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Abstract: The white-pine blister rust fungus, Cronartium ribicola Fisch. in Rabenh., continues to spread in North Amer-
ica, utilizing various aecial (primary) and telial (alternate) hosts, some of which have only recently been discovered. This
introduced pathogen has been characterized as having low genetic diversity in North America, yet it has demonstrated a
capacity to invade diverse environments. The recent discovery of this rust fungus on the telial host Pedicularis racemosa
Dougl. ex Benth., raises questions of whether this host association represents a recent acquisition by C. ribicola or a long-
standing host association that was overlooked. Here we explore two questions: (i) is host specialization detectable at a lo-
cal scale and (ii) is the capacity to infect Pedicularis racemosa local or widespread? Genetic analysis of C. ribicola iso-
lates from different aecial and telial hosts provided no evidence for genetic differentiation and showed similar levels of
expected heterozygosity within a geographic population. An inoculation test showed that diverse C. ribicola sources from
across North America had the capacity to infect Pedicularis racemosa. These results support a hypothesis that ability to in-
fect Pedicularis racemosa is common in C. ribicola from North America. Utilization of Pedicularis racemosa by
C. ribicola may be dependent on the co-occurrence of this host, inoculum, and favorable environments.
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Résumé : Le champignon de la rouille vésiculeuse du pin blanc, Cronartium ribicola Fisch. in Rabenh., continue de
s’étendre en Amérique du Nord, en utilisant divers hôtes aéciens (primaire) et téliens (hôtes) dont certains n’ont été que ré-
cemment découverts. On a caractérisé ce champignon pathogène introduit, comme ayant une faible diversité génétique en
Amérique du Nord, mais il a cependant démontré sa capacité à envahir divers environnements. La récente découverte de
cette rouille pathogène sur l’hôte télien Pedicularis racemosa Dougl. ex Benth., soulève la question à savoir s’il s’agit
d’une acquisition récente du C. ribicola ou s’il s’agit d’un hôte associé méconnu, présent depuis longtemps. Les auteurs
explorent deux questions : (i) peut-on détecter une spécialisation de l’hôte à l’échelle locale; (ii) la capacité d’infection sur
le Pedicularis racemosa est-elle locale ou étendue. L’analyse génétique d’isolats du C. ribicola provenant de divers hôtes
aéciens et téliens, n’apporte aucune preuve de différenciation génétique, et montre les degrés similaires d’hétérozygosité
attendus pour une population géographique. Un essai d’inoculation montre que diverses sources du C. ribicola provenant
de l’ensemble de l’Amérique du Nord sont capables d’infecter le Pedicularis racemosa. Ces résultats supportent l’hypo-
thèse que la capacité d’infecter le Pedicularis racemosa est courante chez le C. ribicola, en Amérique du Nord. L’utili-
sation du Pedicularis racemosa par le C. ribicola pourrait dépendre de la co-occurrence de cet hôte, d’inoculum, et d’un
environnement favorable.

Mots-clés : champignon de la rouille, AFLP, espèces envahissantes, pathogène végétal.

[Traduit par la Rédaction]

Introduction

Cronartium ribicola Fisch. in Rabenh., the white-pine

blister rust fungus, has caused significant mortality of five-
needled, haploxylon pines in North America and widespread
disruption of ecosystems where these pines were keystone
species (Maloy 1997). The rust pathogen is believed to
have been introduced into Europe from Asia during the
mid-1800s, spreading mainly in plantations of eastern white
pine (Pinus strobus L.) exotic to Eurasia (Spaulding 1922).
The pathogen was subsequently introduced separately into
eastern and western North America. In western North Amer-
ica, C. ribicola was imported on a small shipment of eastern
white pine from a French nursery (ca. 100 infected trees) in
1910 to Vancouver, British Columbia. No other introduc-
tions of infected plants into western North America have
been documented (reviewed in McDonald and Hoff 2001),
although Hunt (2003) suggested the potential for introduc-
tions on shipments to other locations. Population genetic
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studies support a western introduction of limited genotypes
(White et al. 1996; Kinloch et al. 1998; Hamelin et al.
2000; Richardson 2006) based on limited genetic diversity
of C. ribicola in western North America. However, at a con-
tinental scale, C. ribicola populations are distinct between
eastern–central versus western North America, with rela-
tively greater diversity in the east. A much larger introduc-
tion of infected trees in eastern North America versus a
small introduction in the west and physical and biological
barriers to gene flow are believed to be causes of this ge-
netic differentiation (Hamelin et al. 2000).

To complete its life cycle, C. ribicola produces five spore
stages and requires distinct aecial (primary) plant hosts (i.e.,
five-needled, haploxylon pines) and telial (alternate) plant
hosts. Until recently, C. ribicola was assumed to utilize
only one telial host genus, Ribes, in North America. Pres-
ently, telial hosts in North America are known also to in-
clude three species of the Orobanchaceae: Pedicularis
racemosa Dougl. ex Benth., Pedicularis bracteosa Benth.,
and Castilleja miniata Dougl. ex Hook. (McDonald et al.
2006; Zambino et al. 2007). Despite earlier indications that
C. ribicola is able to infect Castilleja miniata under green-
house conditions (Hiratsuka and Maruyama 1976), previous
field inoculations on several members of Orobanchaceae, in-
cluding Pedicularis racemosa and Castilleja miniata, pro-
duced no signs or symptoms of infection (Hunt 1984).
Other previous inoculations of greenhouse-grown Castilleja
miniata, Pedicularis canadensis L. (native to eastern North
America), and Pedicularis resupinata L. (native to eastern
Asia) with inoculum from Wisconsin, USA, failed to pro-
duce sporulating infections (Patton and Spear 1989). How-
ever, Pedicularis resupinata is a known telial host of C.
ribicola in Asia and exhibits a widespread geographical
range. Recently, C. ribicola infections were found to be
common on Pedicularis racemosa near Roman Nose Lake,
Idaho, USA (Richardson 2006). These studies raise ques-
tions of how long Pedicularis racemosa has been used as a
host by C. ribicola in North America and what factors con-
tribute to its susceptibility.

In Asia, some geographically delimited races of
C. ribicola are capable of utilizing one or more local species
of Ribes, Pedicularis, and Castilleja. Cronartium ribicola’s
utilization of telial hosts in Asia has been classified into
‘‘types’’ that may vary according to region or locale: Ribes–
Pedicularis, Ribes only, and Pedicularis only (Stephan and
Hyun 1983, reviewed in McDonald et al. 2005). Some stud-
ies have shown a correspondence between utilization of ae-
cial and telial hosts. Yokota and Uozumi (1976) performed
inoculation tests in Japan using aeciospore sources from the
Japanese stone pine (Pinus pumila (Pallas) Regel) and the
exotic eastern white pine. They found that at some sites, ae-
ciospores from some eastern white pine sources only in-
fected Ribes species, whereas at other sites, aeciospores
from other Japanese stone pine and eastern white pine sour-
ces were able to infect both Pedicularis and Ribes species.
Hyun and Koo (1981) reported that C. ribicola sources
from South Korea were not capable of infecting Ribes nig-
rum L. or Ribes hudsonianum Richards. In a similar study,
R. nigrum and Pedicularis resupinata were inoculated with
rust sources from northern Germany and South Korea. Ko-
rean rust sources infected only Pedicularis, and German

sources infected only Ribes (Stephan and Hyun 1983). Sub-
sequently, phylogenetic analysis has shown genetic diver-
gence among C. ribicola samples from the USA, Korea,
and China (Hei et al. 2003). All of these studies suggest
that some Asian C. ribicola populations may be genetically
distinct and host-differentiated to allow exploitation of dif-
ferent local hosts and (or) environments.

In North America, ability of geographic populations of
C. ribicola to overcome major gene resistance in two five-
needled pines has been well characterized (e.g., Kinloch
and Comstock 1981; McDonald et al. 1984; Kinloch et al.
2004). However, few studies have investigated specialization
to different telial or aecial hosts. Previously, cross-inocula-
tion studies using geographically different inoculum and
Ribes sources have shown significant differences in fre-
quency and latency of infection. It is unclear if these pheno-
typic differences may be due to genetic adjustments or
phenotypic plasticity (McDonald 2000).

Here, we explore two questions: (i) is host specialization
detectable at a local scale and (ii) is the capacity to infect
Pedicularis racemosa local or widespread? Two approaches
were used to address these questions: (i) a local-scale, mo-
lecular genetic analysis of C. ribicola derived from two ae-
cial hosts (Pinus albicaulis Engelm. and Pinus monticola
Douglas ex D. Don) and three telial hosts (Pedicularis race-
mosa, R. hudsonianum, and Ribes lacustre (Pers.) Poir.), and
(ii) an experiment in which Pedicularis racemosa was ino-
culated with genetically distinct C. ribicola from three re-
gions in North America (western, midwestern, and eastern
USA) (Hamelin et al. 2000; P.J. Zambino, unpublished data,
2005).

Material and methods

Molecular genetic analysis

Sample site and collections
Aeciospore and urediniospore collections (Table 1) were

made at the North American location where non-Ribes telial
hosts of C. ribicola were first discovered, near Roman Nose
Lake (McDonald et al. 2006). Roman Nose Lake is approx-
imately 20 km west of Bonners Ferry in the Selkirk Moun-
tains of northern Idaho (48838’N, 116834’W), USA, at an
elevation of 1700 m. The site is characterized by 20- to 30-
year-old western white pine (P. monticola), whitebark pine
(P. albicaulis), and subalpine fir (Abies lasiocarpa (Hook.)
Nutt.) that regenerated after a stand-replacing wildfire in
1967. White-pine blister rust cankers were present on a

Table 1. Sample size (n) and expected heterozygosity
for Cronartium ribicola collected from five host spe-
cies at the Roman Nose Lake site, Idaho. The hetero-
zygosity of C. ribicola did not differ significantly (p >
0.05) according to host.

Host n Heterozygosity

Pedicularis racemosa 14 0.39
Ribes hudsonianum 23 0.39
Ribes lacustre 20 0.38
Pinus albicaulis 18 0.39
Pinus monticola 11 0.35
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high proportion of the western white pine and whitebark
pine. Pedicularis, Castilleja, and Ribes species were com-
mon in the understory vegetation. Uredinia of C. ribicola
were sparsely scattered on leaves of the alternate hosts.

Aeciospore collections were made from single blister rust
cankers on 11 western white pines and 18 whitebark pines.
Aeciospores from each canker were used to inoculate leaf
disks (ca. 20 mm diameter) from greenhouse-grown plants
of the ‘Heimberger’ clone of R. nigrum (Patton 1972),
which was previously shown to be susceptible to diverse
North American sources of C. ribicola (P.J. Zambino, un-
published data, 2006). Thus, the ‘Heimberger’ clone should
not exert genetic selection on C. ribicola genotypes. Before
inoculation, leaf disks were washed with tap water and
placed adaxial side down on moist filter paper in a 150 mm
� 15 mm Petri plate. Spores were placed onto the abaxial
surface of leaf disks with a sterile pipette tip and the disks
misted with distilled water. One leaf disk per plate was
used as a negative control. The Petri plates were sealed and
then incubated at 18 8C for 2 weeks under fluorescent lights
with a 12-h day length.

To ensure that each sample consisted of a single geno-
type, urediniospores were collected from a single, well-iso-
lated uredinium on a leaf disk using a dissecting
microscope and a minuten pin (0.1 mm diameter) and used
to inoculate single-leaf cuttings following the methods de-
scribed in McDonald et al. (2006). After uredium develop-
ment, 1–2 mg of uredinospores were collected from this
leaf and used to inoculate an entire, potted R. nigrum plant.
For this series of inoculations, urediniospores were sus-
pended in 600 mL of distilled water and the inoculum was
misted onto four to five leaves using individual atomizers.
Leaves were misted with water, covered with plastic bags,
and incubated at 18 8C for 24 h. Plants were then moved to

the greenhouse and placed into individual inoculation cham-
bers. After 3 weeks, 50–100 mg of urediniospores were col-
lected in gelatin capsules and dried to 40% RH before DNA
extraction and storage at –20 8C. DNA was extracted from
ca. 10 mg of urediniospores following a modified protocol
developed by Zambino (2002).

Urediniospore collections were made from individual, nat-
urally infected leaves of 20 R. lacustre, 23 R. hudsonianum,
and 14 Pedicularis racemosa plants from the collection site.
Uredinium-containing leaves were individually stored in a
paper envelope and placed in a container with silica gel des-
iccant. To ensure single genotypes of C. ribicola, each field-
collected leaf was inspected to ensure that it contained a sin-
gle uredinium. Before inoculations, each leaf was sealed in a
plastic envelope and placed in a 40 8C water bath for 5 min,
followed by a 3– 4 h incubation at 100% RH (Zambino et
al. 1997; Zambino 2000). The abaxial surface of the infected
leaf was rubbed against the abaxial surface of a noninfected,
R. nigrum single-leaf cutting. Inoculated leaves were misted
with water and bagged following inoculation. Subsequently,
urediniospore lines were multiplied on whole plants, as pre-
viously described.

AFLP analysis
A modified amplified fragment length polymorphism

(AFLP) procedure was adapted from Vos et al. (1995). Ap-
proximately 300 ng of genomic DNA was digested for 3 h
at 37 8C followed by 65 8C for 20 min, in a reaction con-
taining 10 U of EcoRI and 5 U MseI (New England Biolabs,
Inc., Ipswich, Mass.) in a total volume of 20 mL. DNA frag-
ments were ligated at 16 8C for 8 h using 60 U of T4 ligase
(New England Biolabs, Inc.) with 50 mmol�L–1 MseI and
5 mmol�L–1 EcoRI adapters in a final reaction volume of
20 mL. Ligated fragments were then diluted 1:10 with ster-

Table 2. Summary of results from inoculations of Ribes nigrum and Pedicularis racemosa with 16 sources of Cronartium ribi-
cola.

Ribes nigrum Pedicularis racemosa

Region
Sample
name Origin Aecial host

Spore
type

Germ.
(%) Cutting

Leaf
disk

Small
plant

Detached
leaves

West HC13 N. California MGR-SP A <0.1 N I N N
HC28 N. California MGR-SP U 28 I I I I
CO.07.07 Colorado LP U 89 I I I I
RN8 N. Idaho WBP A 100 I I I I
RN22 N. Idaho WBP U 40 N I N L
RN32 N. Idaho WWP U 34 I N N L
MC 10–1 N. Idaho WWP U 44 I I N I
SS2 E. Oregon WBP U 60 I I I I
SS7 E. Oregon WBP U 78 L I I I
NM03.01 New Mexico SWWP A 94 I I I I
WY18.20 Wyoming LP A 81 I I I I

Midwest MN13.04 Minnesota EWP A 88 I I I I
WI04. 01B Wisconsin EWP U 77 I I I I

East ME01.01A Maine EWP U 82 I I I I
VT01.02A Vermont EWP U 94 I I I I
NY01.03 New York EWP A 16 I I N N

Note: Inoculum was aeciospores (A) or urediniospores (U), and successful infection (I) was assessed as development of uredinia or telia within
21 days. MGR-SP, sugar pine (Pinus lambertiana) with major gene (Cr1) resistance to white pine blister rust; LP, limber pine (P. flexilis); WBP,
whitebark pine (P. albicaulis); WWP, western white pine (P. monticola); SWWP, southwestern white pine (P. strobiformis); EWP, eastern white
pine (P. strobus); Germ., germination; L, inoculated leaves lost to mold, mites, wilting/senescence; I, infection; N, no infection.
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ile-distilled water. Each pre-amplification PCR reaction
(30 mL total volume) contained 6 mL of template,
300 nmol�L–1 EcoRI and MseI primers with no extension,
1� PCR buffer, 3 mmol�/L–1 MgCl2, 200 mmol�L–1 dNTPs,
and 1.5 U of AmpliTaq polymerase (Applied Biosystems,
Inc., Foster City, Calif.). Selective amplification used eight
combinations of MseI/EcoRI primers having +2 extensions.
Reactions (25 mL total volume) contained 5 mL of 1:10 di-
luted pre-amplification product, 1� PCR buffer,
2.4 mmol�L–1 MgCl2, 300 mmol�L–1 dNTPs, 100 nmol�L–1

MseI EcoRI primers, and 1.5 U of AmpliTaq Gold polymer-
ase (Applied Biosystems, Inc.). The EcoRI primer was la-
beled with fluorescent dye 6-FAM (Integrated DNA
Technologies, Coralville, Iowa). All reactions were con-
ducted using an MJ PTC-200 thermocycler (Bio-Rad Labo-
ratories, Waltham, Mass.). The thermocycling protocol has
been previously described (Remington et al. 1999).

After diluting 1:4 with sterile-distilled water, selective-
amplification products were separated on an ABI 3700
DNA automated sequencer (Applied Biosystems, Inc.) at
the University of Wisconsin Biotechnology Center (Mad-
ison, Wisc.) using Geneflo-625 (Chimerx, Inc., Milwau-
kee, Wisc.) as an internal standard. Genotyper 3.7 NT
(Applied Biosystems, Inc.) was used to score bands within
a size range of 75 to 600 bp having a scaled peak-height
threshold of 100 or greater. AFLP chromatograms of all
samples were then visually checked and scored for pres-
ence (1) or absence (0) of bands. Only polymorphic
AFLP bands present in at least two individuals were
included in the analysis.

Samples were assigned to five groups based on host
species. Because samples represented only the dikaryotic
phase of the life cycle and AFLPs are dominant markers,
genetic diversity and genetic structure FST values were cal-
culated with AFLP-SURV version 1.0 (Vekemans 2002). A
Bayesian approach was used to estimate the frequency of
null alleles (Zhivotovsky 1999) following the Lynch and
Milligan (1994) method and assuming Hardy–Weinberg
equilibrium. Unbiased expected heterozygosity (HE) within
and among groups (Nei 1978) was calculated using the
Lynch and Milligan (1994) method. An unpaired t test
was used to test for significant differences in HE among
groups. To test for significant FST values between groups,
a permutation test was run using AFLP-SURV version 1.0.
Principal coordinates analysis was used to determine rela-
tionships among samples. NTSYS-PC ver. 2.10 (Rohlf
1998) was used to generate a Jaccard (1908) similarity ma-
trix for isolates, transform the matrix with the d-center
module, and plot the first two principal coordinates.

Inoculation experiments

Two inoculation experiments were carried out, using
whole plants vs. detached leaves of Pedicularis racemosa
collected from the Roman Nose Lake site. The same 16 inoc-
ulum sources from eastern, midwestern, and western USA
were used for both experiments (Table 2). Previous studies
have shown that these three geographic sources of inoculum
are genetically distinct (Hamelin et al. 2000; P.J. Zambino,
unpublished data, 2006). Two spore types (urediniospores

Fig. 1. Plot of the first two principal coordinates (Coor-1 and Coor-2) of a principal coordinates analysis for Cronartium ribicola isolates
collected from five host sources at Roman Nose Lake, Idaho. Plot represents 14% of the total variance in a genetic distance matrix for 86
isolates obtained using 44 polymorphic AFLP loci. Symbols identify isolates by host source.
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and aeciospores) were represented among the sources. Before
inoculation, spore aliquots of each source were retrieved
from –80 8C storage. Urediniospore preparation followed the
protocol of Zambino et al. (1997). Germination rates were es-
timated for inoculum sources by dusting spores onto Petri
plates containing 1.5% water agar media. Spore germination
was tallied after 48-h incubation at 18 8C, 100% RH.

Whole-plant assays
Small plants were excavated with intact root systems and

placed into 1 L, clear-polypropylene containers. Two plants
(one 6–10 cm and one 3–7 cm) were placed in each con-
tainer on a layer of moist vermiculite, and then containers
were sealed with plastic lids and maintained at £18 8C until
inoculation. One container was used per inoculum source,
and one served as a negative control. Abaxial leaf surfaces
of three to four fully expanded leaves per plant were dusted
with spores using a small paint brush. Plants were misted
with deionized water and the containers were sealed for
48 h. Then the lids were replaced with two layers of labora-
tory tissue. Similarly treated single-leaf cuttings of the sus-
ceptible ‘Heimberger’ clone of R. nigrum in small pots of
vermiculite served as positive controls to verify that spores
of each source could infect plants.

Detached-leaf assays
For each test of an inoculum source, six leaves were de-

tached from a single, full-sized, field-grown plant. Starting
with the most recent fully developed leaf and ending with
the oldest healthy leaf, each leaf was rinsed with deionized
water and placed in a 150 mm Petri plate lined on the bot-
tom with moist filter paper. Leaves were placed abaxial side
upward around the perimeter of the plate in order of increas-
ing age. A leaf disk of the ‘Heimberger’ clone of R. nigrum
served as a positive control. One leaf from each plate was
covered with filter paper during inoculation to serve as a
negative control. All leaves were misted with distilled water
after inoculation, and the plate was sealed.

Whole-plant and detached-leaf assays were maintained
under the same conditions after inoculation: 18 8C with a
12 h photoperiod. Leaves were examined for signs and
symptoms of infection starting 11 days after inoculation and
subsequently at 2- to 3-day intervals until 21 days after in-
oculation.

Results

AFLP analysis
Eight combinations of selective amplification primers pro-

duced 441 scoreable AFLP bands of which 44 (10%) were
polymorphic among the 86 samples from the collection site.
Expected heterozygosity (HE) across C. ribicola isolates was
0.38. No statistically significant differences in HE were de-
tected among isolates grouped by host source (range in HE
= 0.35 to 0.39; Table 1). Genetic structure (FST) among
host groups was 0.01, which was not statistically significant
(p > 0.05). However, AFLP analysis distinguished all sam-
ples except for two pairs. These identical profiles were col-
lected from two whitebark pine samples and two R. lacustre
samples (data not shown). Pairwise FST among isolates
showed no pattern with regard to host source (matrix not

shown). Principal coordinates analysis utilizing two and
three principal coordinates explained only 14% and 20% of
the genetic variance within the distance matrix, respectively
(Fig. 1 shows two coordinates, three coordinates not shown).
The distribution of isolates from each host showed no dis-
cernable pattern with respect to isolates from other hosts.
The AFLP analysis did not detect genetic differences among
C. ribicola derived from different hosts.

Inoculation experiment
Spore sources from all regions were successful in infect-

ing and producing telia and (or) uredinia on Pedicularis
racemosa and on the positive R. nigrum controls (Table 2).
The negative controls did not become infected for either the
detached-leaf or whole-plant experiments. No readily ob-
servable difference in infection was found between inocula-
tions utilizing urediniospores vs. aeciospores. Four inoculum
sources (HC13, NY01.03, RN22, RN32) did not produce
uredinia or telia on either detached leaves or whole plants
of Pedicularis racemosa. These same inoculum sources also
showed no or little infection on R. nigrum and had low
spore germination (<40%). Infection generally appeared less
abundant on Pedicularis racemosa than on R. nigrum but
was not quantified. Small plants of Pedicularis racemosa
appeared more prone to mold damage during incubation
than detached leaves.

A potential relationship between Pedicularis racemosa
leaf age and susceptibility to rust was apparent but not quan-
tified. Young but fully expanded leaves of Pedicularis race-
mosa typically had higher numbers of lesions than older
leaves, in concordance with patterns previously observed
for Ribes alternate hosts (Mielke 1943; Zambino 2000).
However, few leaves of Pedicularis racemosa were suscep-
tible to infection. Even on actively growing Pedicularis
racemosa plants, leaves with Leaf Plastochron Index
(Erickson and Michelini 1957) of only two greater than the
most susceptible leaves, had few or no infections and pro-
duced only telia or, occasionally, yellow–orange infections
that never erupted through the epidermis. Telia and (or) ure-
dinia often developed near the leaf margins of Pedicularis
racemosa, particularly on older leaves, whereas infections
between the mid-vein and margins were only found on the
most susceptible young-mature leaves. These patterns of
susceptibility with development were not quantitatively ana-
lyzed, but similar observations have been noted in field-col-
lected Pedicularis racemosa.

Discussion
The AFLP analysis and inoculation experiments support a

hypothesis that the ability of C. ribicola to utilize Pedicula-
ris racemosa is widespread throughout North America and
that C. ribicola across North America shares a common ge-
netic background that allows successful infection of multiple
telial hosts. McDonald et al. (2006) had enumerated other
possible means by which Pedicularis and Castilleja might
have been acquired as hosts, had the North American
C. ribicola population initially been Ribes-specific. These
included undetected hybridization, introductions, mutation–
recombination, and phenotypic plasticity.

Naturally occurring hybrids between C. ribicola and a dif-
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ferent North American rust, Cronartium comandrae Peck
(Joly et al. 2004), support the potential for hybridization. It
is unknown whether C. ribicola can hybridize with the na-
tive North American stalactiform rust fungus, Cronartium
coleosporioides Arthur, which also utilizes some species of
Orobanchaceae as telial hosts and co-occurs with
C. ribicola at high elevation western sites. Sequencing of
the rDNA ITS region has been used to detect both intraspe-
cific and interspecific hybrids in other fungi and fungus-like
organisms such as Armillaria and Phytophthora species, re-
spectively (Hanna et al. 2007; Man in’t Veld et al. 2007).
The ITS of C. ribicola and C. coleosporioides differ at 16
nucleotides. However, C. ribicola samples from Pedicularis
racemosa had no evidence of hybridization that could be de-
tected in this region (McDonald et al. 2006).

If the ability to utilize non-Ribes hosts had been due to
novel genetic changes well after introduction and spread,
evidence should have been found in the geographic pattern
of their occurrence. Yet Pedicularis-infecting strains are not
locally or regionally restricted to areas where pine hosts, the
two rust species, and known alternate hosts overlap. A sim-
ilar argument can be used to discount new host utilization
patterns from a cryptic introduction of C. ribicola. A small
introduction might be undetectable with molecular markers;
however, it is difficult to conceive a scenario where capacity
to infect Pedicularis from a cryptic introduction could be-
come so widespread in both eastern and western North
America within a short time.

Despite the ability of C. ribicola from across the conti-
nent to infect Pedicularis racemosa in controlled tests, an
unexplored question is the potential of Pedicularis race-
mosa to contribute to pine infection. The use of a single
host population in the inoculation tests limits conjecture.
Though it is conceivable that Pedicularis racemosa from
the Roman Nose Lake site is more susceptible to infection
than populations of this host at other locations, a field inoc-
ulation of Pedicularis racemosa plants at a site 170 km
south of Roman Nose Lake using local aeciospores resulted
in infections that produced telia (Zambino et al. 2005;
Zambino et al. 2006), demonstrating natural host suscepti-
bility to C. ribicola is not highly localized. In addition, nat-
ural C. ribicola infection of Pedicularis racemosa was
recently found at a site in northern California (D. Vogler,
personal communication, 2006). Further studies are needed
to determine if other geographic sources of Pedicularis
racemosa display variable susceptibility or resistance to
C. ribicola.

Analysis of C. ribicola isolates from different telial and
aecial hosts using AFLPs revealed similar levels of HE and
no detectable genetic differentiation by host (Table 1;
Fig. 1). These findings corroborate the results of the inocula-
tion experiments and those from recent greenhouse and field
inoculations studies of C. ribicola. In a recent host-transfer
experiment, aeciospores collected from whitebark pine were
used to inoculate Pedicularis racemosa and Castilleja mini-
ata. Urediniospores produced on Pedicularis racemosa were
then transferred to R. nigrum. Telia produced from these in-
fections germinated well and produced basidiospores that
successfully infected western white pine seedlings (McDo-
nald et al. 2006).

Historical reports of other Cronartium species occurring

on North American Orobanchaceae as hosts may now need
re-examination. The native C. coleosporioides (the stalacti-
form rust fungus) is reported to infect some members of
Castilleja, Melampyrum, Pedicularis, and Rhinanthus spe-
cies (Shaw 1973). However, infections and teliospore struc-
tures of C. coleosporioides are morphologically
indistinguishable from those of C. ribicola, and artificial in-
oculations and genetic characterization have not been per-
formed. At present, C. coleosporioides has not been
reported on Pedicularis racemosa. Although sequence anal-
ysis of herbarium specimens represents an appealing ap-
proach to determine if C. ribicola utilization of Pedicularis
and Castilleja species went unnoticed in North America, a
large-scale survey of herbarium specimens is impractical be-
cause few specimens from these hosts are available from
areas with high incidence of white-pine blister rust. To ad-
dress the question of whether some infections previously
identified as C. coleosporioides may have been C. ribicola,
telia from two infected herbarium specimens, from 1959 and
1969, originally identified as C. coleosporioides, were used
in PCR reactions to obtain sequences of the internal tran-
scribed spacer of the ribosomal DNA (Richardson 2006).
Sequences from both herbaria specimens matched available
GenBank C. coleosporioides sequences (Vogler and Bruns
1998) from field-collected aeciospores.

Phylogenetic analysis of the Orobanchaceae may aid in
determining clusters of species to examine for host suscepti-
bility. Fortunately, some phylogenetic studies of this family
have been conducted (Ree 2005; Wolfe et al. 2005; Bennett
and Mathews 2006) and some host relationships in Asia are
known. For example, in South Korea and Japan, several
Pedicularis species are believed to be predominant hosts. In
Korea, Pedicularis resupinata is the major host (La and Yi
1976), whereas in Japan several Pedicularis species have
been shown to be susceptible (Yokota and Uozumi 1976).
Phylogenetic relationships between Asian, European, and
North American Pedicularis species may provide guidance
for research efforts.

The ecological roles of Pedicularis and Castilleja in the
life cycle of C. ribicola might range from critically impor-
tant to insignificant, depending on ecosystem and locale, ae-
cial and telial host phenology in relation to C. ribicola
sporulation, and proximity of aecial and telial hosts. Because
Pedicularis and Castilleja are generally more abundant in
high-elevation ecosystems, it can be speculated that these te-
lial hosts might have the greatest impact on white-pine blis-
ter rust of high-elevation, five-needled, haploxylon pines
(e.g., whitebark pine and limber pine, Pinus flexilis James).

Results of this study should also be considered in an evo-
lutionary and ecological context. Development of host spe-
cialization by C. ribicola populations is likely site- and
time-dependent. This pathogen has been present in North
America for a relatively short time but shows a great plasti-
city in host species utilization. At the Roman Nose Lake
site, at least five telial hosts are present; however, non-Ribes
telial hosts are more prevalent. Perhaps host specialization
confers no major evolutionary advantage to C. ribicola pop-
ulations in specific sites and environments where multiple
hosts occur. Nevertheless, co-evolutionary conditions that
favor host specialization in C. ribicola through genetic se-
lection and (or) accommodation may occur over longer time
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spans, especially in areas with limited co-occurrence of di-
verse telial or aecial hosts (West-Eberhard 2005; Suzuki
and Nijhout 2006).
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