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Summary

White pine blister rust caused by Cronartium ribicola is a damaging non-native disease of five-needled
pines in North America. Efforts to control the disease and mitigate damage to date have been only
somewhat effective. Recent efforts to improve the health of eastern white pine and reestablish the tree
as a dominant species in the North Central United States have focused on identification and
propagation of disease-free eastern white pine (Pinus strobus) growing in areas with a high incidence of
blister rust. Many of these selections have been shown to resist infection following artificial
inoculation with C. 7ibicola. In this study, 13 eastern white pine families derived from controlled
pollination of selections previously determined to possess putative resistance as well as susceptible
selections were inoculated with C. ribicola. Mortalpy data from inoculation studies show superior
survivability in three families with over 60% of seedlings able to survive the 52 week post-inoculation
monitoring period compared to 0-10% survival of the most susceptible families. Primary needles were
collected for histological analysis from all inoculated families 4 weeks after inoculation and from
selected families 6.5 weeks and 38 weeks after inoculation. Histological observations of infection sites
show distinct resistance reactions in the families more likely to survive infection based on mortality
data. Analysis of the reactions in susceptible families revealed extensive hyphal colonization of the
vascular bundle and adjacent mesophylf)cells that appear uninhibited by tree responses. In resistant
families, collapsed cells adjacent to infection sites, heavy deposition of phenolic compounds and
abnormal cell growth were documented more frequently and appear to play an integral role in the
ability of these eastern white pine families to impede growth of C. ribicola in primary needle tissue.

1 Introduction

White pine blister rust, an introduced fungal disease of 5-needled pines (Pinus subgenus
Strobus) caused by Cronartium ribicola ].C. Fischer, has caused extensive damage
throughout North America (PatToN 1967; KiNLOCH and LITTLEFIELD 1977; MaLoY 1997;
Kinvocn 2003). The fungus was introduced to both coasts at the beginning of the 20th
century and has since spread from these initial introduction sites to impact nearly the entire
range of 5-needled pines in North America (STEWART 1906; MaLoy 1997; KinLocH 2003).

Efforts to effectively control white pine blister rust began with the initial eradication of
wild and cultivated Ribes spp. and quarantine of cultivated varieties during the first half of
the 20th century. Application of antibiotic compounds, various silvicultural techniques
such as pruning the lower one-third of the tree and planting on low hazard sites, as well as
selective breeding programs have been employed to mitigate damage caused by the disease
with mixed results (KinLocu 2003). Of these, silvicultural methods of control and
breeding programmes have the most potential for success and are currently being utilized
(Mavroy 1997; KinLocH 2003).
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Breeding programmes focused on resistance to C. ribicola generally use collections made
from apparently uninfected pine growing in areas of high disease incidence. For eastern
white pine, many collections were made in the mid-20th century by Dr Robert Patton of
the University of Wisconsin-Madison and others from locations in the upper Midwest and
Canada. Many of these selections were grafted onto eastern white pine stock and
subsequently planted at the U.S. Forest Service Oconto River Seed Orchard (ORSO) in
White Lake, WI and other locations.

Previous work has been conducted to identify growth patterns of C. ribicola in pine
tissues (CoLLEY 1917, 1918; STRUCKMEYER and Rikgr 1951; WATERMAN 1955; KREBILL
1968), resistance mechanisms in eastern white pine needles (BoYERr and Isaac 1964; BoYER
1966; JURGENS et al. 2003; SMITH et al. 2006a,b) and resistance mechanisms in stem tissues
of P. strobus (STRUCKMEYER and RIker 1951; Bover 1966). Multiple mechanisms of
resistance previously reported in white pine blister rust pathosystems suggest that the
partial resistance observed in many of the 5-needled pines to C. ribicola is polygenic
(KinLocH 1972; SMITH et al. 2006a,b).

Histological techniques have been employed to elucidate the infection process in eastern
white pine (CorLey 1917, 1918; CrintoN and McCormick 1919; STRUCKMEYER and
RIKER 1951; WATERMAN 1955; BoYER and Isaac 1964; KreBiLL 1968) and to characterize
resistance mechanisms present in secondary needles of putative resistant trees (JURGENS
et al. 2003), however, more work is needed to fully understand these processes.

In the most recent research conducted by JurGEeNs et al. (2003), four distinct interactions
were observed in secondary needles of open-pollinated P. strobus seedlings. One type of
needle reaction was characteristic of needle responses to infection by C. ribicola in
susceptible open-pollinated selections and was similar to observations made by CrinToN
and McCormick (1919). The three other needle reactions were classified as different
resistance responses in selections able to survive for an extended period of time following
greenhouse inoculation. Collapsed mesophyll cells bordering infection sites, hyperplastic
and hypertrophic cell growth as well as increased deposition of polyphenolic cornpounds
were documented and likely had a role in the increased survival rate of these ‘resistant’
families when compared with inoculated seedlings from more susceptible families
(JurGENsS et al. 2003).

Recently, seed from controlled pollinations of P. strobus selections established at ORSO
became available and seedlings were used for greenhouse inoculation studies with
C. ribicola. The investigations reported here were done to evaluate probable resistance
mechanisms present in the primary needles of these seedling families and to compare
results with previously documented infection reactions in needle tissues of open-pollinated
P. strobus using a variety of histological techniques.

2 Materials and methods

2.1 Seed sources and seedling growth conditions

Eastern white pine seed produced from 13 controlled cross pollinations of previously
selected clonally propagated putative resistant trees were obtained from ORSO. Selections
carrying a ‘P’ prefix denote trees originally collected in Minnesota and Wisconsin by Dr
Robert Patton of the University of Wisconsin during his early work on the interactions
between C. ribicola and P. strobus. Selections with an ‘H’ prefix were collected in the 1960s
by foresters from two counties in Wisconsin (JURGENs et al. 2003). Information on
selection ON469 is limited and the origin is not known (C. Sweeney, personal
communication). All prior collections of known origin (selections with either a ‘P’ or
‘H’ prefix) were made from apparently uninfected trees existing on sites with high
incidences of white pine blister rust infection.
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Seed was surface sterilized with a 10% bleach solution for 15 s, rinsed thoroughly and
soaked in water for 24 h before being placed in Petri dishes lined with moist filter paper.
The Petri dishes were sealed with parafilm, placed in a plastic bag and stratified for 30 days
at 4°C. Following stratification, individual seeds were planted in 2.5 cm X 15 cm 66 ml
cones using Sun Gro' Sunshine SB500 (Vancouver, BC, Canada) high porosity growth
mix. Seedlings were grown in the greenhouse (21-32°C) with additional light added to give
a 12-h photoperiod. Fertilization was carried out monthly using a liquid drench of Peters
Professional water soluble 14-14-14 fertilizer (Scotts, Marysville, OH, USA).

2.2 Inoculation methods

Approximately 35-45 seedlings from each family studied were randomly placed within
cone racks before inoculation using a modified protocol similar to the procedure
outlined in JURGENs etal. (2003). Briefly, the underside of Ribes nigrum leaves
approximately 6-7 cm in diameter were inoculated with urediniospores of C. ribicola
strain W14.1B suspended in water using a hand held sprayer (JurGens et al. 2003).
Following inoculation, whole R. nigrum plants were placed into plastic bags and
incubated for 24 h at 20°C. After 24 h, the plants were removed from the plastic bags
and left in the incubation chamber at 20°C. Approximately 1 week after inoculation,
uredinial pustules were abundant and the temperature in the chamber was reduced to
17°C until telial columns developed approximately 4-5 weeks later. Following telia
development, infected leaves were suspended above 13-week-old eastern white pine
seedlings in sealed moisture chambers keptat 100% humidity and placed within temperature
controlled incubation chambers at 18°C. Telia were allowed to germinate and a count of
basidiospores cast over the seedlings was taken using 1 cm x 1 ¢cm water agar plugs placed
randomly throughout the moisture chambers. The plugs were retrieved and basidiospores
counted using a compound microscope equipped with a calibrated grid. Once a
predetermined basidiospore threshold was reached (approximately 6000 basidiosp-
ores/cm?), the R. nigrum leaves were removed and seedlings were kept in the incubation
chambers at 21°C and 100% humidity for a further 72 h. Following removal from the
moisture chambers, seedlings were grown under original greenhouse conditions. Approx-
imately 10 non-inoculated control seedlings from each family were subjected to all
inoculation conditions without suspended R. nigrum leaves.

2.3 Monitoring infection and mortality

Seedlings were monitored after inoculation for the appearance of chlorotic needle spots
characteristic of infection with C. ribicola (CLinTON and McCormick 1919; Hirt 1939;
JURGENS et al. 2003). Previous observations of inoculated P. strobus seedlings have shown
that needle spotting can be observed as early as 2 weeks after inoculation but becomes
more obvious macroscopically at approximately 4 weeks after inoculation. Following
verification of inoculation success, groups of 10-15 seedlings from 12 of the 13 crosses were
randomly separated from the remaining seedlings for use in histological analyses.
Interactions in family H109 x H109 were not documented histologically because of an
insufficient number of seedlings and the need to collect mortality data. The remaining
seedlings from each of the crosses were used to assess differences in needle spot size, spot
frequency and overall mortality for 52 weeks.

2.4 Statistical analyses

Mortality data indicating seedling family surv1vab1hty were analysed using the Bonferroni-
adjusted chi-square for multiple comparisons (Jones 1984). For all analyses, o = 0.05.
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Tissue colonization measurements were analysed using two-way anova with time and
family as the main effects.

2.5 Sample processing

Samples of infected primary needles were collected from seedlings with replacement from
each family 4 weeks after inoculation followed by an additional collection from selected
families 6.5 weeks after inoculation. At 38 weeks post-inoculation, additional collections
were made from individual needle spots that were still discernible on families P327 x P327,
P327 x ON469 and H111 x H111. All collected samples consisted of individual needle
spots (based on macroscopic examination) which presumably encompassed an area of the
needle where symptoms developed followmg infection by a single basidiospore. Excised
needle samples were immediately placed in a solution of formalin-acetic acid-alcohol
(FAA) to fix the tissues for further analy51s Samples were then processed through an ethyl
alcohol/tert-butyl alcohol dehydration series and embedded in paraffin wax for processing
using a protocol adapted from previously published work (Ruzin 1999; JURGENS et al.
2003).

Needle samples were cut longitudinally into serial sections using a manual rotary
microtome set to excise sections at an 8—10 um thickness. Following sectioning, individual
sections were cut from ribbons and floated on a water bath containing de-ionized water
heated to 48-50°C for approximately 10 min or until any noticeable wrinkles in the section
were removed. Sections were presorted in the water bath to be laid out in a serial manner
with 6-8 sections in each group and were then transferred from the water bath to Fischer
Super Frost Plus slides (Thermo Fisher Scientific, Waltham, MA, USA) before being placed
on a slide warming plate to dry.

2.6 Staining and imaging

Prior to removal of paraffin and staining of sections, slides containing serial sections were
placed in flat, covered slide holders and heated in an oven set just above the melting point
of the paraffin wax used for embedding (58°C). Sections were kept in the oven for
approximately 10 min or until the excess paraffin around the needle sections began to melt.
This step significantly increased tissue adhesion to the slides without deterioration of
needle structure. Two histological stains were utilized in this study. One stain, periodic
acid-Schiff has been traditionally used as a specific stain for carbohydrates containing 1-2
glycols, giving them a reddish/purple colour when viewed with standard light microscopy
(GaHAN 1984). The stain has been shown to be a specific for fung1 in plant material and has
recently been used to observe C. ribicola in eastern white pine secondary needle tissue
(DriNG 1955; JUurGENS et al. 2003). The other stain, phloroglucinol-HCI, was used to
differentiate tissues containing polyphenolic compounds, resulting in these compounds
staining a brilliant red (Ganan 1984; RuziN 1999; JUuRGENs et al. 2003). Images were
captured for further analysis using a Nikon DXM1200F digital camera mounted to a
Nikon Eclipse E600 microscope and collected using Nikon ACT-1 imaging software
(Nikon, Tokyo, Japan).

2.7 Measurements of tissue colonization

All infected needle samples collected 4 and 6.5 weeks after inoculation from families
P327 x P327, H111 x H111 and H109 x H111 were measured to quantify any differences
that may be present in the average size of the characteristic condensed mass of mycelium
associated with needle infection by C. ribicola. Longitudinal sections were chosen for
measurement by selecting the section containing the condensed mass at its largest point
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Fig. 1. Percent of eastern white pine seedling families surviving 52 weeks after inoculation with
Cronartium ribicola. Bars with same letters are not significantly different (Bonferroni-adjusted
chi-square test, p > 0.05).

closest to the centre of the needle (based on observed width of the vascular bundle). The
condensed masses of hyphae were measured parallel and perpendicular to the vascular
bundle at 100 x magnification using an ocular micrometer. When more than one infection
was present in the section, the two condensed masses were measured and the average used
in the comparisons.

3 Results

3.1 Seedling mortality

Mortality data, when compared as a percent of total seedlings living at the end of the
52-week monitoring period, clearly show families P327 x P312, P327 x P327 and
P327 x ON469 had superior resistance to infection by C. ribicola with more than 60%
of the seedlings inoculated surviving (Fig. 1). Within the more susceptible families tested,
only crosses containing selection H109 had >20% survival at the end of the study. The
most susceptible families studied in this experiment were crosses made with selection
H111. Prior inoculations involving this selection have shown it to be highly susceptible to
infection by C. ribicola (HunT and MEAGHER 1989; JURGENS et al. 2003). In the
experiments reported here, an open-pollinated cross with selection H111 did not have
any seedlings that survived the 52-week monitoring period (Fig. 1).

3.2 Histological observations in susceptible families

Reactions observed within needles from crosses which can be considered susceptible based
on mortality data were varied (Table 1). Large condensed masses of hyphae were present
within and around the vascular bundle (Fig. 2a,b) in many samples from these crosses. At
4 weeks post-inoculation, the condensed mass was smaller than those previously described
in earlier reports of older needle infections (Fig. 2¢,d) (Crinton and McCormick 1919;
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Table 1. Comparison of relative abundance of mesophyll collapse and phenolic response in
primary needles from different eastern white plne families after inoculation with Cronartium

ribicola'.

Mesophyll Phenolic
Seedling family collapse response
P327 x P312 (R) - High
P327 x P327 (R) + High
P327 x ON469” (R) - Medium
H109 x H111 (S) + High
H111 x P343 (S) - Medium
Hi11 x H111 (S) - High
H111 x Open (S) - Low

'Plus and minus designations signify the presence or absence of collapsed mesophyll cells after
staining with periodic acid-Schiff and phloroglucinol-HCI. Gradients from high to low phenolic
response signify relative intensity and abundance of phenolic reactions observed in response to
infection after phloroglucinol-HCI staining. Seedling families followed by an R or S are classified
as resistant or susceptible, respectively, based on mortality data.

*When samples from family P327 x ON469 were analysed 38 weeks after inoculation extensive
cellular collapse was observed associated with macroscopically characteristic C. ribicola infection
spots.

JUrGENS et al. 2003). Reactions of this type often exhibited fungal hyphae and haustoria
spreading within the vascular bundle outward from the established infection centre
(Fig. 2b). Another type of reaction found frequently in the more susceptible crosses
4 weeks after inoculation was that of sparse hyphae spreading into the mesophyll. These
hyphae often colonized a large area of the needle without the condensed mass of mycelia
commonly associated with C. ribicola infection in susceptible tissues (CrLiNTON and
McCormick 1919; JurGens et al. 2003). Phenolic deposition was present in needle
reactions from many of the susceptible families but the level of deposition varied
considerably. Samples collected 4 weeks after inoculation from the most susceptible
families often exhibited a weak phenolic reaction which did not appear to limit fungal
growth (Fig. 2a,d).

Extensive colonization of infected susceptible needles was observed 6.5 weeks after
inoculation (Fig. 3). In selection H111 x H111, hyphae were observed spreading within
and along the edges of the vascular bundle apparently uninhibited by host responses
(Fig. 3a). When areas of these needles not showing a condensed mass of hyphae were
analysed, fungal structures were observed intermittently within the vascular bundle
(Fig. 3b). The intense staining with phloroglucinol-HCI observed in many infections from
this cross indicated deposition of phenolic compounds had occurred and completely
surrounded the condensed mycelial mass (Fig. 3¢). Although staining with phloroglucinol-
HCI had apparently increased from 4 to 6.5 weeks post-inoculation, the phenolic
compounds appeared unable to limit fungal growth (Figs 2a,d and 3c).

3.3 Histological observations in resistant families

Morphologically distinct reactions within needles were observed in crosses that were more
likely to survive following inoculation, but varied between the resistant families (Table 1).
In family P327 x P312, infection sites observed 4 weeks after inoculation typically had an
elongated appearance extending outward from the infection centre along the edge of and
within the vascular bundle (Fig. 4a,b). This elongated fungal mass was often bordered by a
relatively intense reaction to phloroglucinol-HCI indicating that phenolic compounds had
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Fig. 2. Needle reactions observed in susceptible eastern white pine families 4 weeks after inoculation
with C. ribicola showing unrestricted colonization and cellular disruption. Tissue labels: M, mesophyll;
VB, vascular bundle. (a) Extensive colonization associated with highly susceptible families. Hyphae
completely colonize the vascular bundle and have spread into adjacent mesophyll cells. Deposition of
phenolic compounds (arrows) was observed surrounding the infection. (b) Established infections that
are restricted in size from susceptible families often had condensed masses of hyphae within the
vascular bundle (arrows showing extent of hyphal colonization). (¢) Small condensed mycelial masses
occasionally observed on the edge of the vascular bundle with minimal hyphae spreading into adjacent
mesophyll. This type of reaction was often associated with observations of haustoria and hyphae
within the vascular bundle spreading long distances from the established infection. (d) Weak phenolic
deposition (arrow) surrounding an infection that is somewhat sparse along the edge of the vascular
bundle with light pink color characteristic of a weak reaction. (a and d) Stained with phloroglucinol-
HCL (b and ¢) Stained with periodic acid-Schiff. (a and b) H111 x P343. (c and d) H111 x Open.
Bar = 200 um for all micrographs.

been deposited along the periphery of the infection site (Fig. 4b). Needle samples collected
6.5 weeks after inoculation from family P327 x P312 did not show appreciable differences
in hyphal colonization when compared with needle reactions collected 4 weeks after
inoculation.

Needle colonization in family P327 x P327 appeared restricted 4 weeks after inoculation
and varied from somewhat elongate and compact to a more rounded appearance with very
little hyphae spreading into the mesophyll (Fig. 4¢,d). Collapse of mesophyll cells near the
infection site was evident in some of the needle samples collected from P327 x P327
seedlings (Fig. 4e). When these collapsed cells were present in the needle they were often
associated with the edges of the condensed mycelial mass, presumably serving as a barrier
to hyphal growth. In addition, collapsed mesophyll cells were occasionally observed on the
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Fig. 3. Needle reactions observed in susceptible eastern white pine family H111 x H111 6.5 weeks
after inoculation with C. ribicola. Tissue labels: M, mesophyll; VB, vascular bundle. (a) A large area of
fungal colonization within the vascular bundle. Lower arrow shows edge of condensed fungal growth.
Upper arrow identifies likely site of initial infection. (b) Sparse haustoria and hyphal structures
(arrows) near edge of collected sample away from the original site of infection. (c) Composite image of
infection site showing apparently ineffective heavy deposition of phenolic compounds (arrows)
surrounding the condensed mycelia almost exclusively colonizing the vascular bundle. (a and b)
Stained with periodic acid-Schiff. (c) Stained with phloroglucinol-HCI. Bars = 200 um.

opposite side of the vascular bundle from the infection site (Fig. 4c). The collapsed
mesophyll reaction was found in two of the eastern white pine families examined but
occurred infrequently (Table 1). The collapse of cells observed within needles was not
always associated with established infections. In this reaction, the collapsed cells were
found just below the stomata and appeared to coincide with C. ribicola infection sites
(Fig. 4f). However, upon histological analysis of the entire sample, no hyphae were
observed in needle tissues. Analysis of sections taken from needles of family P327 x P327
6.5 weeks after inoculation indicated the condensed mass of hyphae present along and
within the vascular bundle was only slightly larger than in the same family 4 weeks after
inoculation (Figs 4c and 5a). The main difference observed between reactions at 4 and
6.5 weeks was a very intense staining with phloroglucinol-HCI surrounding the condensed
mycelial mass present in the 6.5-week samples. This staining was noticeably brighter than
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Fig. 4. Reactions observed in resistant eastern white pine families 4 weeks after inoculation with
C. ribicola showing a localized cellular response. Tissue labels: M, mesophyll; VB, vascular bundle.
(a) Localized infection with minimal spread of hyphae into mesophyll tissue. Arrows indicate extent of
hyphal colonization of vascular bundle. (b) Section from the same infection as in 5A but stained with
phloroglucinol-HCI, arrows indicate intense phenolic deposition. (¢) Compact infection on edge of
vascular bundle with limited spread of fungal hyphae, extensive mesophyll collapse indicated by
arrows on opposite side of vascular bundle from infection. (d) Section from same infection as in 5C but
stained with phloroglucinol-HCI, arrow indicates positive reaction for phenolic compounds associated
with the zone immediately around the condensed fungal mass. (e) Collapsed cells (arrows) bordering
infection area on the edge of the vascular bundle. (f) Collapse of mesophyll cells (arrow) related to
stomatal openings but not associated with condensed hyphae. (g) Copious haustoria were observed in
many reactions with spreading hyphae often bordered by cells filled with hyphae and haustorial
structures, arrows designate cells with haustoria and hyphae. (h) Tan occluded cells (arrows) were
observed surrounding infection sites and appear to delimit the edge of fungal growth. (a, ¢, ¢, f and g)
Stained with periodic acid-Schiff. (b, d and h) Stained with phloroglucinol-HCL (a and b)
P327 x P312. (c—f) P327 x P327. (g and h) P327 x ON469. Bar = 200 um for all micrographs.

the staining observed in the reactions from needles 4 weeks after inoculation and indicates
that phenolic compound deposition had increased (Figs 4d and 5c¢). Some distortion of
transfusion cells within the vascular bundle was also evident in many samples apparently as
a result of fungal growth.



370 J. J. Jacobs, T. A. Burnes, A. J. David et al.

Fig. 5. Needle reactions observed in resistant eastern white pine families 6.5 weeks after inoculation
with C. ribicola. Tissue labels: M, mesophyll; VB, vascular bundle. (a and b) Sections through
approximate center of two needle infections showing the extent of the condensed mycelial mass
(arrows). Only minimal hyphae were observed in the adjacent mesophyll cells. (c) Same infection as in
(a) but stained with phloroglucinol-HCI indicating extensive deposition of phenolic compounds
(arrows) around infection site. (d) Same infection as in (b) stained with phloroglucinol-HCl, indicating
deposition of phenolic compounds (arrows) that appeared to effectively restrict growth of hyphae
within needle. (a and b) Stained with periodic acid-Schiff. (b) P327 x P312. (a, ¢ and d) P327 x P327.
Bar = 200 um for all micrographs.

Although family P327 x ON469 was able to tolerate infection by C. ribicola and was
more likely to survive than susceptible crosses, it did not exhibit a reaction similar to
P327 x P312 or P327 x P327 (Table 1). Characteristic reactions observed in this family
consisted of relatively small areas of infection along the vascular bundle with hyphae often
spreading into adjacent mesophyll cells. Copious haustoria were also associated with this
infection type (Fig. 4g) as well as tan occluded cells around the periphery of the infection
bundle (Fig. 4h). A generalized phenolic reaction was observed in this family 4 weeks after
inoculation, however, it did not appear to confine or inhibit growth of the fungus. No
evidence of mesophyll cell collapse was found 4 or 6.5 weeks after infection.

3.4 Histological observations 38 weeks post-inoculation

Infection spots were present on three eastern white pine families 38 weeks after inoculation
that were sufficiently separated from adjacent infections to allow collection of presumed
individual infection sites. Histological observations of these infection sites collected from
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Fig. 6. Needle reactions in resistant eastern white pine families 38 weeks after inoculation with
C. ribicola. Tissue labels: M, mesophyll; VB, vascular bundle. (a) Section showing extensive
colonization of mesophyll cells by C. ribicola (arrow) along vascular bundle. Inset showing a
magnified view of vascular bundle with many haustoria and hyphal structures (arrows) extending away
from the condensed masses of hyphae. Inset is from an area outlined by the box as well as below this
area not shown on micrograph. (b) Extensive mesophyll cell collapse (middle arrows) and copious
hyperplastic and hypertrophic mesophyll cells (upper and lower arrows) throughout the area of
infection. (c) Extensive hyperplasia and hypertrophy (arrows) in vascular and mesophyll cells in
section from same sample as (b). (a—c) Stained with periodic acid-Schiff. (a) P327 x P327. (b and c)
P327 x ON469. Bars = 100 pm.

families P327 x P327, P327 x ON469 and H111 x H111 revealed three distinct reaction
types.

Reactions typical of cross P327 x P327 exhibited extensive hyphal colonization of
mesophyll and vascular cells (Fig. 6a). Heavy deposition of phenolic compounds was
evident throughout the infection site as well as hyperplastic and hypertrophic growth of
transfusion cells on the edge of the vascular bundle. Fungal hyphae and haustoria were
observed in many cells far away from the main infection center. Hyphal and haustorial
structures present in the vascular bundle not neighbouring the established infection centre
may suggest that although characteristic resistance mechanisms were present some
C. ribicola hyphae were able to move within the needle and into stem tissues.

Infection sites collected from family H111 x H111 38 weeks after inoculation exhibited
small masses of hyphae surrounded by dense deposits that stained dark purple with
periodic acid-Schiff and a brilliant red with phloroglucinol-HCl, indicating that phenolic
compound deposition was abundant. These dense deposits were only found in intercellular
spaces. Intracellular spaces were coloured a light tan similar to reactions in samples
collected 4 and 6.5 weeks after inoculation. The hyphae present in these infection bundles
were noticeably deformed, appeared to be non-living and were not observed spreading
outside of the dense deposits.

Samples from family P327 x ON469 were not similar to needle spots from the previous
two families and were dissimilar to samples collected from the same family 4 weeks and
6.5 weeks after inoculation. Microscopically, extensive hyperplasia, hypertrophy and
collapsed cells were observed in mesophyll and vascular cells (Fig. 6b,c). Noticeable
distortion of the vascular bundle was present, likely as a result of the excessive cell growth
and not a result of hyphal growth. Hyphae were not detected in all samples examined
exhibiting this reaction type. However, the reactions began just below stomatal openings
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Table 2. Comparison of length and width measurements made from all condensed infection
sites from one resistant and two susceptible eastern white pine families at two times following
inoculation with Cronartium ribicola’.

4 weeks post-inoculation 6.5 weeks post-inoculation
Mean Mean Mean Mean
infection infection infection infection
Seedling family n length (um) width (um) n length (um) width (um)
P327 x P327 (R) 15 431 + 180 236 + 63 8 448 + 289 264 + 67
H109 x H111 (S) 15 389 + 137 261 + 42 16 630 + 300 299 + 67
Hi111 x H111 (S) 14 390 + 138 244 + 52 16 644 + 275 292 + 83

R, resistant; S, susceptible.

"No statistically significant differences were found between measurements when compared using a
two-way ANOVA, where n = number of samples from each family at each time point and o = 0.05.
All means reported with corresponding standard deviation.

and continued to the vascular bundle similar to the reaction observed in collected samples
from family P327 x P327 4 weeks after inoculation. Extensive bright red staining was
observed in intercellular spaces and along the vascular bundle in these reactions after
staining with phloroglucinol-HCI, indicating that copious phenolic compounds had been
deposited throughout the infection site.

3.5 Measurement of tissue colonization

Relative size of condensed fungal masses present within needles were compared by
measuring these masses at two time points from one resistant and two of the more
susceptible eastern white pine families. Differences in measurements made of the
condensed hyphae at 4 weeks and 6.5 weeks after inoculation in families P327 x P327,
H109 x H111 and H111 x H111 were not statistically significant when analysed using a
two-way ANova (Table 2). However, a trend was observed indicating that the condensed
mycelial masses found in resistant family P327 x P327 may well be significantly smaller if
more samples were available and the number of replicates increased.

4 Discussion

The results presented in this report clearly show that many observable differences in
primary needle reactions between susceptible and resistant genotypes can be documented
as early as 4 weeks after inoculation but become more pronounced 6.5 weeks after
inoculation. In addition, these results show this type of study can be used in future
investigations to assess newly collected and as yet untested eastern white pine selections for
resistance responses using inoculated primary needle tissue. The myriad resistance and
infection responses apparently present within the C. ribicola/P. strobus pathosystem
indicate that many factors may be contributing to the level of resistance observed in this
study.

Our collection of individual C. ribicola infection sites 4 weeks after inoculation provides
a histological assessment of resistance mechanisms functioning within primary needle
tissues early in the infection process. Although needle defence reactions are likely present
much earlier, sampling these initial reactions becomes problematic as macroscopic disease
symptoms seldom develop before 3 weeks after initial infection. Molecular techniques may
be more suited to investigations of these initial stages of infection. Recently, a proteomic
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study of primary needles of P. strobus selections inoculated with C. ribicola conducted by
SMmITH et al. (2006a) revealed up-regulation of several putative resistance proteins in
primary needles of open-pollinated progeny of selection P327 when compared with open-
pollinated susceptible selection H111 4 weeks after inoculation with C. ribicola. Although
the specific role of these up-regulated proteins was not identified they are potentially
intimately involved in the resistance responses observed in our study (SMITH et al. 2006a).

The differences in shape and extent of initial fungal colonization of primary needle
tissues observed histologically may be indicative of chemical barriers produced by the
resistant selections inhibiting mycelial growth (VANCE et al. 1980; SmITH et al. 2006a). Our
results indicate that a general trend of decreased growth in the condensed mycelial mass
characteristic of early infection by C. ribicola in eastern white pine needles may have
occurred between the 4 and 6.5 week post-inoculation sampling of resistant family
P327 x P327 when compared with more susceptible families. The condensed masses of
mycelium present within primary needles of eastern white pine infected with C. ribicola
likely serve as a nutrient reserve for the fungus as it moves through the vascular elements
into the stem tissue as suggested in earlier work (CrLinTON and McCormick 1919). Any
differences present in relative size of this mass between resistant and susceptible eastern
white pine families would give insight into the ability of resistant mechanisms present
within the system to limit growth of the fungus and possibly prevent movement into stem
tissue. The lack of statistically significant differences in the size of the condensed mycelial
mass found in this study was likely due to the presence of a limited number of apparently
uninhibited infections within resistant families and a relatively small sample size for each of
the families tested. Further research and perhaps an increase in the number of samples
dedicated to a quantitative comparison of the size of this mycelial aggregation may well
show statistically significant differences in abundance of condensed hyphae present
between resistant and susceptible P. strobus.

Extremely varied needle reactions were observed between eastern white pine families.
The observed increase in phenolic deposition over time in resistant families and susceptible
family H111 x H111, collapsed mesophyll cells in a susceptible and resistant family as well
as other resistance responses observed in resistant families contribute further evidence for
multiple mechanisms at work in the interaction between C. ribicola and P. strobus.

This research shows striking differences in survivability of eastern white pine families
derived from controlled cross pollinations of P. strobus selections previously identified as
resistant and susceptible in multiple artificial inoculations of their open-pollinated progeny
(JurGens et al. 2003). In addition, vast differences were noted histologically at three
sampling points in needle reactions after inoculation with C. ribicola. These differences
were evident when comparing the more resistant families with each other as well as to the
susceptible families.

Large condensed masses of mycelium characteristic of infection by C. ribicola in pine
needle tissues (CoLLEY 1917; CLiNTON and McCormick 1919) were observed in samples
taken from the more susceptible families tested. Fungal growth within the vascular bundle
of the needle as well as sparse hyphae spreading into adjacent mesophyll cells observed in
these seedlings gives evidence for uninhibited progression of infection in the susceptible
families. This is in contrast to the reactions observed in the three most resistant families
tested. These three distinct reaction types indicate that multiple mechanisms may be
effective in the inhibition of disease progression in primary needles of P. strobus. Collapsed
mesophyll cells were previously proposed as a significant resistance mechanism in
secondary needles of selection P327, however, no indication of frequency of occurrence
was presented (JURGENS et al. 2003). Collapsed cells were documented in this study but
were not ubiquitous within either P. strobus family where this trait was observed. When
present in infections from family P327 x P327, they often delimited the extent of fungal
expanse in that sample. However, collapsed cells were not limited to resistant families and
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also appeared in the susceptible family H109 x H111. Although not as abundant in the
susceptible family, when pooled with the observed heavy deposition of phenolic
compounds in H109 x H111 and other crosses with selections H109 and H111, it may
explain the previous results indicating that susceptible selections used in our inoculation
studies were more resistant than general bulk eastern white pine seed often used for nursery
production of P. strobus (JURGENS et al. 2003).

Several investigators have described growth of C. ribicola in needles following
inoculation using one sampling time (CorLey 1917; CrintOoN and McCormick 1919;
HirT 1939; JURGENS et al. 2003). The most recent research directed at identifying resistance
mechanisms in eastern white pine artificially inoculated with C. ribicola used only one
collection time (7 weeks after inoculation) and successfully identified mechanisms present
in secondary needles of seedlings more likely to survive infection (JURGENS et al. 2003).
Our results using two collection times early in the infection process demonstrate that
similar mechanisms of resistance are functioning throughout the early progression of the
disease in primary needle tissue and they may significantly impact disease development
between 4 and 6.5 weeks after infection.

Resistance mechanisms observed within primary needles of P. strobus were not
omnipresent in the resistant families tested. Other studies have also documented this
variability in some of the same eastern white pine selections used in this study (JURGENS
et al. 2003; SmrTH et al. 2006b). Some infections in highly resistant families are still
apparently able to overcome resistance mechanisms present in the primary needles and
then colonize main stem tissues. This is evident in the mortality data showing that a
number of seedlings from the three most resistant crosses succumb to disease during the
52-week monitoring period. Evidence from this current research and past studies may
suggest that although needle resistance in P. strobus selections is incomplete it is genetically
controlled and heritable (JurGEeNns et al. 2003; SmrTH et al. 2006a,b). Resistance in these
selections appears to be an additive process with epicuticular wax serving as an initial
physical and chemical barrier to infection on the surface of the needles and likely reducing
the total number of needle infections (PaTTON 1961; PATTON and SPEAR 1980; SMITH et al.
2006b). Collapsed mesophyll cells and increased deposition of phenolic compounds in
both primary and secondary needles as well as an up-regulation of multlple putative
resistance proteins in primary needles all further reduce the number of active infections
that have the ability to reach stem tissues and cause mortality (JURGENS et al. 2003; SmITH
et al. 2006a).

Prior observations of eastern white pine that have apparently recovered from C. ribicola
stem infections have shown that resistance mechanisms are present in some P. strobus
allowing them to form barriers against fungal growth in the stem (STRUCKMEYER and RIKER
1951; BOYER 1966). To date, no studies have investigated stem tissues of the selections and
crosses discussed in this paper. However, previous research in other stem rust systems has
shown that stem resistance is important in the overall resistance response. In the fusiform
rust (Cronartium quercunm f. sp. fusiforme)/slash pine (Pinus elliortii) pathosystem
multiple researchers have shown that stem resistance mechanisms exist in the genotypes
able to survive following infection (JEWELL and SPEIRS 1976; MILLER et al. 1976; POWERS
et al. 1981).

In order to understand all aspects of the additive process likely occurring in these
P. strobus selections, further research is needed to elucidate resistance mechanisms almost
certainly present in the stem tissues of these superior eastern white pine genotypes.
Although stem resistance has yet to be studied, many of the selections used in this study
have proven to survive infection and display considerable resistance in needles in multiple
studies (JURGENS et al. 2003; SmrtH et al. 2006a,b). This appears to be sufficient
justification for utilization of these genotypes in urban tree planting and landscape
reforestation activities to mitigate damage caused by C. ribicola.
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