western Oregon with vcr2 rust source and the 
second from eastern Oregon with AVCr2 rust source. The source of rust 
used had little impact on relative ranking of families for resistance, but 
further trials will be needed to discern whether levels of resistance can 
be impacted by different races of the pathogen (Fig. 3) (Sniezko et al., 
2007, unpublished). Also notable in this trial is the relatively low level of 
resistance of a bulked seedlot from Shoshone National Forest in testing 
at DGRC (Fig. 3). The Shoshone NF seedlot was widely used in some 
early sowings for restoration in the Northern Rockies (Mahalovich et al., 
2006). There have been relatively few common seedlots tested between 
different programs, but in two separate trials of seedlots tested at both 
DGRC and in British Columbia, the resistance results are similar, sug-
gesting little or no impact of different source of rust or environmental 

condition (Reid, 2020; Sniezko unpublished data). In one case, the 
seedlings of 81 families tested at DGRC were planted in British Columbia 
in a nursery setting and inoculation occurred from natural dissemination 
of rust spores from Ribes planted near the trial (Reid, 2020), while the 
other trial, involving 10 families, an inoculation system similar to that of 
DGRC was used (Murray and Strong, 2021). 

Another question that arises is whether a large increase in inoculum 
density can have a negative impact on survival. In a small trial of 
inoculum density sown in 2002, an increase in inoculum density 
increased the number of needle spots (昀椀rst symptoms of infection), the 
number of stem symptoms, and the percentage of trees with stem 
symptoms, but decreased the percentage of trees alive with stem 
symptoms and the percent survival (Table 2), although the differences 
were not statistically signi昀椀cant (unpublished data). And even at the 
high inoculum density, the top 昀椀ve families had survival ranging from 
20 to 46 percent (Fig. 4). A follow-up study is currently underway at 
DGRC to examine the susceptibility of both resistant and susceptible 
seedling families under a much wider range of inoculum density. 

Fig. 2. Large variation in survival of whitebark pine seedling families in 
SY2016 trial following inoculation with white pine blister rust. Families are 
planted in 10-tree row plots. 

Fig. 3. Variation in whitebark pine survival (5 years post-inoculation) for 
seedlots inoculated with populations of Cronartium ribicola. A total of 43 
seedling families and a bulked seedlot from Shoshone NF (Shoshone NF = or-
ange, and there are 5 reps of this lot in each block). Overall survival averaged 
9.1% (using vcr2 rust source, western Oregon) and 6.3% (AVCr2 rust source). 
See Sniezko et al., 2007 for trial background and survival two years post- 
inoculation. 

Fig. 4. Impacts of Cronartium ribicola inoculum density on variation in white-
bark pine survival four years post-inoculation. A total of 18 seedling families 
and seedlings from two nursery sources of a Shoshone NF bulked lot are 
included. Inoculum densities: Low density = 1017 spores/cm2; High density =
4968 spores/cm2. Seedlots: Shoshone NF bulked lot = orange; Colville NF 
families = black; Mount Rainier NP family = light blue; Deschutes & Fremont 
NF families = dark blue). 
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3.2. Southwestern white pine 

Seedling families from over 400 parent trees have been included in 
seedling inoculation trials since 2001, with the majority of families in 
tests beginning in 2014 (Fig. 5). The recent tests, still in progress, 
include nearly the entire range of the species, both its U.S. distribution as 
well as much of its large range in Mexico. Both MGR and QR have been 
documented in this species (Kinloch and Dupper, 2002; Sniezko et al., 
2008; Johnson and Sniezko, 2021). 

A summary of the 2009 trial, involving 40 half-sib families from 
parent trees selection from three National Forests in New Mexico, pro-
vides some information on both the level and frequency of QR. Seedling 
families in this trial varied widely in level of QR, with survival ranging 
from 0 to > 84%. Ten percent of the parents selected from the two stands 
with little WPBR (essentially random selections) showed moderate 
levels of QR (Johnson and Sniezko, 2021). In contrast, nearly all the 
seedling families from canker-free parent trees in the highly infected 
Bradford Canyon stand (~90 percent of stand infected) from the Lincoln 
National Forest showed moderate levels of QR (and averaged 40% 

survival versus < 10% survival of the random selections from the other 
two National Forests), but the level varied by family (Johnson and 
Sniezko, 2021). As suspected, there is higher ef昀椀ciency of making se-
lections for testing from stands with high infection levels, if available; a 
similar result was also previously shown in whitebark pine (Hoff et al., 
2001). Nearly 71 percent of the surviving trees had stem symptoms but 
were bark reactions or inactive cankers (Johnson and Sniezko, 2021). 
Southwestern white pine has more resistance than seen in sugar pine and 
limber pine, which was also found to be the case in the early IUFRO trials 
(Hoff et al., 1980; Stephan, 2004). The level of survival from QR in the 
best families is among the highest reported to date in any North Amer-
ican white pine species. Seed from the parent trees with the highest QR 
level or with MGR could be immediately useful for reforestation, 
without further breeding. 

It is also notable that both MGR and QR have been documented in the 
Bradford Canyon stand on the Lincoln National Forest where MGR was 
昀椀rst documented and thus some natural pyramiding of the two types of 
resistance is likely (Johnson and Sniezko, 2021; Sniezko et al., 2008). 
Summaries of the larger more recent trials are beginning and should 
provide more information on the both the frequency and geographic 
variation of both MGR and QR for this species. At this stage, there is no 
evidence that virulent pathotypes to MGR have arisen in the range of this 
species. The 昀椀rst 昀椀eld trials to monitor resistance over time have been 
established in New Mexico (Kristin Waring, personal communication) 
and a smaller one in Oregon (Fig. 5d). 

3.3. Limber pine 

Testing of limber pine resistance at DGRC began in 2003 with 
seedlings from a bulked seedlot (Jacobi et al., 2018) and has since 
expanded to include hundreds of seedling families from populations in 
the U.S. and Canada (Fig. 6). Most of the parent trees tested from U.S. 
sources are from areas with little or no WPBR, while most of the Cana-
dian parent trees are from areas with very high levels of blister rust. 

Table 2 
Impact of inoculum density on resistance related traits. Seedling trial of white-
bark pine was inoculated with white pine blister rust in 2004 (following similar 
protocols to Sniezko et al., 2007). Eighteen families and two groups of seedlings 
from a Shoshone NF bulked seedlot (sown at different nurseries) are included.   

Inoculum Density  
Low (1017 spores/cm2) High (4968 spores/cm2) 

% Infection 100 100 
% Stem Symptoms (SS) 88.0 93.0 
% SS Alive 11.6 9.2 
Rust Survival % 17.1 12.3 
# Needle Spots 7.1 21.9 
# Stem Symptoms2 8.0 15.6  

Fig. 5. Southwestern white pine (P. strobiformis) white pine blister rust resistance trials at DGRC. (a) Hundreds of needle spots on a seedling in sow year 2009 test, (b) 
resistant survivors in the 2009 test with some seedlings canker-free, some with bark reactions or healed cankers, and a few with active cankers, (c) Sow year 2017 
trial in 2021, three years post-inoculation, with heavy mortality expected in the next year from rust, (d) small 昀椀eld trial in Oregon at Tyrrell Seed Orchard. 
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MGR has been documented in limber pine in both U.S. and Canadian 
populations (Schoettle et al., 2014; Sniezko et al., 2016). In two small 
trials initiated in 2014, that included parent tree selections from Oregon 
and Alberta, all seedling families were very susceptible, except one 
family from Alberta, from parent Prairie Bluff #2 (PB2) which was 
documented as having MGR (Fig. 6). A second family in those trials, PB3, 
had a few canker-free seedlings, likely the result of pollination with PB2 
or another parent with MGR (Sniezko et al., 2016, Sniezko, unpub-
lished). A preliminary summary of a test of 74 limber pine families from 
the southern Rockies documented only a very low level of QR in non- 
MGR families (Schoettle et al., 2018a). The very low level of QR docu-
mented to this stage in limber pine appears to be similar to the low levels 
in sugar pine, and among the lowest of species tested (Table 1). This low 
level of resistance was also noted in the early IUFRO trials (Hoff et al., 
1980; Stephan, 2004). The more recent trials of > 180 families from 
canker-free parent trees in heavily infected stands from Alberta should 
provide more information on the potential upper level of QR and its 
frequency, at least for northern populations (Fig. 6) (Sniezko et al., 
2022a). 

No virulent pathotypes for MGR in limber pine have currently been 
con昀椀rmed, but investigations on one potential source in Alberta are 
underway (unpublished data). In addition, some of the MGR seedling 
survivors from the 2014 test have been planted in Alberta and will serve 
as sentinels to see if a pathotype virulent to MGR is present or arises in 
the future. The MGR parent trees themselves will also serve as sentinels. 

Restoration plantings have begun in Alberta (Krakowski et al., 2022). 
Currently, seeds from MGR parent trees are the best source of 

resistance to use for restoration in areas of concern. The long-term 
durability of MGR is uncertain, but it may continue to have some util-
ity even if virulence develops (Sniezko and Liu, 2021). Breeding of 
parent trees with QR or the selections from the most resistant seedlings 
surviving in resistance trials can be used to increase resistance, but this 
will take signi昀椀cant time and resources. 

3.4. Foxtail pine 

Testing of foxtail pine began at DGRC in 2014 (Fig. 7). In this trial of 
21 seedling families, 100 percent of the 705 seedlings were cankered 
and only two seedlings survived (unpublished data). Concurrently with 
the foxtail pine trial, there were seedling trials of limber pine, whitebark 
pine, southwestern white pine and western white pine, all of which 
showed higher survival than foxtail pine (unpublished results). Four of 
the species in the 2014 trials, including foxtail pine, were inoculated 
together, with one half of the seedlings inoculated in one week and the 
remaining seedlings for each species inoculated in the following week. 
The western white pine was inoculated a week earlier than the 昀椀rst of 
the two trials that included foxtail pine. The results from the 2014 trial 
suggests that foxtail pine may be the most susceptible of all the nine 
species native to the U.S. (Table 1). This result concurs with results of 
one of the two previous IUFRO trials, but the trial in Germany indicated 

Fig. 6. Limber pine (P. 昀氀exilis) white pine blister rust resistance trials at DGRC. (a) Prairie Bluff#2, a MGR family, with high survival in 2014 trial, (b) heavily 
cankered seedling in 2014 trial, (c) 2019 trial in fall 2021, (d) cankered seedling in fall 2021 in a trial inoculated in early fall 2020. 
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that some variation was present among the four sources tested (Hoff 
et al., 1980; Stephan, 1986, 2004). 

Additional trials are underway to search for resistance to WPBR in 
foxtail pine (Sniezko et al., 2022b). A trial initiated in 2018 is examining 
whether resistance can be detected with a lower spore density during 
inoculation. A larger trial initiated in 2019 is testing a range-wide 
collection of half-sib families from 150 parent trees (Fig. 7). Over the 
next three years, these trials will provide information on both the fre-
quency and level of resistance in this species as well as whether it varies 
between the two subspecies of foxtail pine. Concurrently, as part of a 
collaborative effort, a subset of the families in testing at DGRC are also in 
tests in Placerville, California (John Gleason, personal communication) 
and will provide resistance data from inoculation under different envi-
ronmental conditions. Two small 昀椀eld trials have also been established 
with a subset of the families that are also in the inoculation trials and 
over the next decade results will help validate the results of the seedling 
inoculation trials. 

3.5. Rocky Mountain bristlecone pine and Great Basin bristlecone pine 

Testing of Rocky Mountain bristlecone pine for resistance at DGRC 
began in 2003 with seedlings from a bulked seedlot. In the 2003 trial 
three inoculum densities were used to infect seedlings, and results 
indicated that the level of resistance (survival) decreased as the level of 
inoculum increased, from 42 to 23 to 13% (Jacobi et al., 2018). This was 
in contrast to limber pine, also in the 2003 trial, where a higher inoc-
ulum density did not result in higher mortality. The resistance in limber 
pine was likely due to MGR, which would not be expected to be affected 
by inoculum density, while the resistance in bristlecone pine is likely QR 
and shows a substantial increase in mortality with increasing inoculum 
density. Even at the high inoculum level, survival was 13% in this see-
dlot, which would still rank it among the most resistant of the North 
American species. 

Small early studies by others indicated that Rocky Mountain bris-
tlecone might have the highest level of resistance among the North 
American white pine species (Hoff et al., 1980; Stephan, 2004), although 
some of the seedlots tested may have been Great Basin bristlecone pine 
since no taxonomic division had been made at that time and some seed 
collections were made in the range of what is now Great Basin bris-
tlecone pine. A more complete summary of other trials with Rocky 
Mountain bristlecone pine at DGRC is pending, but initial observations 
suggest that resistant phenotypes similar to those found in other species 
are present and that the resistance varies by population, with survival of 
families varying from 0 to 92 percent (Table 1, Fig. 8) (Schoettle et al., 
2012, 2018b). The resistance levels in inoculation trials of this species 
are encouraging, however results from the Jacobi et al. (2018) trial 
suggest that more information on resistance under high spore densities 
and from 昀椀eld sites with high disease pressure will be needed to more 
fully understand the ef昀椀cacy of resistance in this species. This species is 

notable for the presence of resin dots on its foliage (Fig. 8c), but its 
impact on resistance to WPBR is currently uncertain. Only a small 
number of seedlots from Great Basin bristlecone have been tested and 
results are pending, but it appears to have family variation in resistance 
(unpublished data). 

4. Field trials to validate WPBR resistance 

Seedling inoculation trials provide a relatively ef昀椀cient method for 
testing progeny of many parent trees in a relatively short period of time 
for WPBR resistance. However, the inoculation trials are on young, well- 
watered and well-fertilized seedlings and at a low elevation 

Fig. 7. Foxtail pine white pine blister rust resistance trials. (a) Assessing 2014 trial one year after inoculation, (b) 2019 trial one year after inoculation with mortality 
just beginning. 

Fig. 8. Rocky mountain bristlecone pine (P. aristata) (a) White pine blister rust 
inoculation trial, (b) bark reaction on inoculated seedling, (c) abundant ‘resin 
dots’ on foliage that can be common on this species. 
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environment. As with western white pine and sugar pine, con昀椀rmation 
of the ef昀椀cacy of resistance in these trials will be needed and 昀椀eld trials 
underway for some of the species will serve this purpose (Kinloch et al., 
2008; Sniezko et al., 2020). The 昀椀eld trials also serve to monitor for 
durability and stability of MGR and QR (Sniezko et al., 2020; Sniezko 
and Liu, 2021). 

The most extensive genetic 昀椀eld trials for the six high elevation 
species discussed here are established for whitebark pine. In the Paci昀椀c 
Northwest, trials with seedling families from both susceptible and 
resistant parent trees have been established. At Crater Lake National 
Park, six restoration plantings have been established since 2009, and in 
these trials, seedlings have been individually tagged. Assessments over 
time as rust infection becomes common will permit comparison of 昀椀eld 
results with seedling screening results (Fig. 9). However, infection is still 
very low (<10 percent) and it can take a decade or more to reach 
moderate or high infection levels even for the susceptible control family. 
A number of other trials have also been established in the Paci昀椀c 
Northwest including a provenance trial series, that includes 81 seedlots 
from the screening program at DGRC (Cartwright, 2018; Cartwright 
et al., 2022, this issue); and three 昀椀eld trials in eastern Washington 
(Omdal et al., 2018). Results from long-running 昀椀eld trials of western 
white pine and sugar pine suggest that the seedling screening will pro-
vide resistance that is effective under 昀椀eld conditions (Kinloch et al., 
2008; Sniezko et al., 2020). 

The parent trees of each of the species rated for resistance in seedling 
trials can also be useful for documenting the ef昀椀cacy of the screening 
trials as well as for monitoring durability of resistance. For example, for 
whitebark pine, >1500 parent trees have been tested for resistance at 
DGRC and monitoring both those rated as resistant or susceptible can 
provide information. The susceptible parent trees help monitor for any 
increase rust infection in an area, while monitoring the resistant parent 
trees will provide documentation to help verify results of seedlings trials 
as well as monitoring for durability, and for stability of WPBR resistance 
under a changing climate. For example, cankers noted on one putative 
MGR limber pine parent in Alberta, Canada suggest a genetic variant 
with virulence to limber pine MGR may have arisen. 

5. Omics advances toward biotechnological improvement of 
resistance to WPBR 

Traditional tree improvement involving selection and seedling 
testing can be effective, but advancing technologies may permit more 
ef昀椀cient development of resistant populations or new paths to adding 
resistance genes if the efforts from traditional tree improvement are 
insuf昀椀cient. Integration of advanced omics resources (genomics, tran-
scriptomics, proteomics, metabolomics, phenomics) and tools into 
traditional breeding practices has great potential to develop novel 
resistance breeding strategies. With application of next generation 

sequencing (NGS) and high throughput genotyping technologies, omics 
researchers of white pines have opened an avenue for biotechnological 
improvement of host genetic resistance to WPBR. MGRs (Cr1-Cr4) have 
been documented in four white pine species while QR genotypes have 
been documented in eight of nine white pine species in resistance pro-
grams using seedling inoculation trials (Table 1). Identi昀椀cation of 
resistance (R) genes and elucidation of molecular defense mechanisms 
are key steps toward development of biotechnological strategies and 
tools, such as those for marker-assisted selection (MAS), genomic se-
lection (GS), and introgression of novel R genes. 

If the pathogenic threat to a species is very high and it has little or no 
genetic resistance then biotechnology offers some options that can be 
considered (National Academies of Science, Engineering and Medicine, 
2019). For a species like foxtail pine where resistance may be very rare, 
either genetic engineering or genome editing is promising for intro-
gression of novel R genes, but requires a selection of R candidate targets 
based on discovery of novel genes from omics studies. Discovery of 
candidate genes for MGR, QR, and susceptibility (S) to WPBR depends 
on the dissection of genomic architectures underlying host disease 
resistance in white pines, which is achievable through various omics 
approaches, including genomics, metagenomics, transcriptomics, pro-
teomics, and phenomics (Sniezko et al., 2014). Here we give an over-
view on omics-related research of white pine species reported in the past 
decade . 

Genomic resources, including seedling families/populations for ge-
netic mapping, genome sequences, transcriptome dynamic pro昀椀les, 
datasets of genome-wide DNA variations (mainly single nucleotide 
polymorphisms-SNP), genetic maps, and candidates for MGR, QR and S 
genes, have been developed in several white pine species through 
various omics approaches in the past decade. Availability and contin-
uous accumulation of these resources and tools will facilitate breeding of 
WPBR resistance by identi昀椀cation of candidate genes and development 
of MAS and genome selection tools. In addition, if durable resistance was 
lacking, genetic modi昀椀cation through engineering or genomic editing 
may be an option, with due thought to the various considerations (Na-
tional Academy of Sciences, Engineering and Medicine, 2019). 

5.1. Sequences of whole genomes and transcriptomes enabled better 
understanding WPBR resistance 

Whole genome sequencing (WGS) using various NGS-based tech-
nologies has led to availability of the sugar pine genome sequence, 
which was followed by gene prediction and functional annotation across 
the whole genome, highlighting the genomic architectures and features 
with putative involvement in disease resistance (Stevens et al., 2016). 
Two high elevation white species, whitebark pine and Great Basin 
bristlecone pine, are subject to WGS (Dave Neale, personal communi-
cation). Availability of genome sequence drafts of several white pine 

Fig. 9. Whitebark pine (P. albicaulis) 2009 restoration planting and genetic trial at Crater Lake National Park. (a) Trees in summer 2020, (b) branch of one tree 
infected with white pine blister rust in summer 2020. 
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species in coming years will allow comparison of the whole genomes of 
closely related white pine species, helping elucidate distinct genomic 
components and interaction networks for genetic resistance with vari-
able levels among them. 

Transcriptome analysis started in sugar pine by Sanger-sequencing 
(Lorenz et al., 2012). More recently, transcriptomes were pro昀椀led by 
RNA-seq in at least six of nine native North American while pines. They 
included sugar pine (Gonzalez-Ibeas et al., 2016), western white pine 
(Liu et al., 2013b), eastern white pine (Hwang et al., 2021), whitebark 
pine (Liu et al., 2016b), limber pine (Liu et al., 2016a), and southwestern 
white pine (Jin et al., 2021). Comparative transcriptome pro昀椀ling 
identi昀椀ed defense-related genes with transcript expression regulated in 
defense response, or with DNA variations between different genotypes of 
the same species (Liu et al., 2013b, 2016b, 2017b), as well as among 
different species of white pines (Baker et al., 2018), shedding light on 
molecular white pine-blister rust interactions. 

5.2. SNP datasets applied for genetic mapping, genetic diversity analysis, 
and landscape genomics 

SNPs were 昀椀rst detected by Sanger sequencing of PCR fragments, and 
used for construction of genetic maps in sugar pine (Jermstad et al., 
2011) and association mapping of western white pine QR-related traits 
(Liu et al., 2011). Later, genome-wide SNPs of functional genes were 
detected by RNA-seq through comparative transcriptomic studies be-
tween different genotypes (Liu et al., 2014). Using SNP markers within 
functional genes, genetic maps were constructed for Cr2, Cr3, and Cr4 
(Liu et al., 2016a, 2017a, 2021d), as well as for analysis of whitebark 
pine genetic diversity with linkage to QR-related traits (Liu et al., 
2016b). 

Other NGS-based approaches were also used for SNP genotyping in 
white pine populations by reducing the complexity of white pine ge-
nomes. For example, exome-sequencing was used for landscape geno-
mics studies in whitebark pine (Syring et al., 2016) and construction of 
high density genetic maps in limber pine (Liu et al., 2019). Double digest 
restriction-site associated DNA sequencing (ddRADseq) was used to 
detect genome-wide SNPs for constructing foxtail pine genetic maps 
(Friedline et al., 2015) and for landscape genomics studies in limber pine 
and southwestern white pine (Menon et al., 2018). 

As large sets of SNPs were in-silico mined in different white pine 
species by various NGS approaches and a part of them was validated, in 
the future, SNP arrays with multiple white pine species sources can be 
developed and shared for different work objectives. Ultimately, these 
SNP resources and genetic maps constructed with SNPs will enhance 
white pine breeding through their continuous applications to under-
stand genomic basis for WPBR resistance, as well as the landscape-scale 
patterns of genetic variation and potential responses to climate change. 

5.3. MGR and QR candidate genes identi昀椀ed for biotechnological 
improvement of WPBR resistance 

MGR candidate genes for Cr1-Cr4 were determined by comparative 
genetic mapping, with their successful localization on Pinus consensus 
linkage groups (LGs) in four white pine species, including two economic 
species (sugar pine Cr1 and western white pine Cr2) and two high 
elevation species (southwestern white pine Cr3 and limber pine Cr4). 
Cr1 and Cr2 were anchored on the Pinus consensus LG-2 and LG-1 
(Jermstad et al., 2011; Liu et al., 2017a), respectively. Cr3 and Cr4 
appear to be the same orthologous R locus and anchored on LG-8 (Liu 
et al., 2016a, 2021d). Plant MGRs are typically mediated by nucleotide- 
binding site leucine-rich repeat (NLR) proteins. A large number of NLR 
genes were uncovered and mapped through Sanger-sequencing, WGS, 
RNA-seq, targeted gene sequencing, and exome-seq-based genetic 
mapping in various white pine species (Liu and Ekramoddoullah, 2003, 
2007, Liu et al., 2019, 2021c; Weiss et al., 2020). WGS and genetic 
mapping determined NLR genes as positional candidates of Cr1-Cr4 

(Stevens et al., 2016; Liu et al., 2020b, 2021c, 2021d). 
These positional NLR genes of Crs provide candidates for functional 

veri昀椀cation. All available evidence demonstrated that Cr1, Cr2, and Cr3/ 
Cr4 might have independently evolved with convergent resistance to 
WPBR, probably without evolutionary arms races with C. ribicola at all 
because it was introduced to North America only about 100 years ago. 
Low frequency of all four Crs across the species’ landscapes also suggests 
they may have some 昀椀tness cost as that observed for most of plant R 
genes (Barabaschi et al., 2020). Corresponding orthologous loci may be 
present in other white pine species but only with susceptible alleles (cr1- 
cr4). Thus, genomic manipulation of corresponding orthologous cr-al-
leles provides another potential avenue to enable introgression of all Crs 
genes into one white pine species by biotechnological manipulation of 
the corresponding cr-alleles. 

QR candidate genes were identi昀椀ed by genetic mapping, association 
studies and investigations of molecular WP-BR interactions. Association 
and QTL mapping detected several NLR and defense-related genes with 
genetic contribution to QR against WPBR in sugar pine (Vázquez-Lobo 
et al., 2017; Weiss et al., 2020) and western white pine (Liu et al., 2011, 
2013a, 2013c). Of those defense-responsive genes, several of them, such 
as those encoding anti-microbial protein and pathogenesis-related pro-
teins, were con昀椀rmed to be real QR genes with functional contribution 
to resistance against C. ribicola and other fungal pathogens (Zamany 
et al., 2011; Liu et al., 2021a). Over-expression of white pine anti- 
microbial genes has been demonstrated to enhance disease resistance 
to fungal pathogens in transgenic plants (Verma et al., 2012). Following 
successful veri昀椀cation of candidate genes’ function, candidate genes can 
be over-expressed to get a desired resistant phenotype in white pines by 
biotechnological engineering. 

Whitebark pine genes involved in induced systemic resistance (ISR) 
were detected by exogenous jasmonate treatment followed by RNA-seq, 
revealing over 50% of C. ribicola-responsive genes overlapped with ISR- 
related genes by Blast analysis (Liu et al., 2017b), suggesting that methyl 
jasmonate (MeJA) may be a promising tool for WPBR management in 
whitebark pine. Consistently, non-synonymous SNPs of defense- 
responsive genes clearly distinguished whitebark pine populations into 
distinct genotypic groups associated signi昀椀cantly with phenotypes as 
related to QR to C. ribicola (Liu et al., 2016b), suggesting that pop-
ulations differ in their resistance (Table 1). 

A recent study shows the EDS1–PAD4–ADR1 node is a convergence 
point linking both pattern-triggered immunity (PTI) and effector- 
triggered immunity (ETI) in defense signaling cascades for conferring 
pathogen immunity (Pruitt et al., 2021). The crosstalk between PTI- 
mediated QR and ETI-mediated MGR is essential to confer effective 
disease resistance. Once this crosstalk is con昀椀rmed between MGR and 
QR to WPBR in white pines, engineering plant immune networks (Ngou 
et al., 2022) will provide another biotechnological strategy in white pine 
breeding for robust and durable protection against diverse pathogens/ 
pests, including C. ribicola. 

5.4. MAS tools developed for selecting, predicting, and pyramiding R 
genes 

MAS tools for MGR selections of Cr2 and Cr3/Cr4 were developed as 
TaqMan arrays or similar genotyping platforms using their NLR posi-
tional candidates (Liu et al., 2019, 2020a, 2020b, 2021d). These 
developed MAS tools were effective for selection of R genes in the 
progeny of MGR segregating families in western white pine, limber pine, 
and southwestern white pine (Liu et al., 2020a, 2021d). The MAS pre-
diction accuracy was also evaluated by comparing the genotyping data 
from the SNP assays with the phenotype data from rust inoculation in 
the breeding programs, and it proved that the MAS tool was also very 
effective for Cr2-prediction in the BC wild stands prior to their seed 
collection and progeny testing (Liu et al., 2020b). Because MGR fre-
quencies are low across the species’ landscapes, wide application of 
these MAS tools will increase the ef昀椀ciency of making selections of wild 
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parental trees to include in building resistant populations. 
DNA markers tightly linked to QTLs are very useful to develop MAS 

tools for selection of complex quantitative traits in crop breeding. As-
sociation study (especially genome-wide association study-GWAS) and 
genomic selection have become available for identifying QTLs without 
controlled cross-pollination. GWAS identi昀椀ed four QTLs and multiple 
SNPs associated with sugar pine QR to WPBR with effect sizes ranging 
from 6.2% to 14.5% (Vázquez-Lobo et al., 2017; Weiss et al., 2020). In 
western white pine, DNA and isoform variations of PR10 proteins 
(PmPR10-2 and PmPR10-3), anti-microbial protein (PmAMP1), and 
chitinase (PmCh4B) were associated with QR to WPBR in seed families 
from BC, WA and OR with similar effect sizes (5% to 22 %) by Sanger- 
sequencing and proteomics studies (Liu et al., 2005, 2011, 2021a). 
Small effect sizes of individual QR-associated markers suggest many 
genes may contribute to QR in the WPBR pathosystems, probably with 
complex environmental interactions. Of the high elevation white pines, 
whitebark pine QR genotypes were distinguishable from susceptible 
genotypes by using SNPs of a set of genes with putative functions in 
disease resistance and defense responses (Liu et al., 2016b). More 
comprehensive understanding of genetic variations within a white pine 
species across its geographical distribution is required to help guide 
restoration efforts using resistant populations. Genotyping arrays con-
taining a complete set of targeted genes, or genomic selection would be 
more powerful for QR selection, but it still awaits development and 
veri昀椀cation in white pine breeding programs. 

Development of durable and stable resistance is a key objective in 
white pine breeding programs and could be strengthened by pyramiding 
MGR and QR, or introgression of novel R genes (Sniezko and Liu, 2021). 
MGR and QR parent trees have been selected in breeding programs 
(Table 1), and controlled pollinations between them will generate 
progeny with genes of both MGR and QR. Because MGR-associated SNP 
alleles were absent or near absent in the QR seedling families (Liu et al., 
2020b, 2021c), application of these well-developed MAS tools will be 
effective to identify MGR genotypes when both QR and MGR genotypes 
are pyramided in the seed orchards. Pyramiding multiple R genes should 
prove useful in future white pine breeding programs for improving the 
durability of resistance against a broad rust pathotypes. 

Current understanding of gene variations and their functions un-
derlying developments of QR-related traits is still very limited in white 
pines. In particular, QTLs still await characterization in high elevation 
white pines although some seedling families are identi昀椀ed with mod-
erate to high QR levels in inoculation trials. QR candidate genes iden-
ti昀椀ed in whitebark pine, western white pine, and sugar pine provide 
genomic resources for potential applications in other high elevation 
white pine species where MGR is not available. Further dissecting the 
inheritance and genomic QR to WPBR, especially in Rocky Mountain 
bristlecone pine, which may have the highest QR level among all nine 
North American white pine species, will help understand more about 
potential resistance durability. 

5.5. Rust effectors and white pine S candidate genes targeted for broad- 
spectrum WPBR resistance 

In recent years, S genes have attracted attention because loss of S 
functions confers durable resistance to a wide range of pests/pathogens 
in crop breeding (Gorash et al., 2021). In addition to MGR and QR 
candidates, identi昀椀cation of S candidate genes provides genomic targets 
for future genetic engineering and genome editing using technologies 
like clustered regulatory interspaced short palindromic repeat/CRISPR 
associated protein9 (CRISPR/Cas9) (Komor et al., 2017), which could 
facilitate development and introgression of novel R genotypes in the 
seed orchards of white pines. High susceptibility of all nine native white 
pine species to WPBR indicates presence of host S genes as targeted by 
C. ribicola effectors, an interaction essential for successful rust infection, 
followed by canker development. However, the molecular basis for S- 
gene conferred broad-spectrum resistance is still poorly understood in 

plant breeding, especially in tree breeding. It is known that plant S genes 
are targeted by pathogenic effectors in well-characterized plant 
pathosystems. However, S-genes interacting with pathogenic Avr genes 
have not been found in any conifer species yet. C. ribicola Avcr2 and vcr2 
transcriptomes were de novo assembled and a core set of pathogenic 
effectors were identi昀椀ed (Liu et al., 2015, 2021b). GWAS has identi昀椀ed 
candidate genes of rust vcr2 and Avcr2 effectors (Liu et al., 2021b). One 
of the C. ribicola candidate effectors was demonstrated with function 
affecting plant resistance (Ma et al., 2019). With the advancement of 
effectoromics in biotrophic rust fungi (Lorrain et al., 2019), those 
C. ribicola Avcr effectors can be used as probes to identify S genes while 
vcr effectors can be used to search for cognate novel R proteins against 
WPBR from wild stands of white pines. 

A natural S mutant has not been reported in any conifer species yet. A 
forward genetics approach to screen resistant traits with recessive in-
heritance (loss of susceptibility) may be too challenging in breeding of 
white pines. As the 昀椀rst step to identify host S genes in the WPBR 
pathosystems, proteomes and transcriptomes were pro昀椀led during 
compatible interaction (cr2/cr2 vs. Avcr) of western white pine with 
blister rust (Zamany et al., 2012, Liu et al., 2013b). An array of differ-
entially expressed genes (DEGs) were identi昀椀ed with annotated func-
tions as S candidates, including pattern recognition receptors (PRRs) of 
the receptor-like protein kinase (RLK) and NLR gene families for 
perceiving molecules associated with pathogens and down-stream 
components of the signaling pathways. Because a list of S genes was 
well characterized in other plants (van Schie and Takken 2014), reverse 
genetic analysis is another promising approach to identify putative S 
genes in white pines by mining orthologs of those well-known S genes 
from genome and transcriptomes of white pines. 

Modi昀椀cation of S genes is considered as a novel approach to deliver 
durable and broad-spectrum disease resistance (Engelhardt et al., 2018). 
With adaptation of genome-editing technologies, broad-spectrum 
resistance to WPBR can be attained by silencing S genes once they are 
identi昀椀ed with aide of C. ribicola effectors documented so far. Current 
progress and further advances of this type of genomic research on white 
pines and rust fungus will pave the way forward to biotechnological 
development of superior genotypes with enhanced resistance with 
higher likelihood of durability against a much broader spectrum of 
C. ribicola pathotypes. 

In reality, due to the complexity of conifer genomes, the cost and 
time of fully developing the genomic resources and the non-commercial 
use of these high elevation white pine species, traditional selective 
breeding is likely to continue to be the predominant path forward. 
However, as we increase our understanding of resistance through 
continued development of genomic resources, there is potential to in-
crease the ef昀椀ciency of these traditional selective breeding programs, as 
well as developing new strategies with respect to public perceptions of 
biotechnology if societal concerns about the fate of these species 
increases. 

6. Utilization of resistance in restoration 

The presence or absence of MGR and the level of QR varies among 
white pine species (Table 1), and thus the utility of resistance for im-
mediate use from the different white pine species varies. Foxtail pine 
currently has little documented resistance; limber pine has MGR, but at 
this stage, only very low levels of QR documented; the other four high 
elevation species appear to have moderate to high QR in at least some 
populations or families. Southwestern white pine also has MGR in 
addition to QR. 

Whitebark pine has been much more extensively tested than the 
other high elevation white pine species (Table 1), and more testing of the 
other species would provide a clearer picture of the frequency and levels 
of resistance available. The level of inoculum density may have a fairly 
large impact on QR for Rocky Mountain bristlecone pine, but more work 
is needed in all the high elevation white pines to see if this is common 
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across species and to clarify its ef昀椀cacy on sites of highest rust hazard. At 
this stage, investigations are still underway on whether MGR in limber 
pine and southwestern white pine are due to the same gene or different R 
genes (Liu et al., 2021d). 

Since no substantial breeding work is anticipated for the high- 
elevation species, at least in the near future, restoration efforts will 
have to take into account current levels of resistance, number of resis-
tant parental trees identi昀椀ed, and the quantity of seed that is available or 
can be collected from resistant parent trees. Current investigations are 
examining whether a pathotype of C. ribicola virulent to MGR in limber 
pine is present in at least one area of Alberta. If so, this could limit the 
future use of MGR in limber pine, and potentially in southwestern white 
pine. However, for much of the range of limber pine and southwestern 
white pine no virulence is currently documented and MGR could be 
useful at this stage and perhaps in many locations for the foreseeable 
future (Sniezko and Liu 2021). However, all plantings, and in particular 
those with only MGR should be monitored over time for potential the 
development of virulence to MGR and the subsequent loss of utility of 
MGR. 

Whitebark pine and limber pine are under the highest current threat 
from WPBR (Goeking and Windmuller-Campione 2021, Tomback and 
Achuff 2010) and most restoration efforts in the next decade will be with 
these species. Fortunately, there are moderate levels of resistance 
documented in at least some populations for both species, although it is 
QR for whitebark pine and mostly MGR for limber pine. The whitebark 
pine resistance program in the Paci昀椀c Northwest has bene昀椀ted from 
cooperation among many interested groups and individuals and serves 
as a model for other efforts with other species (Sniezko et al., 2022c). 
Additional 昀椀eld selections and subsequent resistance screening is 
needed for all species to provide enough parent trees to help ensure wide 
genetic diversity in restoration plantings and to retain adaptability in the 
different seed zones. This is one area where advances in omics could play 
an important role –providing a faster and less expensive method to 
identify resistant parent trees (Liu et al 2020b). However, the new 
technologies will complement, rather than replace traditional tree 
improvement. For the foreseeable future, the traditional seedling 
screening will be needed to con昀椀rm resistance of parent trees, but ad-
vances in omics could facilitate more ef昀椀cient selection of candidate 
parent trees for testing via application of MAS and/or GS tools, partic-
ularly in stands that currently have low to moderate WPBR infection 
with little natural selection. Many hundreds or even thousands of parent 
trees have to be evaluated for resistance to 昀椀nd enough parents with 
resistance to ensure that both genetic diversity and resistance are well 
balanced in restoration populations. Such testing with current tradi-
tional methods can take one or more decades and is very expensive. If 
MAS or GS technology becomes readily available and reliable, ten-fold 
or more candidate trees might be able to have initial evaluation 
without waiting for a cone crop for each tree, greatly increasing the 
selection intensity, shortening the time, and saving resources needed 
since only the most promising parent trees will have seedlings evaluated 
in traditional screening trials. 

The seed for restoration is potentially available from several sources. 
Where there is suf昀椀cient frequency and level of resistance, particularly 
QR, activities that facilitate natural regeneration, such as removing 
competing species, can be used. This may be feasible for whitebark pine 
in portions of the Cascade Range of Oregon and Washington where the 
frequency and level of WPBR resistance is relatively high (Fig. 1). In 
other cases, collections of seed from documented resistant parent trees 
will be used, and this has been ongoing on a relatively modest scale for 
more than a decade. To a certain extent the periodicity of large seed 
crops in the surviving trees of a species like whitebark pine may 
constrain natural regeneration or restoration efforts. Therefore, more 
concerted efforts than in the past will be needed for collecting large 
quantities of seed in a bumper cone year, which will be much more 
ef昀椀cient than trying to collect in many years of mediocre cone crops. 

A longer-term strategy is the development of seed orchards, which 

has the advantages of producing both higher levels of resistance as well 
as management to facilitate cone crops, and protection of parent trees. 
However, although seed orchards have been started for some species, 
notably whitebark pine and limber pine, it will likely be a decade or 
much longer before the grafted trees are large enough to produce sig-
ni昀椀cant quantities of resistant seed. With this constraint in mind, there is 
excellent potential over the next 10 to 20 years for restoration of some 
species using seed collected from parent trees. With concerted effort 
much of the needed restoration in whitebark pine might be completed 
before seed orchards are productive. However, the seed orchards will 
serve the important role of a long-term backup of the resistant parents. 

There likely will not be enough resistant seed or other resources to 
restore all the whitebark pine or limber pine lost to WPBR. Therefore, 
strategic ‘nucleation plantings’ (Corbin and Holl 2012) across the range 
of the species will be needed to begin the process. If the resistance is 
effective and durable, then as the trees in these plantings become 
mature, natural seed dispersal and regeneration can help increase the 
frequency of the species. In the U.S., a national whitebark pine resto-
ration strategy is being devised and a key component is designation of 
core areas for restoration (Whitebark Pine Ecosystem Foundation, 
2018). Seed from WPBR-resistant parent trees will be a key component 
of the restoration plan. 

7. Future prospects and challenges of developing and using 
durable resistance to WPBR 

Whether resistant seed from natural stands or seed orchards is uti-
lized, the dynamics of climate change presents another consideration, 
namely whether some form of assisted migration, notably assisted 
population migration should be incorporated. Using genomic resources 
to map the current patterns of genetic variation over the landscape will 
allow more comprehensive understanding of genetic variation in each 
species and provide information to help guide movement of seedlots into 
other areas to help maximize the potential for species survival into the 
future. Currently, at least in the U.S. part of the range, this consideration 
has not been well evaluated and discussions on what seed sources to use 
for where in an effort like the national whitebark pine restoration plan is 
needed. Available genomic resources through open-source genomics 
such as TreeGene (Falk et al., 2019), allow for a survey of standing ge-
netic variations across landscape using landscape genomics approaches. 
Gene variations across the whole genome are the breeding source where 
elite genotypes for genetic resistance and other adaptive traits can be 
selected. It is critical for a breeding program to maintain high genetic 
diversity in the seedlots coming from the seed orchards or parent tree 
collections. The high genetic diversity will provide the species the best 
opportunity to evolve in the face of future biotic and abiotic challenges, 
including a changing climate. Using genome-wide SNPs, landscape ge-
nomics studies can help evaluate adaptive genomic components for their 
linkage with environmental heterogeneity among natural stands. 

Although great progress in development of white pine genomic re-
sources has been achieved in recent years, challenges remain to be 
solved before their direct application in biotechnological improvement 
of resistance to WPBR in white pines. The current understanding of 
genes contributing to QR is very limited, hampering the selection of the 
low frequency QR genotypes that would hold the most promise for the 
development of stable and durable resistance to WPBR. 

Eurasian white pines have high levels of resistance, likely due to 
MGR and/or QR due to long history of co-evolution with native 
C. ribicola (Table 1, Hoff et al., 1980; Sniezko et al., 2008; Zhang et al., 
2010), but R genes have not been characterized in the Eurasian white 
pines yet. Understanding the nature of resistance genes in the Eurasian 
species, which generally appear to have durable resistance to WPBR, 
may provide insights on whether any of the same orthologous genes are 
present in North American species or what combination of genes may 
foster durability. If needed, introgression of the uncharacterized R genes 
from Eurasian white pines into North American ones could be 
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undertaken, but it takes many cycles of backcrossing in the conventional 
breeding (Lu and Derbowka, 2009). In addition, the complexity of the 
very large white pine genomes makes it a slow and dif昀椀cult task for 
dissection of QTLs to reveal their interactions with C. ribicola and 
environmental factors. Although several genes have been documented 
for their genetic and functional contribution to QR-related traits, their 
phenotypic effects were usually small. Searching for many more QTLs or 
those with phenotypic effects at moderate resistance levels is necessary 
for effective use of QR genotypes in sustainable management of WPBR in 
white pines. In addition, phenomic technologies using high throughput 
phenotyping for WPBR resistance, such as fourier-transform infrared 
(FT-IR) spectroscopy and hyperspectral imaging (Villari et al., 2017), 
may have great potential to increase the ef昀椀ciency of locating resistant 
genotypes, but unfortunately these technologies are still at initial 
development stages in white pines. Their applications with high 
phenotypic resolution will help association mapping of those elite QR 
seedling families identi昀椀ed in breeding programs, enabling tree breeders 
to determine the usefulness of these seedling families in the next 
breeding cycle. 

Another need is for the candidate genes identi昀椀ed so far need to be 
veri昀椀ed for their functions in either MGR or QR. In addition, although 
loss of S gene functions is proposed as a novel breeding strategy for 
developing durable and broad-spectrum resistance, more research is 
needed before it can be used. Genome editing and other biotechnolog-
ical manipulation technologies hold great promise to speed up breeding 
in forestry, but it is challenging to establish a robust experimental sys-
tem for gene functional analysis in a non-model tree species. Successful 
transformation of novel genes depends on speci昀椀c genetic backgrounds 
among varieties of a plant species. It would be a concerted and long-term 
effort to provide a comprehensive understanding of genetic diversity 
and its dynamic shift over environmental factors in populations of both 
host and pathogen. 

We are lacking information on the effects of selected genotypes in the 
variable environments. It appears that temperature, drought, and other 
environmental factors have signi昀椀cant impacts on the presence of the 
pathogen and disease development (Velásquez et al., 2018; Dudney 
et al., 2021). Environmental factors have to be integrated when durable 
and stable resistance is sought in the breeding. Even if elite genotypes 
are selected in white pines by MAS tools and GS models, or modi昀椀ed by 
genetic engineering, it will take many years for con昀椀rmation of their 
durability and stability for resistance to WPBR, especially in 昀椀eld trials. 
A long-term sustained effort coordinated among white pine research and 
management communities is important in realizing the potentials of 
modern biotechnology in white pine resistance breeding. 

8. Summary 

White pine blister rust will continue to infect and kill white pines in 
North America, and the development and use of populations with ge-
netic resistance will be essential for successful restoration and mainte-
nance of these species in high elevation forests. However, the frequency, 
and level of resistance differs greatly by species and this information 
provides baseline data to land managers and the public to help manage 
restoration of affected species. The resistance breeding programs for 
each species will also need to ensure that genetic diversity is maintained 
in restoration populations to give the species an opportunity to evolve 
and persist under a changing climate. 

Hundreds of additional candidate trees are still being evaluated for 
resistance to increase the number of resistant whitebark pine and limber 
pine parent trees used for restoration. For the other high elevation 
species, the resistance work is currently in a more exploratory phase to 
document resistance. Updated data on the incidence of rust present now 
and into the future in populations of the other high elevation white pine 
species will be needed to provide land managers information on which 
populations of those species may need greater effort in developing and 
using WPBR resistant seed in restoration. 

Restoration using WPBR resistant seedlots is underway in whitebark 
pine and limber pine, the two species currently most impacted by the 
rust. Restoration in the other high-elevation white pine species will be 
contingent upon managers evaluating the need, as well as additional 
screening to identify more resistant parents. Both whitebark pine and 
limber pine are generally non-economic species but recognized for their 
ecological importance. The implementation of restoration in these two 
species has the potential to provide a guide to use for other species 
heavily impacted by biotic or abiotic agents using tree improvement 
programs to harness the genetic variation and develop populations 
suitable for use. The frequency and levels of QR in at least some pop-
ulations of whitebark pine make us cautiously optimistic of the success 
of restoration, at least from a WPBR-resistance standpoint. However, 
further information and thought on assisted migration needed due to 
climate change will likely also be needed to provide the WPBR-resistant 
seedlots the best opportunity for long-term utility. 

The use of biotechnology tools has been limited to date. However, 
tools to accelerate the con昀椀rmation of resistant parent trees have the 
potential to greatly increase the ef昀椀ciency of selecting resistant parent 
trees, and speeding up resistance programs, and this may be their most 
signi昀椀cant contribution in the next few decades. However, signi昀椀cantly 
more investment will be needed to develop these tools. They also will 
provide background on the genes controlling resistance in each species. 
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