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Abstract: Damage or mortality from pathogens can reduce productivity of forest
plantations as well assignificantly harmnatural forest ecosystem&enetic resistance
within the host species is the first line of defense for tree spdRessstancebreeding
programs for the native fusiforpust and exotic (to North America) white pine blister rust
diseases are two of the longest concerted efforts in forest trees, spanning more than
50 years.Advancesin developing greater genetic resistari@ve been made in both
pathosystems, but uniquiallenges and opportunities in each system translate to different
approaches.Fusiform rust resistance programs have mainly emphasized complete
resistance, while partial resistance plays a prominent rolehite pine blister rust
resistance programadvances inthe development of molecular genetic tools now permit
investigations in conifers and their associated rust pathog&msd progress has been
made in identifying resistant populations and understanding resistance in these
pathosystems, and resistastbck is now being used extensively for reforestation and
restoration. These programs represent great success stories brought to fruition by the
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long-term efforts. However, continued support will be needed to enhance the level and
fully realize the potetnal of durable genetic resistance in these invaluable North Anmerica
conifer species.
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1. Introduction

Rust diseases of forest trees have large economic and ecological impacts in North America. The twc
most notable affecting conifers are the native fusiform (&R of the southern pines (Figure 1) and
the nonnative, invasive white pine blister ru@VPBR) of the white pines (also known asnBedle
pines) (Figure 2 and 3. Loblolly (Pinus taedg slash P. elliottii) and longleafR. palustrig pinesare
important components in native ecosystems as well as extremely valuable economically as the majol
species in largscale, managed plantations in the southeastern United Staté®se species, the
fusiform rust pathogenQronartium quercuunt. sp. fusiformé& Cqf) can girdle stems andause
severedamage, wood defects and mortality especially in ptaorts of loblolly and slash pise
Together, these losses are estimatedexceed$140 million anually [1]. WPBR, caused by
Cronartium ribicolaJ.C. Fisch. in Rabhhasresulted inhigh mortality in the economically important
pines such as western white pirke (monticolg, sugar pineR. lambertiand and eastern white pine
(P. strobu$. In many areas in the West, the impact to western white pine and sugar pine is high
enough thatand managers are reluctant to replant with these species. In addition, high mortality in
high elevation pines such as whitebark piRedlbicaulig, southwestern white pin€( strobiformis
and limber pineR. flexilis) in nativecommunitieshas resulté in ecosystem wide changes 4]. Due
to a combination of white pine blister rust amsbuntainpine beetle outbreaksyhitebark pine has
been proposed for listing under the Endangered Species Act in thgb]).&d similar concerns are
present in Canadahere it isprotected under the feder@pecies at Risk AQSARA). This concern
has led to greatly increased efforts to find resistance to the WPBR fungus in whitebark pine as well as
gene conservation efforts.

The identification and deployment of tre@gh natural genetic resistance to these rusts is key to
restoring and maximizing the ecological role of many of the white pine species as well as the economic
utility for white pine and southern pine species used in plantation forestry. Fortunatelyic genet
resistance to these rusts has been discovered in all pines species|[6iddigdResistance breeding
programs, begn over 50 years ago, continue to produce trees with resistance in the U.S. and
Canadd9,16,17] During this period, knowledge has begamined and progress made in developing
resistant material for reforestation and restoration, but further work is needed to increase the levels of
resistance and to ensure its durability in the face of evolving pathogen virulence. The advent of new
genomictools opens up opportunities to gain and apply knowledge in the resistance programs to help
ensure healthier forests in the fut(it&,19].
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Figure 1. Fusiform rust, aecia on infected stem of slash piglet, and teliaon infected
leaf of northern red oakQuercus rubrya on left. The pathogen is a macrocyclic,
heteroecious rust fungus that alternates between the leaves of redQaaksugsection
Lobatae) and stems of pinggirfus section Diploxylon). Damage to oaksrignimal, but

can be severe to pines.

Figure 2. White pine blister rust, caused Ironartium ribicolg on bole of sugar pine
(right) and Ribesleaf (eft). The pathogenC. ribicola is similar to C. quercuumf.sp.
fusiforme but alternates between the leavefdfesand needles (and eventually stems) of

white pines Rinussection Strobus)
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Figure 3. Large, dying western white pine with hundreds btister rust cankers on
branches and main sterteff), and whitebarkpine seedling with many stem infections,
13 months after artificial inoculation with. ribicola (right).

A comparison of the underlying nature and challenges of increasing genetic resistance to the rusts ir
the southern pines and white pines may vyield insights that can be used in operational tree improvemen
and research. The southern pifR pathosystem isative and presumably @volved. But silvicultural
practices such as the largeale establishment of ewaged pine plantations and intensive
management including fertilization and fire suppression has led to incredbesainundance come
species obaks, the native alternate hasvf C. quercuunt. sp. fusiforme This is believed to have
played a major role in the fusiformust epidemis over the last few decades contrast, the white
pineWPBR pathosystem in North America involves a nuative pshogen that has now been present
in North America for over 100 years and has killed millions of trees, dramatically altering forest
ecosystemsn some locations and regiomsere native white pine species are present. The Eurasian
white pine species tharesumably ceevolved with the WPBR pathogen generally show much higher
levels of genetic resistance than do North America white pine sg&6ia4]. However, in some cases
with changing forest management and climate there is alsarfdglenceof rust infectionin some of
the Asian white pinef22,23], and this may have parallels with the FR pathosystem or implications for
the North American blister rust resistance prograimshis paper we will provide information on
genetic resistance presgen two pine groupsind discus$ield performance of resistant materia¥ge
will also examine the negwenomic toolghatare available and the information they are providing, and
provide some perspective iiswhat research and tree improvement efforigghinprovide in the next
ten yearsWe will focus primarily on the WPBR resistance programs involviggtern white pine
and the FR resistance programs involving loblolly pine and slash pine where the most concerted efforts
haveoccurredsince the 1960s.

2. Resistance Testing

The basic steps involved in resistance breegirmgramsin forest treesnclude (1) selection of
candidate treeq?2) collecting seedrom the candidate trees to use in shieri artificial inoculation
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resistancetesing; (3) characterizing the types of resistan¢d) selecting the top families and
individuals within families (forward selection) and/or selecting the best parents for orchards based on
their progeny performance (backward selection) for developing seed orcimardsrabreeding to
increase resistancéd) establishing field trialso directly assess resistancetorconfirm the results of
artificial inoculation trialsand examine durability of resistana@nd (6) operational use of resistant
seedlings for reforeation or restorationShortterm evaluation of seedling families for rust resistance
is a key step in developing resistanédthough field progeny tests amdten used without artificial
inoculation trials forFR breeding southern pinel24i 26], a combinéion of field and artificial
inoculation testsare routinely used foWWPBR. The use of small seedlings allows for the efficient
testing of progeny ohundred or everthousand of parent trees in a relatively short time period.
general, young seedlingse inoculated with rust basidiospgrése spore type produced on the telial
host that are infectious on pinesider optimal conditions, and then they are assessed over time.

In this paper, for terminology, we usemplete resistande denote the resistance where generally
no stem infection results from needle infections due, at least in part, to a hyperséksitigsponse
(HR) occurring in the needles (in the absence of virulent rust genotyp#ss case, the inheritance is
conditioned by a single dominant major gene and also called major gene resistanceNMGREss
is known about the inheritance or mode of action of the other types of resistances and terminology
such asfislow rusting, fipartial resistanaeand fiquantitdive disease resistanctéave been used to
contrast it with the HR resistande.this paper, for convenience, weefipartial resistancgeto refer to
the allnonHR types of resistances that are apparent after needle infection.

Beginning in the 1950s, effts to breed southern pines (initial focus waslaiiolly pine) with
resistance to FR were undertak&arber[27] demonstrated wide variation in susceptibility from
openpollinated progeny of slash pine and it was observed that resistance was highide hgtween
shortleaf and slash and shortleaf and loblolly p{28 most selection for resistance has continued to
focus onloblolly pine [24i 26]. Surviving trees from higimazard sites were clonally propagated by
grafting, planted in seed orchardadébreeding for rust resistance had begun. As early as 1960 methods
had been developed to mass inoculate seedlings@gtf29]. Following the establishment of the
USDA Forest Service Resistance Screening Center (RSC) in Ashevillg30]Ca concentrated
basidiospore spray (CBS) method was developed. This method allowed for uniforrinocasations
with specified targehumber of spores. In general, a method was developed and has been deployed for
decades at the RSC where aesprecadlections are made from collection zones from throughout the
range of FR in the southeast. These are used to producenbalka or less commonly, singisolate
inoculum. Cooperators submit seeds frooperr or controlpollinated families and the focus is
primarily to validate field progeny test results. We=dlings are grown for six to eigheels prior to
inoculations using the CBS method. Most of this work has focusathsh longleafandloblolly pine
(and hybrids), and most evaluations have foduse®mplete/qualitative resistance.

For the white pine species, seedling testing is also done on young seadlihigsundertaken at
several facilities in the United States and Car{8¢$16,31] Seedling progeny of field selectioaad
advanceebeneration selections have been tested. For the eight species of white pines in western Nortt
America, very young seedlingsisually two to four monthold) are inoculated and screened for
complete resistancdypically due toa hypersensitive resnse(HR) in the needleg10,12,32,33]

Older two-year old seedlings are usually used to evaluate a fuller suite of resistance related
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traits [8,31]. Generally the inoculum used is a bulk basidiospore inoculum from the infRdbed
(alternate host othe pathogen) host from cultivated or wild planits. some cases, sources of
C. ribicola with high frequency of virulences€rl or vcr2 genotypes) to HR in sugar pine or western
white pine are used.

Assessment for HR is usually completed within six tohrer@nonths after inoculation. In the tests
for partial resistancegegdlings are evaluated for three to five years after inoculatiacomponents of
partial resistancsuch aspresence and number of needle spots, shedding of infected needles (NS),
presege or absence of stem symptoms (SS), number of stem symgtagqee 3) latency
of stem infection, severity of infection, bark reactions (BR), and survival with stem infections
(SSAL) [8,21,31] The seedling testing regime has been in place for overdiecades, with the more
recent addition of assessing the number of stem infections and the severity of overall infection.
Artificial inoculationsait he USDA F o rDerena @igicrRegsbucce GesitborenaGRC)
is very effectivegenerally produag needle infections on 95 to 100 percenalbseedlingsn the test
and stem symptomen 100 percent of theeedlings in thenost susceptible familiedn addition
greater than 90 percent of the seedlings from almost all forest selectiorestefn vhite pineand
sugar pineshow stem symptoms after artificial inoculatif@}, giving an indication of the relatively
low levelandlow frequencyof geneticresistance in natural populations.

Table 1 presents a summary of data from nine (ofx&@tern whi¢ pineseedlots inoculated in two
2004 artificial inoculation trials, one witAvcr2 geographic source of rust, and one with geographic
source of rust with a high incidence w€r2 genotypes.Protocols for testing follow those used
routinely at renaGRC for the last several decad8s831]. The nine seedlot&ight families and one
seed orchard bulk lotyepresent a wide range of resistancewastern white pinefrom high
susceptibility, to complete resistance (HR), to differing levels of partiataesks.

Table 1.Resistance componentsn two seedling artificial inoculation trials for western
white pine for six partidy resistant families (PR), one complgteesistant family (CR), a

F, orchard lot with partial resistanc&7(l0) and a susceptibleontrol family §i790), one to
five years after inoculation 18004 withCronartium ribicola Geographic source d&ibes
with known high incidence of virulent vcr2 rust used for inoculation of one trial
(SY2003R1) and AVcr2 inoculursource used for second trial (SY2003RRpte the
strong contrast of the susceptible famil§790) with the other eight families in all
components of resistance.

ver2 Inoculum
Sow#? RT3 %SS2 %SS6 #SS2 %ESS %WBR, %BR, %SSAL6 %RSV4 %RSV6

1 PR 50.0 73.3 2.0 68.1 13.3 53.3 41.7 73.3 56.7
4 PR 51.1 68.5 1.6 73.6 27.4 54.4 32.3 70.0 53.3
74 PR 59.3 92.6 2.8 64.8 25.9 88.9 39.4 83.0 41.9
20 PR 20.0 90.0 0.6 25.0 22.5 60.0 37.5 40.0 26.7
75 PR 11.6 84.7 0.4 14.3 52.3 76.4 76.2 88.8 76.8
73 PR 81.9 100 4.5 81.9 26.4 66.7 31.9 56.9 31.9
80 CR 93.0 96.3 6.2 96.7 0 141 3.3 48.5 7.0
71 PR 80.1 95.8 4.2 83.1 4.2 41.7 8.5 51.9 111

79 S 100 100 7.7 100 0 10.0 0 20.0 0
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Table 1.Cont.

Avcr2 Inoculum
Sowt 2 RT %SS2 %SS6 #SS2 w%ESS %BR. %BR, %SSAL6 %RSV4 %RSV6

1 PR 53.3 80.0 1.8 68.5 33.3 73.3 61.1 86.7 70.0
4 PR 56.7 80.0 2.7 70.1 26.7 46.7 39.0 83.3 50.0
74 PR 55.2 72.2 3.3 81.1 24.1 58.1 37.8 66.7 53.3
20 PR 69.4 86.1 2.5 82.2 36.1 58.3 24.4 52.8 33.3
75 PR 20.0 85.9 0.1 20.8 51.1 85.9 78.6 90.5 74.3
73 PR 85.7 100 4.7 85.7 22.3 84.4 20.4 58.6 19.9
80 CR 8.1 24.3 0.4 33.3 14.8 14.8 66.7 96.7 83.3
71 PR 61.9 89.6 2.3 70.0 23.7 69.3 26.7 66.3 35.2
79 S 96.3 96.3 10.0 100 0 17.4 0 10.0 3.3

1 9SS = percentage of seedlings with stem symptoms at approximately 1 year (SS2) and 5 years (SS6) post inoculation
(p.i.); #5S2 = number of stem symptoms per tree at one yea¥qEBS = percentage of seedlings with stem symptoms

one year p.i.vs. percenage in family 5 years p.i.; BR= percentage of seedlings with complete bark reaction;
%Br,, = percentage of seedlings with complete or partial bark reactions; %SSAL6 = percentage of seedlings with stem
symptoms that are alive 5 years;pRSV = % of seedlings with infection (needle or stem) that are alive 3 years (RSV4),

or 5 years (RSV6) p.i., respectiveRSow # is the coded family identity within a particular trizhntlies fi200, {735,

fi750 are from forest collections (wild OP)800 is from orchard collection (orchard pollen), families 1, 4, and 74 are

from control crosses RT, resistance type.

The inclusion of a highly susceptible family in the trial is essential to determine the level of
resistance that may be present in tHeepfamilies.The inclusion of a very widely used operational
seedlot provides the information on the level of resistance currently deployed. The other seedlots in
Table 1 provide information on the potential level of resistance of the best currentuatianhilies.
ThefiBingham K0 bulked seed orchard lafi{10in Table 1) has been widely used in parts of the range
of western white pindéor decades as the source of genetically resistant seedlings for reforestation. At
15 months post inoculation (p.the susceptible familyif90) generally had much higher percentage
of seedlings with stem symptoms (%SS2) and higher number of stem symptoms per tree (#SS2) that
the other seedlots (Table 1) some cases, such as familggo, this difference was greattdran 75%
in both trials. By five years p.i. (%SS6) the difference between the susceptible and other seedlots hac
narrowed considerably, except for tG® family ((800) in the trial with theAvcr2 source of rust.
Seedlings in all partial resistance seedéd$® showed much higher levels of complete bark reaction or
partial bark reactions than the susceptible control (TabléllLseedlots showed higher survival at
both three (%0RSV4) and five years p.i. (%RSV6) than the sustefaimily (Table 1, Figure ¥ In
summary, relative to the susceptible control the partial resistant seedlots tend to show fewer stem
symptoms per tree and a lower overall percentage of seedlings with stem symptoms, suggesting the
fungus is being inhibited, but in most cases, notgetely stoppedOnce the stem is infected, most of
the families with partial resistance show moderately high levels of bark reaction (partial or complete)
where the fungus is being slowed or further inhibited (Figurensddition, a percentage of treggh
stem symptoms (normal cankers or bark reactions, SSALG6) survive through at least 5 years p.i., while
all of those in the susceptible family are dead. Overall survival (stem infected or clean) of seedlings in
the resistant families is generally sulbgi@ly higher than the susceptible control at both three and five
years p.i. It is also notable that the top families show moderate to substantially higher survival than the
Bingham F;, orchard seedlot (Table 1) used in reforestation, indicating the @tgain in resistance
to come from continuing the tree improvement efforts.
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Figure 4. Survival differences (five years after artificial inoculation) among susceptible
western white pine family and several other seedlots in a trial at DGemetic Resoae
Center GRQO). Family i750 on left adjacent tdi790 (all dead and removed (see missing
row in line with third metal tag from the left)) in 10 tree row plots (see Table 1 for rust
resistance information on Familiés50 andfi790).

Another trait that has been obseradd could contribute to partial resistantejineedle sheala
presumed form of defense response whereby the host sheds its infected[Bdpdié® frequency of
seedlings in a seedlot with visible needle lesionsd=smease dramatically from the first assessment
(approximately nine months p.i.) and the second assessment (around 15 months p.i.). In inoculation
trials at Dorena GRC all seedlots generally have >98 percent of seedlings with needle spots at nine
months pi. For the seedlots in Table 1, 93 percent of the seedlings in the susceptible family still had
needle spots present at second assesswweril.5 percent for theCr2 family, and a mean of
49.0 percent for the seven partial resistance seg@oesaged over both trials). The needle shed that
occurs in the resistant families between the nine and 15 month p.i. assessments may be partially
responsible for the reduced level of stem symptoms, or may be a consequence of the resistanc
reactions ocauing during this time periodn any case, under the inoculation conditions and seedling
culture present at Dorena GRC most seedling stems become infecténiemulle sheal does not
provide the level of protection that has sometimes been reported ele¢®4emhe level of inoculum
density, the inoculum source, the seedling culture andamek posinoculation environment may play
a role in the efficacy of some types of partial resistance, including needlg=glddstudies in British
Columbia showedittle efficacy of western white pine seedlots with the putafineedle sheul
resistancg35).
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Figure 5. Western white pine tree at Dorena GRC with multiple bark reacfieft}, five
years postnoculation, inpartially resistant familyfi750 (see Table 1 for details on family
fi750); and western white pine tregght) in field trial with >300 bark reactions (Sg&g]
for trial details).

3. Mechanisms ofRust Resistancan Pines

Various types of resistance to pine stem rust are observed. This is expected in the naturally
co-evolved FR pathosystems. But even in the WPBR pathosysteasistance is present in natural
populations of all species testedotB complete resistance froR genes and several types of partial
resistances have been documented in several of the white pihaine North American white pine
species are generally much more susceptible than the wintsmecies of Europe and Asvghere the
rust and whitepines are thought to have-evolved. Unfortunately, relatively little is known about the
types of resistance in the Eurasian white p[2821].

3.1. Complete Resistance to WPBR in White Pines

Complete resistandeom resistance (Ryeneshas been documéed in four of the nine white pine
species native to the US or Canasagar pingwestern white pinesouthwestern white pindimber
pine [10,12,32,33,37] This resistance appears to restrict the fungus to the needles and has been
described as a hypersstive-like responsg11,32,33,38](Figure 6). Generally, seedlings with HR
resistance do not get stem infections regardless of the number of needle infections, unless a virulen
race of the rust is present. sugar pinewestern white pinesouthwesterrwhite pine and limber
pine this resistance is conditioned by a single major dominant gérk, Cr2, Cr3 and Cr4,
respectivelyj10i 12,33,37]
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Figure 6. Western white pine showinga) susceptible needle infectignend ) needle
infections on a seedig with hypersensitivdike response.

Thousands of sugar pine and western white pine seedling families have been screened for resistanc
to WPBR but only a very low frequency of complete resistance (HR) has been fGubhddrying
in frequency from ~0 td0.08 Cr2 from ~0 to 0.001), and the frequency of resistance varies
geographically(11,39]. A slightly higher frequency of complete resistanGe4(frequency varying
from 0 t00.139 has been found in limber pine in the portion of the range surveyed tfl@ht&lo
complete resistance has been detected in whitebark pine families evaluate[2$3%hor in eastern
white pine although families, which exhibit HRe mechanisms, wbh may contribute to complete
resistance in this species, have been identified in eastern whit¢4pjd&]. Patton[42] originally
selected a number of individual disedsze trees from higihazard sites in the upper Midwest. These
genotypes have semes a portion of a population used for breeding and screening for blister rust
resistance in eastern white pine. Ojpetiinated progeny from one of these selectigi®32®, has
consistently displayed resistance in artificial inoculations and fieldstradthough not completely
gualitative, needle infections rarely progress to stems in this fapd®). Close histological
examination of the needle tissue following inoculations has revealelikelResponses and concurrent
proteomic analyses (see genosnsection of this paper) have revealeeregulation of defenseelated
proteins (NBSLRR homologs)[41]]. Interestingly, this same family also possesses an abundance of
epistomatal wax, that due to occlusion of the open stomata, restricts entry by thgepafirther
reducing infectiorj44].



