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Since around 1923 Port-Orford-cedar (Chamaecyparis lawsoniana (A. Murray) 

Parl.) has been affected by Phytophthora root disease caused by the virulent introduced 

pathogen Phytophthora lateralis.  A systematic resistance testing and breeding program 

located at the USDA Forest Service Dorena Genetic Resource Center in Cottage Grove, 

Oregon was initiated in 1997 with the goal of producing Phytophthora root disease 

resistant planting stock suitable for replacing wild native POC killed by the disease.  

Although families of Port-Orford-cedar have been identified as having a heritable form of 

resistance to Phytophthora lateralis, there is concern that susceptibility to other 

pathogens of Port-Orford-cedar, such as Seiridium sp. and Stigmina thujina, could 

compromise the success of deploying root disease resistant planting stock.   

This thesis examines methods used to evaluate the heritability of susceptibility of 

Port-Orford-cedar families in the Phytophthora root disease resistance breeding program 

to infection and disease caused by species of Seiridium and Stigmina thujina.  Inoculation 

studies were undertaken to investigate the feasibility of developing protocols for 

screening Phytophthora root disease resistant POC for resistance to cypress canker 

caused by species of Seiridium and foliage blight caused by Stigmina thujina.  Procedures 

were developed for culturing the pathogens, producing viable spores, and developing 



                                                                                                                                           
inoculation and disease rating procedures.  In addition, the species of Seiridium 

associated with cypress canker of Port-Orford-cedar in Oregon was examined by 

observing morphological characteristics and comparing ß-tubulin and histone gene 

sequences.   

  Cypress canker symptom severity was compared among 30 POC families with 

differing susceptibility to Phytophthora root disease.  Seedlings were wound inoculated 

with cultures of a Seiridium sp. isolated from symptomatic POC and resulting symptoms 

scored monthly over the following 12 months.  Symptoms of infection began to develop 

within two months after inoculation.  Symptoms began as slight chlorosis of foliage 

above the site of inoculation, progressed to a darker browning of foliage, and finally 

resulted in seedling death.  One year post inoculation about 71% of seedlings had been 

killed.  Average between-family mortality ranged from 46 to 89% with a grand mean 

mortality of 52%.  A multifactor ANOVA showed a significant variation in mortality 

among families.  No correlation between resistance to Seiridium and resistance to P. 

lateralis was found.   

Variation in susceptibility to Stigmina foliage blight was also examined for the 

same 30 families.  Port-Orford-cedar seedlings were inoculated by exposure to natural 

inoculum at a field site or by aerosol application of macerated mycelium of S. thujina 

cultures to seedling foliage in a greenhouse study and evaluated for Stigmina blight 

symptoms after 12 months. Stigmina symptoms were also compared in a naturally 

infected POC common garden plantation representing a range-wide collection of Port-

Orford-cedar.  Differences in symptom severity between families were found for all three 

assays.  However, with one exception, no correlation was found between resistance to 



                                                                                                                                           
infection by Stigmina thujina and resistance to P. lateralis.  Seedstock collected from 

watersheds that differed in elevation, precipitation, latitude and longitude were found to 

have significant variation in levels of disease severity caused by S. thujina.  Families 

from watersheds nearest to the coast, from more northern latitudes and lower elevations 

showed lower levels of S. thujina disease symptoms.  POC seedlings from parent trees 

located in watersheds in the southernmost, most inland provenances, higher elevations 

and lower mean annual precipitation (mm) had higher Stigmina disease ratings.   

 In order to identify the species of Seiridium associated with cypress canker in 

Oregon, eight isolates of Seiridium were collected from three host species in various 

plantations in southwest Oregon.  The diagnostic features of the Seiridium isolates were 

morphologically most similar to those described for S. cardinale.  However, phylogenetic 

analysis based on ß-tubulin and histone gene sequences grouped the Oregon isolates in a 

separate clade from S. cardinale isolates.  The Oregon Seiridium isolates occurred in a 

sister relationship with S. unicorne isolates from Portugal.  The lack of agreement 

between the morphological characteristics of the Oregon Port-Orford cedar isolates and 

the phylogenetic analysis suggests that there may be greater variation in the 

morphological characters of S. unicorne than previously recognized, or that the Seiridium 

species from Oregon represents a hitherto unrecognized species.   Previously reported 

analyses of pathogenic Seiridium species did not include isolates from North America, 

which appear more variable than isolates from Europe, New Zealand and Africa. The 

results of this study indicate that further analyses of Seiridium isolates from North 

America, including additional putative specimens from C. macrocarpa are needed to 

resolve this question.  



                                                                                                                                           
A number of challenges affected the success of inoculation testing procedures in 

this study.  These included seasonal differences and variation in seedling diameter among 

inoculation groups.   The results of this study provide a limited understanding of variation 

in susceptibility of Port-Orford-cedar families to natural populations of Seiridium due to 

the constraint of using a single Seiridium isolate, and should be interpreted accordingly.  

Despite these limitations, this study presents evidence for heritable variability in 

susceptibility within POC families to both cypress canker and Stigmina foliage blight, 

and suggests that there is high potential for improvement by selective breeding.  The 

methods described in this thesis should be useful for future testing.  Variation in 

susceptibility to these diseases should be considered in evaluating Phytophthora root 

disease resistance breeding efforts.  
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Introduction 

Port-Orford cedar (Chamaecyparis lawsoniana (A. Murray) Parl.) is endemic to 

southern Oregon and northern California, where it occurs in a variety of habitats from sea 

level to about 2,000 m. elevation.  Since around 1923 Port-Orford-cedar (POC) in the 

Pacific Northwest has been threatened by Phytophthora root disease caused by the 

introduced pathogen Phytophthora lateralis Tucker & Milbrath.  The disease, which is 

almost invariably fatal to POC, was first observed on trees in ornamental nurseries near 

Seattle and by 1952 had spread south to the native POC forests of the southern Oregon 

coast (Hansen et al. 2000).   The observation that scattered symptomless POC trees 

growing in infested areas had apparently escaped or survived infection (Hansen et al. 

1989) led to a systematic resistance testing and breeding program conducted by Oregon 

State University and the Forest Service Dorena Genetic Resource Center (Sniezko 2004).  

The goal of the breeding program is to produce Phytophthora root disease resistant 

planting stock suitable for replacing wild native POC killed by the disease.  Recent 

research has identified several individuals and families with high levels of heritable 

resistance to POC root disease (Sniezko 2004).   

In addition to P. lateralis, POC is also affected by various other native and 

nonnative pathogens, including a canker disease caused by species of Seiridium and a 

foliage blight caused by Stigmina thujina (Dearn.) B. Sutton.  Because susceptibility to 

pathogens other than P. lateralis could compromise the success of deploying root disease 

resistant POC operationally, determining the potential genetic resistance of root-disease 

resistant Port-Orford-cedar to other pathogens such as species of Seiridium and Stigmina 
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thujina is essential for successful management and restoration of POC in areas infested 

by P. lateralis.  This research was designed to develop techniques for evaluating the 

variation in susceptibility of POC provenances to Stigmina foliage blight, and for 

comparing the severity of Stigmina foliage blight symptoms in relation to root disease 

resistance.    

Port-Orford-cedar is an economically and ecologically significant tree species.  

POC is a very important species within its natural range, along stream banks and drainage 

ditches in southwest Oregon and northwest California (Doty 1982).  Such habitats are 

also at high risk for POC root disease (Goheen et al. 2001).  POC is one of the few 

conifers able to thrive in serpentine soils that support unique plant communities.  As a 

riparian species it is essential for providing the stability and shading of streams that 

support salmon populations.  Its wood is slow to decompose and provides habitat for both 

terrestrial and aquatic wildlife.  Its thick and fibrous bark and resistance to decay 

following injury give POC trees importance in fire-disturbed ecosystems (Hansen et al. 

2000).  POC is the most expensive softwood harvested in Oregon today; top quality logs 

are valued at $700 per thousand board feet (Oregon Department of Forestry 2008).  It is 

also renowned for its precise machining capability and aromatic quality.  With over 200 

cultivars POC is also prized as an aesthetically pleasing landscape species (Hansen et al. 

2000).  It has beautiful foliage and a graceful habit that is attractive in gardens and 

landscapes.  It is a versatile landscape tree that is able to grow on a wide variety of soil 

types and a wide range of temperatures. 
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Seiridium is a genus of anamorphic fungi connected to the genus Lepteutypa 

(Xylariales; Amphisphaeriaceae) (Nag Raj 1994, Kirk et al. 2001).  Three species of 

Seiridium are known to be associated with cypress canker including S. cardinale 

(Wagener) Sutton & Gibson, S. unicorne (Cooke & Ellis) Sutton, and S. cupressi (Guba) 

Bosew (Graniti and Frisullo 1990).  However, the taxonomy of the species has been the 

subject of considerable debate.  Attempts have been made to differentiate the three 

species of Seiridium pathogenic to Cupressaceae on the basis of morphological 

characters, such as the presence or absence of conidial appendages and the angle of these 

structures relative to the main axis of the conidia (Boesewinkel 1983).  S. cardinale is 

distinguished by the absence of conidia appendages (Nag Raj 1993).  S. cupressi has 

apical appendages that follow the curve of the conidia while the apical appendages of S. 

unicorne are at right angles to the main axis of the conidia (Barnes et al. 2001).   Chou 

(1989) disputed that appendage angle was a reliable character to distinguish between 

species and suggested that S. unicorne and S. cupressi represent the same species.   

Efforts to differentiate species on the basis of DNA sequence data from ribosomal 

DNA (ITS1, ITS2, and 5.8S gene) regions were unsuccessful (Barnes et al. 2001, 

Krokene et al. 2004).  However, Barnes et al. (2001) demonstrated differences between 

species of Seiridium by analysis of histone and partial ß-tubulin sequences for fourteen 

isolates of Seiridium species.  ß-tubulin is a protein-encoding gene with both variable and 

highly conserved regions and has been extensively used in phylogenetic analyses of fungi 

(Barnes et al. 2001, Krokene et al. 2004).  The H3 histone protein is also highly 

conserved and the presence of introns makes it a valuable taxonomical and phylogenetic 

http://en.wikipedia.org/wiki/Amphisphaeriaceae
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tool for studying closely related organisms (Barnes et al. 2001).  This work provided 

strong evidence for the recognition of three distinct species of Seiridium associated with 

cypress canker (Barnes et al. 2001).   

It is important to be able to distinguish between species of Seiridium that may be 

present in an area because they are reported to differ in pathogenicity, host range, optimal 

growth temperatures and other ecological attributes.  Accurate identification at the 

species level is essential for interpretation of experimental results and control efforts.  

Inoculation tests with isolates of S. cardinale, S. cupressi and S. unicorne on several 

species of Cuppresaceae have found strong variations in the degree of genetic resistance 

on a species or family level (Spanos et al. 2001, Chou 1990).  S. cardinale is considered 

to be more virulent than S. unicorne and S. cupressi on Cupressus species (Spanos et al. 

2001). In Mediterranean regions, S. cardinale is the most common, destructive and 

widespread canker-inducing species of Seiridium (Graniti 1998).  S. unicorne has a 

broader host range than the other species of Seiridium, including several botanical 

families (Graniti 1998).  Records of infections by S. unicorne include Chamaecyparis, 

Cupressus, Juniperus, Crataegus, Hamamelis, Juniperus, Malus, and Rosa (Boesewinkel 

1983).  Infection by S. cardinale appears to be confined to members of Cupressaceae 

(Boesewinkel 1983).     

Spanos et al. (2001) conducted inoculation trials with isolates of S. cardinale, S. 

cupressi and S. unicorne from Italy, Portugal, and Greece, respectively.  In this study 

Chamaecyparis lawsoniana and several Cupressus species seedlings were artificially 

inoculated with mycelium plugs of Seiridium cultures.  Chou (1990) conducted a similar 
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inoculation trial in New Zealand with isolates of S. cardinale (from Cupressocyparis 

leylandii) and S. unicorne (from C. macrocarpa) on Chaemacyparis lawsoniana, Thuja 

plicata and several Cupressus species.  Both inoculation trials produced similar results.  

C. macrocarpa was shown to be the most susceptible to S. cardinale out of all the 

Cupressus species tested (Spanos et al. 2001).  C. arizonica, C. sempervirens, C. torulosa 

and T. plicata were found to be moderately susceptible to infection by S. cardinale 

(Spanos et al. 2001, Chou 1990).  Chou (1990) found T. plicata to be susceptible only to 

S. cardinale and not the other Seiridium species.  Cupressus macrocarpa and C. 

lusitanica were found to have a high level of susceptibility to S. cardinale and are 

considered very resistant to S. unicorne (Spanos et al. 2001, Chou 1990).  

Chamaecyparis lawsoniana was shown to have a high level of resistance to infection by 

Seiridium cardinale but was very susceptible to S. unicorne (Spanos et al. 2001, Chou 

1990).   

 

Distribution of pathogenic Seiridium species 

The origin of Seiridium cardinale is unknown.  However, Wagener (1928) 

described the first destructive outbreak of cypress canker caused by S. cardinale from 

Cupressus macrocarpa near Palo Alto, California in 1927.  The disease then spread on C. 

macrocarpa along the California coast causing so much damage to Monterey cypress that 

further plantings were discouraged and nurseries that previously sold large numbers of 

the species ceased to stock it (Wagener 1928). Recent surveys have detected S. cardinale 
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associated with cankers on POC trees in northern California and southwestern Oregon, 

redwood trees in northern California and on western red cedar near Camas Valley, 

Oregon (Mallams et al. 2006).  S. unicorne has been reported as causing cankers on 

Oriental arborvitae (Thuja orientalis) and eastern red cedar (Juniperus virginiana) in 

Kansas and on Italian cypress (Cupressus sempervirens), Arizona cypress (Cupressus 

arizonica) and Leyland cypress (Cupressocyparis leylandii) in Texas (Tisserat 1991).  S. 

unicorne has also been reported on Leyland cypress in Georgia (Williams-Woodward and 

Windham 2002).  Herbarium records also report the presence of S. unicorne on Juniperus 

virginiana from Maryland in 1988 and Cupressocyparis leylandii from Kansas in 1990 

(Farr et al. 2008).  Graniti (1998) considered the most likely explanation for the presence 

of S. cardinale in the United States as resulting from accidental introduction into 

California on infected nursery stock, although the native range and host(s) of S. cardinale 

are not known.  An alternative hypothesis offered by Graniti (1998) is that native host 

species exerted selection pressure on a population of weakly pathogenic fungi, giving rise 

to a virulent strain that was able to affect susceptible cypress trees.   

Following the discovery of S. cardinale in California, Seiridium species causing 

cypress canker have been found worldwide.  Herbarium records indicate Lepteutypa 

cupressi (the teleomorph of S. cupressi) present in British Columbia, Canada on Thuja 

orientalis in 1940, Thuja plicata in 1954, C. macrocarpa in 1969, and Chamaecyparis 

lawsoniana in 1987 (Callan et al. 2008).  S. cardinale has been reported as causing severe 

damage to Cupressus species in Chile and in the Mediterranean region of Europe (Graniti 

1998) and to Chamaecyparis macrocarpa and Cupressus sempervirens in New Zealand 
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(Boesewinkel 1983).  Infections of S. cardinale have been reported on Juniperus species 

in Greece (Tsopelas et al. 2007) and on Thuja species in Germany (Urbasch 1993).  

Although S. unicorne has a broader host range and greater variability in virulence 

(Spanos et al. 2001), severe outbreaks of cypress canker caused by S. unicorne are less 

common than by other species of Seiridium (Graniti 1998).  An epidemic infection of 

cypress canker caused by S. unicorne on Hinoki cypress (Chamaecyparis obtusa) was 

reported in the 1970’s in northern Japan, resulting in severe losses to young plantations 

(Graniti 1998).   

Cypress canker caused by S. unicorne is common, though not serious, along the 

western coast of Portugal.  Climatic conditions of this area are quite different from those 

prevailing in other parts of the Mediterranean region, due to the influence of the cold and 

humid winds from the Atlantic Ocean. The prevalence of S. unicorne in this region may 

also be influenced by the presence of populations of susceptible species or genotypes of 

cypress grown locally (Graniti 2008, personal communication).  S. unicorne has also 

been reported as causing cankers on Cupressus lusitanica in South Africa (Barnes et al. 

2001).  Outbreaks of cypress canker caused by S. unicorne on Cupressocyparis, 

Cryptomeria and Cupressus have been reported in New Zealand (Boesewinkel 1983).   

However, recent phylogenetic analysis indicates that the species causing the outbreaks is 

likely S. cupressi (Barnes et al. 2001).  An outbreak of canker disease caused by S. 

cupressi was reported in East Africa (Kenya) during the 1940’s on Monterey cypress 

(Cupressus macrocarpa) and Mexican cypress (Cupressus lusitanica) (Graniti 1998).  S. 

cupressi was identified on Cupressus, Sequoiadendron, Cupressocyparis, 
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Chamaecyparis, and Platycladus herbarium specimens in Australia and is considered by 

Cunnington (2007) to be the cause of cypress canker in southeastern Australia.  

 

S. cardinale morphology 

Conidiomata produced by Seiridium cardinale erupt through the outer bark and 

are usually associated with cankers on branches or on the main stem.  The conidiomata 

are roughly circular, up to 400 µm in diameter (Figure 1.1, A. and B.).  Conidiophores 

arise from the cavity of the conidiomata, are septate, irregularly branched, colorless, thin 

walled and 50-80 µm long (Figure 1.1 C.).  Seiridium cardinale is distinguished from 

other Seiridium species based on morphological aspects of its distinctive conidia (Figure 

1.1 D.).  The conidia are 3 septate, 6-celled, with 4 brown, thick-walled median cells and 

with colorless, smooth apical and basal cells, 21-30 µm x (8-)8.5-10 [mean = 25.5 x 9.3] 

µm.  Conidia of S. cardinale are distinguishable from those of other cypress-infecting 

congeneric species by having minute appendages on apical and basal cells.  Appendages 

are tubular, attenuated and unbranched.  Apical appendages are from 0.5 to 1.5 µm long.  

Basal appendages, when present, are 1 µm long.  The apical and basal appendages of the 

other species are longer (Nag Raj 1993).  
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Figure 1.1.  Morphology of Seiridium carinale.  A. Vertical section of conidioma.  B. 
Partial enlarged sectional view of conidioma.  C. Conidiophores, conidiogenous cells 
with developing conidia.  D. Mature conidia.  Reproduced with permission from 
Nag Raj, T.  (1993).  Coelomycetous Anamorphs with Appendage-Bearing Conidia.  
Ontario, Canada: Mycologue Publications. 
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S. unicorne morphology 

Conidiomata produced by Seiridium unicorne are 150 to 650 µm in diameter 

(Figure 1.2 A).  Conidiophores arise from the cavity of the conidiomata, are septate, 

branched, colorless, thin walled, up to 70 µm long and invested in mucus (Figure 1.2 B.) 

(Nag Raj 1993).  Conidia are fusiform, straight or slightly curved and 5 to 6-septate, 23 to 

30 µm by 7 to 10 µm in size with thick-walled, olivaceous-brown to dark brown median 

cells and colorless to yellowish end cells (Figure 1.2 C).  Conidia are tubular, attenuated, 

and unbranched (Nag Raj 1993).  Appendages of S. unicorne are significantly different 

than the minute appendages of S. cardinale in shape and size.  The apical cell is broadly 

conic and gradually extends into a beak-like, simple cellular appendage (Graniti 1998).  

The basal cell, when present, is obconic with a narrow truncate base and bears an 

attenuated, strait or oblique appendage (Graniti 1998).  Both appendages are typically 3 

to 5 µm and up to 14 µm in length.        
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Figure 1.2.  Morphology of Seiridium unicorne.  A.  Vertical section of a conidioma.  
B. Conidiophores, conidiogenous cells and developing conidia.  C. Mature conidia.  
Reproduced with permission from Nag Raj, T.  (1993).  Coelomycetous Anamorphs 
with Appendage-Bearing Conidia.  Ontario, Canada: Mycologue Publications.  
 

Seiridium pathogenicity 

Pathogenicity to Cupressaceae varies among species of Seiridium.  The 

temperature requirements for the production of conidia also vary depending on the 

species of Seiridium.  S. cardinale is the most thermotolerant and is able to germinate and 

grow in vitro at temperatures up to 35˚C (Graniti 1998), although Wagener (1939) 
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determined the optimal temperature for growth to occur at 26˚C.  Temperature 

requirements for S. unicorne conidial germination, growth and infection are quite low 

(20˚C) compared to the other two species of Seiridium (Graniti 1998).  Relative humidity 

close to saturation is required for infection by Seiridium species (Graniti 1998).  Under 

dry conditions the spores form a thin layer of crust within the acervulus, preventing spore 

release (Wagener 1939).  Moist conditions, either produced naturally or artificially by 

placement of cankers in a moist chamber, will result in extrusion of spores from acervuli 

(Wagener 1939).  The conidia of S. cardinale are able to retain their germinability and 

pathogenicity for more than one year (Graniti 1998).  Wagener (1939) reported evidence 

that the fungus may remain active in cankered bark for many months after the host part is 

dead. 

Seiridium species frequently penetrate hosts through wounds produced by natural 

agents (wind, frost or insects), but may enter directly through the epidermis or natural 

openings (Urbasch 1993).  Recent research suggests that wounds may not be required for 

infection to occur.  Spanos et al. (1997) demonstrated the ability of Seiridium hyphae to 

penetrate through stomata and directly through the cuticle in micropropagated cypress 

shoots.  Condia are spread by a number of mechanisms.  Under moist conditions, 

conidiomata open on the surface of cankers, exposing the conidia, which can be dispersed 

short distances by wind (Graniti 1998). Wagener (1939) determined that rain splash is the 

principal agent in spore dislodgement from fruiting bodies and is also an important factor 

in distribution of spores locally within tree crowns or to adjoining trees.  An extended 

range of dispersal can occur via bark beetles such as Phloeosinus aubei and P. thujae, 
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which are attracted to trees weakened by infection by S. cardinale and may carry and 

spread S. cardinale conidia or mycelium (Graniti 1998).  Females lay their eggs in 

infected branches and the newly-emerged adults can be contaminated by conidia present 

on the bark.  The spores will then be spread when the bark beetles disperse and bore 

feeding tunnels in healthy trees (Graniti 1998).  Although short distance spread of 

Seiridium cardinale frequently occurs by wind and insects, long range dispersal of 

Seiridium species worldwide has probably occurred through the international movement 

of infected nursery stock (Graniti 1998).   

Once penetration of the bark has occurred, the pathogen spreads rapidly in the 

cortical parenchyma, causing necrosis of the phloem and cambium, eventually girdling 

stems or branches (Graniti 1998).  It is thought that toxic metabolites are produced by the 

pathogen in the bark or wood initially colonized by the fungus, and then diffuse to 

adjacent tissue and through the vascular system, explaining the absence of hyphae in 

symptomatic cells (Graniti 1998).   Initial symptoms of cypress canker include chlorosis 

of older foliage and die-back of twigs and branches (Urbasch 1993).  Foliage first appears 

yellow or red and later becomes brown or reddish-brown.  Cankers form on infected 

branches and stems, causing bark fissures and copious resin flow.  Infected seedlings may 

exhibit death of the entire shoot (Aimers-Halliday et al. 2003).  Tree mortality may occur 

in a relatively short amount of time depending on location of cankers, tree age, 

susceptibility to phytotoxins and environmental conditions (Graniti 1998).  Spanos et al. 

(2001) demonstrated significant variability in resistance of Cupressaceae seedlings 

related to maturation of the bark.  It was found that young bark tissue, close to the crown 
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is significantly more susceptible to infection by Seiridium then the more developed bark 

near the base of the main stem.  

Resistant Cupressus spp. respond to infections by separating living tissue from 

diseased by formation of a new periderm through neophellogenic activity, characterized 

by phelloderm thicker than 100 μm (Graniti 1981).  Further spread is controlled by 

compartmentalization of infected tissue.  Evidence suggests that the level of susceptibility 

that species of Cupressus have to Seiridium species could also be related to their 

sensitivity to phytotoxins produced by some Seiridium species (Graniti 1998).  A major 

difference between the susceptible C. macrocarpa and the more resistant C. arizonica 

was that the latter species exhibited greater tolerance to seiridin.  In the presence of high 

seiridin concentrations, C. macrocarpa cells leached a higher amount of chemicals which 

effected pH by increasing the acidity of cell suspension cultures (Graniti 1998).   

There are a number of control methods available for S. cardinale, including 

removing and burning infected plants.  There are also a number of fungicides, such as 

benzimidazole or thiophanate available, although these are only recommended for 

nursery stock or individual trees of high value (Urbasch 1993).  

 

Toxin Production 

Several non-host selective toxins have been detected in culture medium in which 

Seiridium species have been grown.  All three pathogenic Seiridium species produce the 

toxins seiridin (SE) and isoseridin (ISE), which are phytotoxic at high concentrations 

(Graniti 1998).  S. cardinale was found to produce the highest amount of SE and ISE in 
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culture, 93.5 and 142.7 (mg 1 -1)a, respectively.  Injections of 2 ml of a 0.1 mg ml-1 

solution of SE into Cupressus seedlings produced leaf chlorosis and hypertrophic 

reactions and bark cracking at the point of injection (Graniti 1998).  Injections of 0.2-0.3 

mg ml-1 of SE caused dieback and death of cypress seedlings within 6 to 8 months 

(Graniti 1998).  While these symptoms are similar to those infected by Seiridium, there is 

no evidence of the occurrence of phytotoxic concentrations of seiridins at the initial stage 

of the disease or of the translocation of toxins to the symptomatic parts of infected trees 

(Graniti 1998).   

S. cupressi also produces relatively high amounts of three cyclic sesquiterpenes, 

seiricardines (SCA-A, -B, and –C) and is the only Seiridium species to produce 

cyclopadic acid (CA) and seiricuprolide (SCU) (Graniti 1998).  Injections of 3 ml of a 0.1 

mg ml-1 of CA caused stem yellowing and browning, followed by necrosis and dieback.  

The effects of seiridins or cyclopadic acids are thought to be more severe than those 

caused by seiricuprolide or seiricardins (Graniti 1998).   

Toxins produced by species of Seiridium are thought to be virulence factors.  

However, toxin deficient mutants of S. cupressi were still able to produce cankers on 

inoculated Cupressus seedlings, although leaf and branch symptoms were minimal.  S. 

unicorne produces relatively low amounts of SE, ISE and SCA-C, yet is still able to 

cause cankers without inducing severe symptoms on the crown of affected trees (Graniti 

1998).   
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POC and Stigmina thujina 

S. thujina was first described from living and dead leaves of Thuja plicata in Lane 

County, Oregon in 1924 (Doty 1982).  A brief comment by Morgan-Jones (1971) stated 

that T. plicata was, as far as was known, the only known host of S. thujina and that S. 

thujina occurred throughout most of the range of T. plicata in the Pacific Slope region of 

western North America.  Hodges (1982) confirmed that S. thujina is widely distributed 

throughout the range of T. plicata in Oregon, Washington, Idaho and British Columbia on 

the basis of numerous herbarium specimens at the Mycological Herbarium at Oregon 

State University and the Pacific Forest Research Center Herbarium in Victoria, B.C.  

However, the native range of T. plicata, and therefore presumably that of S. thujina, 

overlaps significantly with that of C. lawsoniana in southwestern Oregon (Hayes 1965).  

The first report of S. thujina causing disease on C. lawsoniana was from non-native trees 

planted on the island of Kauai in the Hawaiian Islands (Hodges 1982).  The pathogen has 

only recently been reported on native C. lawsoniana from near Gasquet, California (Dale 

et al. 1991).  S. thujina has also been reported as causing defoliation of C. lawsoniana in 

New Zealand (Dick 1998), Austria and Croatia (Cech and Diminić 2007), and from 

seedlings of T. plicata in France and Poland (Hodges 1982), and from T. occidentalis in 

Poland and Oklahoma (Hodges 1982 and Preston 1945).   

Stigmina thujina produces sporodochial conidiomata on host foliage and was 

originally described in the genus Coryneum (as Coryneum thujinum Dearn.).  In a 

taxonomic revision of several similar foliage inhabiting species, Morgan-Jones (1971) 

transferred C. thujina to the genus Sciniatosporium Kalchbr., which he argued had 
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priority over Stigmina Sacc. due to earlier date of publication.  However Sutton (1972) 

presented several arguments for considering Sciniatosporium an illegetimately published 

name and transferred the majority of Sciniatosporium species, including S. thujina, to 

Stigmina.  Later, Sutton and Pascoe (1989) reevaluated the species classified in Stigmina 

and recommended restricting the concept of the genus to foliicolous species having both 

immersed and superficial mycelium, sporodochial conidiomata with holoblastic, 

percurrent (annelidic), verruculose, conidiogenous cells with ragged tips, and brown, 

conidia.  Sutton and Pascoe (1989) did not list S. thujina among the species comprising 

this more restricted concept of Stigmina, thereby implying that S. thujina belonged to the 

group of species they considered in need of reassignment to more suitable genera.  

Morgan-Jones (1971) described conidiophores of S. thujina as having a restricted type of 

sympodial development, a characteristic probably sufficient to exclude this species from 

Stigmina s. s., as delimited by Sutton and Pascoe (1989).  However to date, no alternative 

genus for accommodating S. thujina has been proposed. 

  The morphological description of S. thujina has varied somewhat among different 

authors.  Morgan Jones (1971) described sporodochia as being mostly immersed but 

rupturing the cuticle, dark brown, 150-230 µm diam. and (Figure 4.1) Hodges (1982) 

described sporodochia as black, 120-270 µm diam.  In both cases sporodochia were 

described as being produced on dead foliage and twigs of infected trees.  Conidiophores 

arise from the upper cells of the stromata, straight or slightly flexous, cylindrical, light 

brown, 16-24 µ long, and 3-4.5 µ wide.  Conidiogenous cells are predominantly 

annellidic, percurrent but also have limited sympodial development (Figure 4.1) 
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(Morgan-Jones 1971).  Morgan-Jones (1971) described conidia as curved and smooth 

walled, 5-10 septate, 40-52 x 6-8 µ and 3-5 µ wide at the base.  Sutton (1972) described 

conidia as being brown with pale end cells, slightly curved, 7- to 10-septate, and 40 to 50 

µm, on conidiophores about half their length.    

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.  Morphology of Stigmina thujina.  A. Conidia  B. Conidiophores and C. 
Sporodochium.  Reproduced with permission from Morgan-Jones, G.  1971.  
Sciniatosporium Kalchbr., and its synonyms Macrosia Syg., Stigmina Sacc., 
Throstroma Hohnel, and Thyrostromella Syd., non Hohnel. Canadian Journal of 
Botany. 49:993-1009. 
 



                                                                                                                                                    20

Symptoms of Stigmina foliar blight include chlorosis and defoliation of needles 

(Hodges 1982).  Symptoms first appear on the lower and interior branches and proceed 

upwards (Figure 4.2) (Hodges 1982).  There appears to be a wide variation in symptom 

severity among POC individuals.  A survey of plantations of POC trees in Hawaii found 

that differences in individual tree susceptibility were responsible for the variation in 

symptoms.  In several cases symptomless trees were located directly adjacent to trees that 

were heavily defoliated, suggesting genetic resistance (Hodges 1982).  Hodges (1982) 

also noted an apparent relationship between height and disease severity.  Severely 

diseased trees were much shorter than healthy trees, likely reflecting an effect of chronic 

disease on growth.   

 

POC and P. lateralis 

Port-Orford cedar is highly susceptible to a root disease caused by the extremely 

virulent, exotic pathogen Phytophthora lateralis (Hansen et al. 2000).  The geographic 

origin of P. lateralis is unknown, but since the 1920s it has been killing POC trees in the 

Pacific Northwest (Hansen et al. 2000).  P. lateralis gradually spread from ornamental 

plantings of POC after its initial discovery near Tacoma, WA, and now occurs throughout 

the natural range of POC in southwestern Oregon and northern California, from sea level 

to 2,100 m elevation (Hansen et al. 2000).  P. lateralis is very aggressive, killing hosts 

rapidly on suitable sites within its host’s range, and has had a devastating effect on the 

POC timber industry (Goheen et al. 2000).  Commercial forestry’s greatest loss has 

resulted from the death of trees at the lower size limits of merchantability.  Larger trees 
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killed by the P. lateralis are still salvable, but with a reduction of grade and value (Roth 

et al. 1987).  In addition to affecting commercial forest production, P. lateralis also has 

greatly hurt nurseries and private landowners.  Losses caused by P. lateralis have 

resulted in an almost complete disappearance of POC from nurseries.  Residential owners 

have had to replace expensive POC trees and have suffered loss in property values due to 

the death of trees in their landscapes. 

 

Life Cycle of P. lateralis 

P. lateralis is an Oomycete pathogen that infects the root system of POC.  P. 

lateralis is capable of both local and long distance spread.  Local spread can occur by 

root grafts or by overland or underground flow of water containing flagellated swimming 

spores (zoospores) (Hansen et al. 2000).  POC growing adjacent to streams are at greater 

risk for infection by P. lateralis.  POC growing with their roots in contact with normal 

winter high water flows are killed within a few years of the introduction of P. lateralis to 

the stream (Hansen et al. 2000).  Mortality of POC growing further inland from streams 

are also at risk, depending upon the frequency and height of winter flood events.  POC 

growing along roadsides are also at high risk.  Long-distance spread of P. lateralis is 

primarily through movement of soils infested with thick walled resting spores 

(chlamydospores) by vehicles, livestock or humans (Zobel et al. 1985).  Once a root is 

infected, minute, lemon-shaped sporangia develop at the tips of mycelia and thick walled 

resting spores (chlamydospores) develop along the sides of the mycelium (Figure 1.4).  



                                                                                                                                                    22

Zoospores are released from the sporangia and move in saturated soil or in water along 

the soil surface to a new root (Goheen et al. 2000).   

 

 

Figure 1.4.  Life cycle of Phytophthora lateralis (Roth et al. 1987). 

 

Screening for resistance to P. lateralis 

Aggressive management has been required to slow the spread of this root disease 

disease, by preventing the spread of infested water or soil from infested sites to 

uninfested sites (Hansen et al. 2000).  An important objective for controlling this disease 

is the development of resistant POC genotypes and to better understand the mechanism(s) 

of resistance that appear to be present in the native population (Oh et al. 2006).  P. 

lateralis inoculation tests by McWilliams (2000) showed strong evidence of genetic 

variation in resistance of POC to the pathogen (McWilliams 2000).  Since 1997, the 

USDA Forest Service Dorena Genetic Resource Center (DGRC) in Cottage Grove, 
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Oregon and the USDI Bureau of Land Management in cooperation with Oregon State 

University have conducted an intensive program to identify and test resistant POC trees 

from the field and propagate them in a containerized seed orchard with the goal of 

providing resistant seedlings for forest regeneration (Sniezko 2004).   

In the preliminary process of breeding and identifying trees for resistance, 

thousands of wild growing candidate trees were selected from high disease areas based 

on the absence of symptom expression (Sniezko 2004).  These individuals were selected 

for use in the breeding program because the presence of uninfected individuals in high 

disease areas indicates a possible natural source of resistance.  In the first cycle of 

selection, branch material from unsymptomatic trees was collected for screening in 

greenhouse trials to identify individuals with high resistance (Sniezko 2004).  Branches 

were inoculated with P. lateralis cultures by immersing the bottom two centimeters of a 

cut portion of the seedling in a zoospore suspension, and measuring the length of the 

lesion growth on the sample stem (Sniezko et al. 2001).  To date more than 12,000 trees 

have been selected and screened for disease resistance using the stem dip inoculation 

method (Elliot 2005).  The top ten percent (approximately) of candidate trees from the 

stem dip test undergo a second phase of testing using rooted cuttings (root dip test) 

(Sniezko 2004).  For the root dip test roots of rooted cuttings are immersed in a freshly 

prepared P. lateralis zoospore suspension about 1 cm deep for 24 hours to allow for 

infection to occur.  After inoculation, rooted cuttings placed back in a greenhouse and 

monitored for mortality for up to three years.  To date, approximately 500 rooted cuttings 

have been tested for resistance to P. lateralis with the root dip inoculation method and 



                                                                                                                                                    24

210 have shown 50% to 100% survival (Sniezko 2004).  Rooted cuttings from individual 

trees with greater than 50% survival are considered to show sufficient resistance and are 

placed into a seed orchard and breeding program (Elliott 2005). 

The root dip test is used on both rooted cuttings of parent trees (clones) and 

seedling families (open pollinated or control pollinated) of parent trees.  DGRC began 

conducting replicated P. lateralis inoculation trials in 1993.  Seedling families were 

monitored and scored in 2006 based on results inoculation studies between 2000 and 

2005.  Families were initially rated as having low, moderate and high mortality, 

depending on the proportion of seedlings killed by P. lateralis.  However, based on 

cumulative mortality data it was determined that the simple rating scale did not reflect the 

complexities of the resistance reactions observed.  A revised rating based on a 1 to 5 

scale was used to indicate relative resistance, with lower numbers indicating greater 

resistance.  Families with 20% or less seedling mortality were rated as a one, families 

with 21-70% mortality were rated as two and a rating of three designated families with 

71-90% mortality.  A rating of four was used to designate families with greater than 90% 

mortality but were slow to die (greater than 120 days post inoculation) and rating of five 

designated families with greater than 90% mortality that died rapidly (seedlings killed in 

less than 120 days post inoculation).  Families averaged between 57% and 64% mortality 

and between 224 and 277 days survival.  The most susceptible families expressed 100% 

mortality and averaged 93 days survival.  The most resistant families showed 0% 

mortality, but other high resistance families expressed less than 10% mortality and the 

few seedlings that did die averaged 764 days survival.   
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30 families were chosen to represent the range of P. lateralis susceptibility based 

on the 2006 rating system.  Between 9 and 11 families were selected to represent low, 

moderate and high resistance.  The relative rankings of these families may have changed 

slightly when the rating system was revised in 2008.  Both the 2006 and 2008 average 

Phytophthora resistance ratings for each of the 30 families used in the present research 

are shown in Table 4.1.  Many of the families have shown consistent results in successive 

inoculation trials.  Two of the families, 19 and 194 (both involving 117490 as a parent), 

consistently show extremely high resistance in P. lateralis inoculation trials.  Family 205 

is considered to be very susceptible; inoculation trials with this family have resulted in 89 

to 96 % mortality in seven inoculation tests.  Some families such as 189 (33 and 77% 

mortality) and 208 (25 and 94% mortality) gave inconsistent results between trials (R. 

Sniezko, personal communication). 



                                                                                                                                                    26

Table 1.1.  Port-Orford-cedar seedlings used in Seiridium and Stigmina inoculation 
tests and their levels of susceptibility to P. lateralis. 
 

Family 
Cross 
Type Female Parent Male Parent 

2006 
Susceptibility 
Category 

2008 
Susceptibility 
Category 

1 CC PO-117335 PO-117344 L 1 
19 CC PO-117490 PO-117490 L 1 

140 CC PO-DOR-70276 DOR-70020 L 1 
188 CC PO-117335 OP L 2 
189 F1 PO-117341 OP M 2 
190 F1 PO-117343 OP M 3 
192 F1 PO-117488 OP M 2 
194 F1 PO-117490 OP L 1 
195 F1 PO-117498 OP H 3 
197 F1 PO-117500 OP H 2 
199 F1 PO-117503 OP L 2 
200 F1 PO-117647 OP H 5 
203 F1 PO-118051 OP H 4 
205 F1 PO-118463 OP H 5 
206 F1 PO-118562 OP M 2 
207 F1 PO-118567 OP M 2 
208 F1 PO-118573 OP L 3 
213 F1 PO-510041 OP L 2 
214 F1 PO-510042 OP L 3 
215 F1 PO-510044 OP M 3 
218 F1 PO-DOR-70046 OP M 2 
220 F1 PO-DOR-70062 OP H 4 
224 F1 PO-DOR-70079 OP M 2 
226 F1 PO-DOR-70102 OP H 5 
229 F1 PO-DOR-70176 OP M 2 
243 F1 PO-DOR-70070 OP H 5 
376 OP PO-OSU-CF1 OP M 2 
426 OP PO-ELK01-13 OP L 2 
457 OP PO-118457 OP H 5 
654 CC PO-510005 DOR-70553 L 1 
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While the Dorena Genetic Resource Center (DGRC) has identified families of 

Port-Orford-cedar as being resistant to P. lateralis, there is concern that these families 

could be susceptible to cypress canker caused by species of Seiridium and foliage blight 

caused by S. thujina.  Furthermore, because of the relatively small number of individuals 

used to derive resistant families, susceptibility to other diseases could inadvertently be 

propagated in the P. lateralis resistant breeding stock.  Cypress canker and Stigmina 

foliar blight have been identified on Port-Orford-cedar seedlings in the root disease 

resistance breeding program at DGRC (Mallams et al. 2006).   

The first cypress canker outbreak at Dorena occurred in 1996, although the 

pathogen was not identified until 2000 (Mallams et al. 2006).  Infected seedlings had 

been kept outdoors for several weeks.  After the outbreak in 1996, Port-Orford-cedar 

seedlings planted in outdoor raised beds, as well as several large incense cedars and one 

Leyland cypress on the grounds at Dorena were found to be infected in 2000 (Mallams et 

al. 2006).  All symptomatic seedlings in greenhouses were destroyed in late 2000.  A 

small number of new infections have appeared on Port-Orford-cedar seedlings since the 

outbreak in 2000, including seedlings on several plantations in Coos County, Oregon 

(Mallams et al. 2006).  Port-Orford-cedar seedlings showing symptoms of infection by 

Seiridium in the Dorena breeding program are treated with fungicides (Mallams et al. 

2006).     

The USFS Southwest Oregon Forest Insect and Disease Service Center and the 

Oregon Department of Forestry conducted a survey of Port-Orford-cedar plantations in 

2005 in order to understand the current distribution and impact of cypress canker.  A total 
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of 1,765 seedlings were examined in 32 plantations and 32 miles of transects in 1,129 

acres of plantations distributed around Coos County (Mallams et al. 2006).  Cypress 

canker infections were found in only five of the 32 plantations in the survey, all of which 

were within four miles of the coast (Mallams et al. 2006).  Within the five plantations 

cankers were found on only 3% (11 of 394) of the seedlings examined.  It was concluded 

that cypress canker was not widespread in operational plantings of Port-Orford-cedars.  

While this information is reassuring, the relative susceptibility of trees in the 

Phytophthora root disease resistance breeding program to infection by species Seiridium 

was still not known.  It is important to understand the relative susceptibility of high-value 

root disease resistant plant material to infections of Seiridium before plant materials are 

released for widespread use.  Delay in assessing susceptibility of POC families to these 

emerging diseases could result in release of plant material that are prone to damage and 

undesirable to clients.  

  

Stigmina foliar blight at Humboldt common garden study 

 A common garden observational survey was conducted to assess Stigmina foliage 

blight symptoms during April and June, 2008.  The Humboldt common garden planting 

consisted of a range-wide collection of POC families arranged in a randomized 

contiguous block design with 8 blocks in each of 3 separate sets (replicates).  The original 

planting consisted of 298 families per set with four individuals per family for a total of 

9,408 individual trees.  To ensure randomization, two members of each family were 

assigned to each of the two interlocking reps (A and B) within each block.  One of the 
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two family members in each replicate occurred in an even horizontal row and the second 

in an odd numbered horizontal row.  This allowed for two systematic thinnings, the first 

on the diagonal and the second on the horizontal (or vertical), leaving two individuals per 

family per block.  Half of the trees were removed during the 2003 thinning operation.  A 

survey in 2008 found that due to mortality from various causes, only 3,918 of the 4,704 

individuals remained after thinning. 

In this thesis, I describe inoculation methods of Seiridium sp. and Stigmina 

thujina on Port-Orford-cedar and compare the reactions of Port-Orford-cedar seedlings 

with varying degrees of resistance to Phytophthora root disease.  The objectives of this 

study were to assess the variation in POC with respect to symptoms of cypress canker 

and Stigmina foliar blight and to determine whether susceptibility to Stigmina foliar 

blight is correlated with POC family and/or to resistance rating for P. lateralis. These 

objectives were investigated through controlled inoculation of nursery grown seedlings 

with Seiridium sp. and S. thujina cultures, field assessments of disease severity at the 

Humboldt plantation, and exposure of nursery grown seedlings to natural inoculum at a 

field site.  An additional objective of this project was to determine the species of 

Seiridium present in Oregon.  This was determined by examination of morphological 

characteristics of conidia from cankers collected in southwest Oregon and by 

amplification of the ß-tubulin and histone genes and comparing these sequences to those 

of other Seiridium species.  The results of the inoculation studies will affect future 

selections of candidate trees for the root disease resistance breeding program at DGRC.  

This study will also help to establish baseline levels of genetic variation in susceptibility 
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to species of Seiridium and S. thujina.  Ultimately the results will affect the quality of 

root disease resistant plant material used in restoration plantings throughout the native 

range of Port-Orford-cedar and those available to the horticulture industry.  
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Chapter 2 

 
Developing Techniques to Evaluate the Susceptibility of Root Disease Resistant 

Port-Orford-cedar to Infection by Species of Seiridium 
 

Danielle K. H. Martin 
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Introduction 
 

Seiridium species cause a serious canker disease, cypress canker, on members of 

the Cupressaceae, including Port-Orford-cedar (Graniti 1998).  Port-Orford-cedar (POC) 

is also affected by Phytophthora root disease, caused by the exotic pathogen 

Phytophthora lateralis.  However, recent research at the USFS Dorena Genetic Resource 

Center (DGRC) in Cottage Grove, Oregon has identified families with varying degrees of 

heritable resistance to P. lateralis.  Because of the small number of individuals found 

with resistance to P. lateralis there is concern that susceptibility to other diseases in these 

families could jeopardize the success of the Phytophthora root disease resistant 

genotypes.  Determining the potential variation in genetic resistance of Phytophthora root 

disease resistant POC to other pathogens is crucial to the eventual restoration of POC in 

native forests.  This research was designed to evaluate the variation in susceptibility of 

root-disease resistant Port-Orford-cedar to cypress canker.  The results of this study will 

affect future selections of candidate trees for the root disease resistance breeding program 

at DGRC. Ultimately it will affect the quality of root disease resistant plant material used 

in restoration plantings throughout the native range of Port-Orford-cedar and those 

available to the horticulture industry.   

Inoculation screening tests have great potential in forest pathology and forest 

genetics, offering reliable techniques for the study of resistance to pathogens in forest 

trees.  Spanos et al. (2001) used mycelium plugs of Seiridium cultures to inoculate 

Chamaecyparis lawsoniana and several Cupressus species seedlings with isolates of S. 

cardinale, S. cupressi and S. unicorne from Italy, Portugal, and Greece, respectively. 
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Chou (1990) conducted a similar inoculation study in New Zealand with isolates of S. 

cardinale (from Cupressocyparis leylandii) and S. unicorne (from C. macrocarpa) on 

Chaemacyparis lawsoniana, Thuja plicata and several Cupressus species.  Both studies 

demonstrated wide variation in susceptibility of different species of Cupressaceae to 

cypress canker as well as substantial variation within families from controlled crosses.  

While these inoculation trials compared differences in susceptibility of POC and other 

Cupressaceae to disease caused by different species of Seiridium, little work has been 

done to examine genetic variation within the species in susceptibility to cypress canker.  

Effective exploitation of naturally occurring resistance to infection by species of 

Seiridium is essential for confident selection of candidate trees for the root disease 

resistance breeding program at DGRC.  Ultimately it will affect the quality of root 

disease resistant plant material used in restoration plantings throughout the native range 

of Port-Orford-cedar and cultivars available to the horticulture industry. 

Seiridium is a genus of anamorphic fungi connected to the genus Lepteutypa 

(Xylariales; Amphisphaeriaceae) (Nag Raj 1994, Kirk et al. 2008).  Three species of 

Seiridium are known to be associated with cypress canker, including S. cardinale 

(Wagener) Sutton & Gibson, S. unicorne (Cooke & Ellis) Sutton and S. cupressi (Guba) 

Bosew. (Graniti and Frisullo 1990).  Infection by these pathogenic Seiridium species 

causes dieback of host shoots, resulting in loss of form and timber quality, and may result 

in death when the main stem is girdled (Spanos et al. 2001).  Initial symptoms of cypress 

canker include chlorosis of older foliage and dieback of twigs and branches (Urbasch 

1993).  Foliage first appears yellow or red, later becoming brown or reddish-brown.  

http://en.wikipedia.org/wiki/Amphisphaeriaceae
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Cankers form on infected branches and stems, causing bark fissures and copious resin 

flow.  Tree mortality may occur in a relatively short time, depending on location of 

cankers, tree age, susceptibility to phytotoxins and environmental conditions (Graniti 

1998).  Spanos et al. (2001) demonstrated significant variability in resistance of 

Cupressaceae seedlings related to maturation of the bark.  It was found that young bark 

tissue close to the crown is significantly more susceptible to infection by Seiridium than 

the more developed bark near the base of the main stem. 

   

POC and P. lateralis 

Port-Orford cedar is highly susceptible to a root disease caused by the extremely 

virulent, exotic pathogen Phytophthora lateralis (Hansen et al. 2000).  The geographic 

origin of P. lateralis is unknown, but since the 1920s it has been killing POC trees in the 

Pacific Northwest (Hansen et al. 2000).  P. lateralis gradually spread from ornamental 

plantings of POC after its initial introduction near Tacoma, WA, and now occurs 

throughout the natural range of POC in southwestern Oregon and northern California, 

from sea level to 2,100 m elevation (Hansen et al. 2000).  P. lateralis is very aggressive, 

killing hosts rapidly, and has had devastating ecological and economic consequences 

(Goheen et al. 2000).  P. lateralis has greatly affected commercial forest production, 

nurseries, and private landowners.  POC is the most expensive softwood harvested in 

Oregon today; top quality logs are valued at $700 per thousand board feet (Oregon 

Department of Forestry 2008). Commercial forestry’s greatest loss has resulted from the 

death of trees at the lower size limits of merchantability.  Larger trees killed by the P. 
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lateralis are still salvable, but with a reduction of grade and value (Roth et al. 1987).  

Losses caused by P. lateralis have resulted in an almost complete disappearance of POC 

from horticultural nurseries (Hansen et al. 2000).  Residential property owners have had 

to replace expensive POC trees and have suffered loss in property values due to the death 

of trees in their landscapes. 

Aggressive management has been required to slow the spread of this root disease 

disease, by preventing the spread of infested water or soil from infested sites to 

uninfested sites (Hansen et al. 2000).  An important long term objective for controlling 

this disease is the development of resistant POC genotypes and to better understand the 

mechanism(s) of resistance that appear to be present in the native population (Oh et al. 

2006).  Since 1997, the USDA Forest Service Dorena Genetic Resource Center (DGRC) 

in Cottage Grove, Oregon and the USDI Bureau of Land Management in cooperation 

with Oregon State University have conducted an intensive program to identify and test 

resistant POC trees from the field and propagate them in a containerized seed orchard 

with the goal of providing resistant seedlings for forest regeneration (Sniezko 2004).   

In the first stage of the operational resistance program, thousands of wild growing 

candidate trees were selected from high disease areas based on the absence of symptom 

expression (Sniezko 2004).  In the first cycle of selection, branch material from 

unsymptomatic trees was collected for screening in greenhouse trials to identify 

individuals with high resistance (Sniezko 2004).  Branches were inoculated with P. 

lateralis cultures by immersing the bottom two centimeters of a cut portion of the branch 

in a zoospore suspension, and measuring the length of the lesion growth on the sample 
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stem (Sniezko et al. 2001).  To date more than 12,000 trees have been selected and 

screened for disease resistance using the stem dip inoculation method described above 

(Elliot 2005).  The top ten percent of these individuals were subject to a second phase of 

testing known as a root dip test (Oh et al. 2006).  For the root dip test, rooted cuttings 

from selected wild parent trees are immersed in a freshly prepared P. lateralis zoospore 

suspension about 1 cm deep for 24 hours to allow for infection to occur.  After 

inoculation, rooted cuttings are placed back in a greenhouse and monitored for mortality 

for up to three years.  The root dip test is considered a more realistic test of natural 

resistance because infection by zoospores is thought to be the major means of disease 

transmission (Hansen et al. 2000, Oh et al. 2006). To date, approximately 500 rooted 

cuttings have been tested for resistance to P. lateralis with the root dip inoculation 

method of which 210 have shown 50% to 100% survival (Sniezko 2004).  Rooted 

cuttings with less than 50% mortality are considered to show sufficient resistance and are 

placed into a seed orchard and breeding program (Elliot 2005).   

  DGRC began conducting replicated P. lateralis inoculation trials with POC 

families in 1993.  Seedling families were monitored and scored in 2006 based on results 

inoculation studies between 2000 and 2005.  Families were initially rated as having low, 

moderate and high mortality, depending on the proportion of seedlings killed by P. 

lateralis.  However, based on cumulative mortality data it was determined that the simple 

rating scale did not reflect the complexities of the resistance reactions observed.  The 

same 30 families were reclassified in 2008 using a revised rating based on a 1 to 5 scale 

to indicate relative resistance. Families with 20% or less seedling mortality were rated as 
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a one, families with 21-70% mortality as two, and families with 71-90% mortality 

designated as three.  A rating of four was used to designate families with greater than 

90% mortality but slow to die (greater than 120 days post inoculation) and a rating of five 

designated families with greater than 90% mortality that die rapidly (seedlings killed in 

less than 120 days post inoculation).  Of the 30 families in the 1993 inoculation trials, the 

most susceptible families averaged 100% mortality and 93 days survival.  The most 

resistant families showed 0% mortality.  Other highly resistant families expressed less 

than 10% mortality and the few families that died averaged 764 days survival.  Both the 

2006 and 2008 average Phytophthora resistance ratings for each of the 30 families are 

shown in Table 2.1.  Several of the families have shown consistent results in successive 

inoculation trials.  Two of the families 19 and 194 (both involving 490 as a parent) 

consistently show extremely high resistance in P. lateralis inoculation trials.  Family 205 

is considered to be very susceptible; inoculation trials with this family have resulted in 89 

to 96 % mortality in seven inoculation tests.  However, some families such as 189 (33 

and 77% mortality) and 208 (25 and 94% mortality), have been inconsistent in disease 

responses in different trials (R. Sniezko, personal communication). 
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Table 2.1.  Port-Orford-cedar seedlings used in Seiridium inoculation tests and their 
2006 and 2008 ratings levels of susceptibility to P. lateralis (1=low susceptibility). 
 

Family 
Cross 
Type Female Parent Male Parent 

2006 
Susceptibility 
Category 

2008 
Susceptibility 
Category 

1 CC PO-117335 PO-117344 L 1 
19 CC PO-117490 PO-117490 L 1 

140 CC PO-DOR-70276 DOR-70020 L 1 
188 CC PO-117335 OP L 2 
189 F1 PO-117341 OP M 2 
190 F1 PO-117343 OP M 3 
192 F1 PO-117488 OP M 2 
194 F1 PO-117490 OP L 1 
195 F1 PO-117498 OP H 3 
197 F1 PO-117500 OP H 2 
199 F1 PO-117503 OP L 2 
200 F1 PO-117647 OP H 5 
203 F1 PO-118051 OP H 4 
205 F1 PO-118463 OP H 5 
206 F1 PO-118562 OP M 2 
207 F1 PO-118567 OP M 2 
208 F1 PO-118573 OP L 3 
213 F1 PO-510041 OP L 2 
214 F1 PO-510042 OP L 3 
215 F1 PO-510044 OP M 3 
218 F1 PO-DOR-70046 OP M 2 
220 F1 PO-DOR-70062 OP H 4 
224 F1 PO-DOR-70079 OP M 2 
226 F1 PO-DOR-70102 OP H 5 
229 F1 PO-DOR-70176 OP M 2 
243 F1 PO-DOR-70070 OP H 5 
376 OP PO-OSU-CF1 OP M 2 
426 OP PO-ELK01-13 OP L 2 
457 OP PO-118457 OP H 5 
654 CC PO-510005 DOR-70553 L 1 
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While the Dorena Genetic Resource Center (DGRC) has identified families of 

Port-Orford cedar with resistance to Phytophthora lateralis, there is concern that some of 

these families could be susceptible to cypress canker caused by species of Seiridium.  

Furthermore, because of the relatively small number of individuals used to derive P. 

lateralis resistant families, susceptibility to other diseases could inadvertently be 

propagated in the P. lateralis resistant breeding stock.   

Infection by species of Seiridium was first detected in Oregon on Port-Orford-

cedar seedlings at DGRC in the root disease resistance breeding program in 2000 

(Mallams et al. 2006).  The DGRC conducted a survey of Port-Orford-cedar plantations 

in 2005 in order to understand the current distribution and impact of cypress canker.  A 

total of 1,765 seedlings were examined in 32 plantations and 32 miles of transects in 

1,129 acres of plantations distributed around Coos County (Mallams et al. 2006).  

Cypress canker infections were found in only five of the 32 plantations in the survey, all 

of which were within four miles of the coast (Mallams et al. 2006).  Within the five 

plantations cankers were found on only 3% (11 of 394) of the seedlings examined.  It was 

concluded that cypress canker was not widespread in operational plantings of Port-

Orford-cedar.  While this information was reassuring, the relative susceptibility of trees 

in the Phytophthora root disease resistance breeding program to infection by species 

Seiridium was still not known.  It is important to understand the relative susceptibility of 

high-value root disease resistant plant material to infections of Seiridium before plant 

materials are released for widespread use.  Delay in assessing susceptibility of POC 
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families to these emerging diseases could result in release of plant material that is prone 

to damage and undesirable to clients.  

This study was undertaken to determine whether there is genetic variation in Port-

Orford-cedar with respect to susceptibility to cypress canker caused by species of 

Seiridium and whether susceptibility to this pathogen is related to resistance rating for P. 

lateralis root disease.  The objectives of this study were to develop procedures for 

culturing the pathogens, produce viable spores, successfully inoculate root disease 

resistant and susceptible Port-Orford-cedar seedlings, and quantify and compare disease 

development. 

   

Materials and Methods  
 

Plant material   

 1,200 Port-Orford-cedar seedlings from 30 families with differing degrees of 

Phytophthora root disease resistance were inoculated with Seiridium sp. (Table 2.1).  

Between 9 and 11 families were chosen from the low, moderate and high (2006) P. 

lateralis root disease rating levels.  Seedlings were obtained from the USFS J. Herbert 

Stone Nursery in Central Point, Oregon grown from seed provided by the DGRC.  

Seedlings were maintained in individual containers (Ray Leach SC 10 Super Cell® 

transplanted to D-40 cells) (Stuwe and Sons, Tangent, OR) with support trays.  Seedlings 

were inoculated in separate sets consisting of seven to ten randomly chosen families.  

Five treated and two control seedlings per family were included in every inoculation set.  



                                                                                                                                                    41

Treated and control seedlings were inoculated with Seiridium agar plugs or sterile 2% 

malt agar plugs, respectively, in random order and placed in support trays.  Support trays 

consisted of groups of 20 seedlings each, which were indiscriminately arranged in a 

greenhouse for incubation.  

 

Fungal isolates   

 Susceptibility to Seiridium sp. was tested by mycelial plug inoculation.  The 

Seiridium isolate used in the inoculation test was obtained from Seiridium spore masses 

extruded from acervuli present in POC branch cankers from DGRC.  If fructifications 

were not present, sporulation was encouraged by incubation in a humid environment.  A 

single isolate of Seiridium sp. obtained from DGRC was used for each inoculation set of 

POC seedlings (described below).  Cultures were grown on 2% malt agar (Difco®, 

Detroit, MI) and transferred every two weeks.  Isolates were used for inoculations at 

between 14 to 20 days after transfer to fresh media.  A scalpel was used to trim the small 

branches from a short length of the stem on each seedling about 15 cm above soil level.  

A short (about 1 cm),  inverted  ‘v’-shaped  oblique  cut was made and  a  small (~2mm) 

plug of  agar  culture from a growing  Seiridum colony was  inserted, fungal mat surface 

inward, in contact with freshly exposed cambium.  The flap of cut tissue was replaced, 

enclosing the inoculum, and bound with parafilm® tape (Figure 2.1A).  Control seedlings 

were treated similarly except that a sterile 2% malt agar plug was used instead of a 
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Seiridium culture.  The scalpel blade was sterilized with alcohol and flamed each time 

changes were made between plates of isolates or control.   

 

 
 

A B

 
Figure 2.1.  A. Port-Orford-cedar seedling inoculated with Seridium agar plug and 
closed with parafilm®.  B.  Canker development post inoculation. 
 

Experimental design   

 Forty seedlings from each POC family (1200 seedlings total) were inoculated 

between March and June of 2007.  The experimental design consisted of 17  inoculation 

sets in which 10 to 15 randomly selected families were inoculated within a 48 hr time 

period.  In each set, 5 individuals of each family were inoculated with Seiridium plugs 
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and 2 individuals of each family were inoculated with a sterile control plug for a total of 

7 seedlings per family per inoculation set.  All treated seedlings were inoculated with t

same isolate. Although all seedlings were grown under the same conditions and were 

inoculated at the same age, seedlings varied in size at the time of inoculation.  Because 

stem diameter could be a factor related to susceptibility, seedling diameter was measure

just above soil level at the time of inoculation and recorded.  Inoculated seedlings w

incubated in a greenhouse at 21 to 

he 

d 

ere 

24˚C  and monitored and rated on a monthly basis 

cording to the following scale:  

lthy  

e 

  All or most foliage dead and brown  

ar 

d 

 of the 

.2.  

ac

  

 0 No disease-foliage fully green and hea

 1 Low or slight amount of dead foliag

 2 Moderate amount of dead foliage  

3

 

The seedlings were monitored for symptom development monthly for one ye

after inoculation.  In the first few months following inoculation a wide variation in 

seedling symptoms was apparent.  Variation in initial symptom severity was recorde

based on the symptom severity scale.  However, by 12 months post inoculation all 

initially symptomatic seedlings were dead.  Therefore mortality was used instead

rating scale as the response variable (0=live, 1= dead) in the final data analysis.  

Photographs of seedlings representing each disease rating class are shown in Figure 2



                                                                                                                                                    44

Slides w

 

position 

05, 
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initial root disease ratings from 2006 and the revised ratings from 2008.  Graphs were 

created with Microsoft® Excel 2002.   

ere made from fungal fruiting bodies on seedlings where they occurred and 

examined microscopically to confirm presence of Seiridium.   

A multifactor ANOVA (S-plus 7.0 for Windows, © 2005, Insightful corp.) was 

used to determine the effect of family on mortality.  Inoculation set (i.e. the group of

seedlings inoculated during a single 48 hour period) and seedling diameter were assigned 

as random effects, and family was designated as a fixed effect.  It was necessary to 

include set in the model because of the differences in inoculation date and in com

of families included in each set.  A one way ANOVA (S-plus 7.0 for Windows, © 20

Insightful corp.) was used to test for the correlation between mortality caused by 

Seiridium and Phytophthora root disease rating.  Because relative Phytophthora root 

ratings were revised by the DGRC in e
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Figure 2.2. Photographs of seedlings in each Seiridium disease rating class.  1. No 
disease-foliage fully green and healthy.  2. Low amount of dead foliage.  3. Moderate 
amount of dead foliage.  4. All or most foliage dead and brown. 

43

1 2

 



                                                                                                                                                    46

Results 
 
Seedlings began showing symptoms of infection within two months of inoculation.  

Symptoms began as slight chlorosis of foliage above the site of inoculation and gradually 

progressed over several months to a darker browning of foliage.  Seedling mortality 

began to occur within four months of inoculation and steadily increased in frequency 

over several months.  No mortality was observed for the control seedlings.  After one 

year post inoculation about 71 % mortality was recorded for the inoculated seedlings.  

Cankers developed on a number of seedlings close to the site of inoculation (Figure 2.1 

B).   In the first few months following inoculation a wide variation in seedling symptoms 

was apparent.  Variation in initial symptom severity was recorded based on the symptom 

severity scale.  However, because by 12 months post inoculation all initially symptomatic 

seedlings were dead, mortality was used instead of the rating scale as the response 

variable (0=live, 1= dead) in the final data analysis.  

A mulifactor ANOVA showed a significant effect of inoculation group (set), 

family and initial diameter on seedling mortality (p < 0.01) (Table 2.2).  Average 

between-family mortality ranged from 46 to 90% with a grand mean mortality of 52%.  

Graphs of the average Seiridium disease rating of the Port-Orford-cedar families are 

shown in Figures 2.3 and 2.4.  Figure 2.3 shows the Phytophthora root disease ratings 

from the original 2006 data while Figure 2.4 shows ratings from 2008 data.  The diameter 

of seedlings varied significantly between and within families and was correlated with 

disease severity (p < 0.05).  Average between family seedling diameter ranged from 4.64 

to 6.87 cm.  Smaller seedling diameter at the time of inoculation was positively correlated 
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with mortality.  Table 2.3 shows the average diameter, average Seiridium mortality and 

2006 and 2008 P. lateralis disease ratings for families of POC inoculated with agar plugs 

of Seiridium cultures.  

Table 2.2.  Results of a multifactor ANOVA comparing effects of set, family and 
diameter on Seiridium mortality. 
 
Source Sum of Squares Df Mean Square F-Ratio P 
Set 14.9508 16 0.9344 5.32 0.0001 
Family 14.9508 29 0.4928 2.8 0.0010 
Diameter 16.3709 7 0.2728 1.55 0.0055 
Residual 153.4451 926 0.1757   
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Table 2.3.  POC family, mean diameter, mean Seiridium mortality and 2006 and 
2008 Phytophthora root disease ratings (1 = low susceptibility) for POC families 
inoculated with Seiridium agar plugs. 
 

Family 

Average 
seedling 
diameter 

Average 
mortality 

2006 
Susceptibility 

Category 

2008 
Susceptibility 

Category 
1 5.70 0.729 L 1 

19 6.14 0.728 L 1 
140 4.83 0.629 L 1 
188 6.03 0.704 L 2 
189 6.69 0.592 M 2 

190 5.87 0.705 M 3 
192 5.03 0.860 M 2 

194 6.87 0.606 L 1 

195 4.64 0.796 H 3 
197 6.00 0.772 H 2 
199 5.44 0.782 L 2 
200 5.14 0.865 H 5 

203 5.93 0.457 H 4 
205 6.24 0.829 H 5 
206 5.97 0.878 M 2 
207 5.23 0.868 M 2 
208 6.16 0.812 L 3 
213 5.84 0.714 L 2 
214 6.00 0.648 L 3 
215 6.24 0.496 M 3 
218 5.62 0.799 M 2 
220 6.48 0.640 H 4 
224 5.22 0.761 M 2 
226 6.03 0.713 H 5 
229 6.03 0.715 M 2 
243 4.89 0.890 H 5 
376 5.57 0.477 M 2 
426 5.86 0.572 L 2 
457 6.21 0.654 H 5 
654 6.23 0.694 L 1 
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Figure 2.3.  Mean Seiridium mortality for Port-Orford-cedar seedlings with varying 
levels of resistance to Phytophthora lateralis root disease.  Root disease ratings are 
from 2006 data.  Homogeneous groups are indicated by horizontal colored lines (p < 
0.05).  Vertical black lines are SE.  P. lateralis root disease rating for each family is 
represented by colored bars.  Ratings range from low susceptibility to high 
susceptibility.      
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Figure 2.4.  Mean Seiridium mortality for Port-Orford-cedar seedlings with varying 
levels of resistance to Phytophthora root disease.  Root disease ratings are from 2008 
data Homogeneous groups are indicated by horizontal colored lines (p = 0.05).  
Vertical black lines are SE.  P. lateralis root disease rating for each family is 
represented by colored bars.  Root disease ratings range for 1 (low susceptibility) to 
5 (high susceptibility).    
 

 



                                                                                                                                                    50

Statistical analysis with one-way ANOVA found no correlation between Port-

Orford-cedar mortality due to infection by Seiridium and resistance to P. lateralis using 

either the 2006 or the 2008 rating scales (p = 0.710 and 0.377, respectively).  Table 2.4 

shows the results of a one way ANOVA for the correlation between 2006 P. lateralis root 

disease rating and average Seiridium mortality.  Table 2.5 shows the results of a one way 

ANOVA for the relationship between the 2008 Phytophthora root disease rating and 

Seiridium mortality. 

Table 2.4.  Results of ANOVA comparing 2006 P. lateralis root disease rating and 
mean Seiridium mortality.  No correlation between resistance of Port-Orford-cedar 
to infection by Seiridium and resistance to Phytophthora lateralis was found (p = 
0.710).   
 
Source Sum of Squares Df Mean Square F-Ratio P 
Between groups 0.139563 2 0.0697813 0.34 0.7102 
Within groups 198.919 976 0.20381   
Total (Corr.) 199.058 978    
 
 
Table 2.5.  Results of ANOVA comparing 2008 P. lateralis root disease rating and 
mean Seiridium mortality.  No correlation between resistance of Port-Orford-cedar 
to infection by Seiridium and resistance to Phytophthora lateralis was found (p = 
0.377).   
 
Analysis of Variance 
Source Sum of Squares Df Mean Square F-Ratio P 
Model 0.159202 1 0.159202 0.78 0.3765 
Residual 198.899 977 0.203581   
Total (Corr.) 199.058 978    
 
 
Discussion 
 

Since around 1923 Port-Orford-cedar (POC) in the Pacific Northwest has been 

affected by Phytophthora root disease caused by the introduced pathogen Phytophthora 

lateralis.  POC is also affected by various other native and nonnative pathogens, 



                                                                                                                                                    51

including cypress canker caused by species of Seiridium.  Because susceptibility to 

pathogens other than P. lateralis could compromise the success of deploying root disease 

resistant POC operationally, determining the potential variation in genetic resistance of 

root-disease resistant Port-Orford-cedar to other pathogens is essential for successful 

management and restoration of POC in areas infested by P. lateralis.  This research was 

designed to develop techniques for evaluating the variation in susceptibility of POC 

families to cypress canker, and for comparing the severity of cypress canker symptoms in 

relation to root disease resistance.    

In order to test the susceptibility of POC seedlings to P. lateralis, DGRC began 

testing Phytophthora root rot resistant seedlings from controlled crosses in 1993.  

Families were monitored for mortality and were initially rated as having low, moderate or 

high mortality.  Data from more recent trials revealed that this rating scale did not reflect 

the complexities of the resistance reactions observed.  In particular, seedlings that 

appeared to have initially survived inoculation with P. lateralis eventually were killed, 

but mortality occurred much later than for most seedlings.  Furthermore, the “slow 

dying” phenotype appeared to be found in certain families and so could be a heritable 

type of resistance (R. Sniezko, personal communication).  A long term goal of the POC 

resistance breeding program is to develop durable multigenic resistance, and the slow 

dying phenotype might prove to be a useful trait in multigenic resistance.  Therefore the 

Phytophthora disease rating scale was revised in 2008 to indicate relative resistance as 

well as the relative duration of survival after inoculation.  
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With some exceptions, most families maintained a similar level of resistance 

between the 2006 and 2008 rating scales.  There was no significant correlation between 

either the 2006 or 2008 POC root disease ratings and Seiridium mortality.  However, data 

from the Seiridium inoculations suggest that some families may be better sources of POC 

root disease resistance and others may provide better sources of cypress canker 

resistance.  Family 203 had high mortality in both rating systems but had the lowest 

Seiridium mortality.  Families 376 and 215 had moderate POC root disease resistance 

(2006) ratings and had low Seiridium mortality.  Families 197 and 206 were rated as 

highly POC root disease resistant in the 2008 rating (moderate in 2006), but were among 

the families with highest mortality from Seiridium.    

This research has provided evidence for the existence of genetic variation in Port-

Orford-cedar with respect to susceptibility to cypress canker caused by species of 

Seiridium.  A number of families inoculated with Seiridium, including: 203, 376 and 215 

exhibited relatively low mortality (less than 50%).  Families 192, 200, 207, 207, 206 and 

243 exhibited high mortality (greater than 80%).  None of the families tested was 

completely resistant (immune), although a more natural and less invasive inoculation 

procedure, such as conidial inoculation, might show greater levels of native resistance.  

Average mortality across families varied continuously, suggesting that cypress canker 

resistance in Port-Orford-cedar is a form of quantitative, polygenic resistance (Young 

1996).  

No correlation was found between susceptibility to Phytophthora root disease in 

POC trees in the root disease breeding program to mortality caused by Seiridium.  
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However, some families with high susceptibility to Phytophthora root disease also 

showed high mortality due to Seiridium.  Families 243, 200 and 205 were found to be 

highly susceptible to infection by P. lateralis with both the 2006 and 2008 rating levels 

and were also found to have high levels of mortality by Seiridium.  While additional trials 

are necessary to fully understand the resistance of POC families to infection by 

Seiridium, it is recommended that susceptibility to Seiridium should be considered in the 

long term strategy of developing Phytophthora root disease resistant planting stock for 

reforestation of areas affected by P. lateralis.  Families 19 and 194 are both offspring of 

family 117490, which has consistently shown high resistance to P. lateralis in inoculation 

trials.  However, both of these families showed high susceptibility to disease caused by 

Seiridium (greater than 50% average mortality).  On the other hand, some families with 

lower P. lateralis ratings also displayed lower cyress canker susceptibility.  Family 376 

showed an average of less than 50% Seiridium mortality and a P. lateralis rating of 2 (21-

70% mortality).  Families 426 and 189 exhibited an average of less than 60% Seiridium 

mortality and a P. lateralis rating of 2.   

The species of Seiridium used in this inoculation study was initially identified 

based on the morphological characteristics to be S. cardinale.  However, subsequent 

molecular studies suggest that it is more closely related to S. unicorne or possibly is an 

undescribed species.  Therefore, the name used for the Seiridium isolate used for 

inoculations in this study is Seiridium sp.  The lack of agreement between morphological 

characters and phylogenetic analysis suggests that there may be greater variation in the 

morphological characters of S. unicorne than previously recognized, or that the Seiridium 
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species occurring on POC in Oregon represents a hitherto unrecognized species.  

Previously reported analyses of pathogenic Seiridium species did not include isolates 

from North America, which appear to be more variable than isolates from Europe, New 

Zealand and Africa.  The results of this study indicate that further analyses of Seiridium 

isolates from North America, including additional putative specimens from C. 

macrocarpa are needed to resolve this question.  

Several limitations or problems were encountered during this research.  Due to 

time constraints and a limited number of seedlings, only one Seiridium isolate was used 

for all inoculations in order to produce a sufficient number of replicates for each family.  

It is likely that Seiridium isolates from various locations or hosts differ in virulence to 

POC.  Therefore the results presented here are necessarily a preliminary assessment of 

the variation in POC families to cypress canker.  The objective of the research was not 

primarily to characterize cypress canker susceptibility for specific POC families, but 

rather to estimate the range of variation in POC families in the Phytophthora root disease 

resistance breeding program with respect to susceptibility to cypress canker.  A single 

isolate of Seiridium sp. isolated from Port-Orford-cedar was sufficient for this objective.  

A second phase of inoculation trials using selected families and multiple Seiridium 

isolates would help increase confidence in levels of POC resistance.  

 An additional confounding factor was the variation in seedling diameter at time 

of inoculation.  All seedlings were produced under the same conditions and all families in 

an inoculation set were of the same age at the time of inoculation.  However, seedlings 

provided by the USFS J Herbert Stone Nursery varied in size, and certain families were 
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larger than others either due to genetic factors or small differences in growing conditions 

in the nursery.  If seedlings had been grown to a uniform size, rather than inoculated at 

the same age, the complication of seedling size on mortality could have been reduced.  

The differences in diameters between and within families affected mortality.  Families or 

individual seedlings with smaller diameters at time of inoculation had greater mortality 

than families or seedlings of larger diameters.  While differences in seedling diameter 

were accounted for in the statistical analysis, susceptibility rankings may have been 

influenced for families having consistently smaller seedling diameters.   

Average seedling mortality differed significantly between inoculation groups 

(set).  Several factors may have contributed to differences in mortality between 

inoculation groups.  A fairly consistent trend was observed where seedlings inoculated 

earlier in the season (March and April) expressed lower average mortality than seedlings 

inoculated later in the season (June).  It is possible that conditions may have been more 

conducive to disease during the later, warmer months.  Efforts were made to keep 

greenhouse temperatures between 21 to 24˚C.  However, temperatures may have 

exceeded the upper limit during warmer months.  Other researchers have reported that 

species of Seiridium are more active at warmer temperatures (Graniti 1998 and Hood 

2008, personal communication).  While further testing is needed to determine whether or 

not incubation temperature is a significant issue, it is advised that future inoculation tests 

be undertaken during warmer times of the year.   

Additional factors may have also influenced differences in mortality between sets.  

Personnel inoculating seedlings varied between inoculation sets.  While staff were trained 
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and supervised, it is possible that slight variations in inoculation methods may have 

influenced differences in mortality between sets.  In addition, because of time constraints 

not all families were included in every set.  Although the families included in each set 

were chosen randomly, it is possible that by chance a group of more susceptible families 

could have been included in the same set.   

Artificial inoculation of Cupressaceae seedlings by agar plug is a common 

method of testing for resistance to cypress canker caused by Seiridium.  However, 

inoculation trials more similar to natural pathogenic processes may better predict how 

families would react in the field.  It is believed that Seiridium spores are spread by 

insects, wind, rain, and possibly birds.  Research suggests that wounds may not be 

required for infection to occur, and susceptibility may therefore depend in part on the 

degree to which the host is able to resist direct infection.  Spanos et al. (1997) 

demonstrated the ability of Seiridium hyphae to penetrate through stomata and directly 

through the cuticle in micropropagated cypress shoots.  Therefore, a different method of 

inoculation may present a better representation of how POC seedlings would respond to 

infection in a natural situation.  Inoculation by aerosol spray of Seiridium conidia or by 

placing seedlings under infected trees during times of sporulation may better mimic 

infection processes that occur naturally and could provide a more realistic estimate of the 

variation in susceptibility to cypress canker in Port-Orford-cedar.   

Port-Orford-cedar is an ecologically and economically important tree species.  

While genetic resistance of POC to infection by P. lateralis has been demonstrated, it is 

important to understand the relative susceptibility of high-value root disease resistant 
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plant material to infections of Seiridium before plant materials are released for 

widespread use.  Delay in assessing susceptibility of POC families to these emerging 

diseases could result in release of plant material prone to damage and undesirable to 

clients.  This research has shown that there is genetic variability in resistance of P. 

lateralis resistant POC to infection by Seiridium.  While additional studies are necessary 

to fully understand the susceptibility of P. lateralis root resistance POC to infection by 

Seiridium, this work is a first attempt to understand the relationship.  These results will 

affect the process by which candidate trees are selected for the root disease resistant 

breeding program at DGRC. Ultimately it will affect the quality of root disease resistant 

plant material used in restoration plantings throughout the native range of Port-Orford-

cedar and those available to the horticulture industry.   
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Introduction 

Port-Orford-cedar (Chamaecyparis lawsoniana (A. Murray) Parl.) is one of 

several Cupressaceae species affected by cypress canker disease, caused by species of 

Seiridium.  Three species of Seiridium are reported to be associated with cypress canker: 

S. cardinale (Wagener) Sutton & Gibson, S. unicorne (Cooke & Ellis) Sutton, and S. 

cupressi (Guba) Bosew (Graniti and Frisullo 1990).  Because the three species vary with 

respect to virulence and ecological characteristics, the ability to distinguish between 

species of Seiridium that are present in an area can provide necessary information for 

disease management.  This research was undertaken to determine the species of Seiridium 

associated with cypress canker symptoms in Port-Orford-cedar trees, and other 

Cupressaceae, in southwest Oregon.  The identity of Seiridium species present was 

determined based on both morphological characteristics and comparisons of DNA 

sequences of partial ß-tubulin and histone gene regions.   

Seiridium is a genus of anamorphic fungi connected to the genus Lepteutypa 

(Xylariales; Amphisphaeriaceae) Nag Raj 1994, Kirk et al. 2001). Three species of 

Seiridium are known to be associated with cypress canker (Graniti and Frisullo 1990).  

However, the taxonomy of the species has been the subject of considerable debate.  There 

has been some dispute as to whether S. unicorne and S. cupressi are separate species 

(Chou 1989).  The three species of Seiridium pathogenic to Cupressaceae have been 

differentiated by some authors on the basis of the presence or absence of conidial 

appendages, and the angle of these structures relative to the main axis of the conidia 

(Bosewinkel 1983). However, the utility of these characters as a reliable character for 

http://en.wikipedia.org/wiki/Amphisphaeriaceae
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distinguishing separate species has been questioned (Barnes et al. 2001).  Efforts to 

differentiate species on the basis of ribosomal DNA sequence data (ITS1, ITS2, and 5.8S 

regions) failed to distinguish among species (Barnes et al. 2001, Krokene et al. 2004). 

Barnes et al. (2001) demonstrated differences between species of Seiridium by analysis 

of histone and partial ß-tubulin sequences of fourteen isolates of Seiridium species.  ß-

tubulin is a protein-encoding gene with both variable and highly conserved regions and 

has been extensively used in phylogenetic analyses of fungi (Barnes et al. 2001 and 

Krokene et al. 2004).  This work provided strong evidence that three distinct species of 

Seiridium are associated with cypress canker (Barnes et al. 2001).  Seiridium spp. 

analyzed by Barnes et al. (2001) were obtained from diseased Cupressaceae from Italy, 

Greece, Portugal, Chile, South Africa, New Zealand, and Australia, but did not include 

any isolates from western North America or from C. lawsoniana. This study was 

undertaken to determine the species of Seiridium associated with cypress canker of Port-

Orford-cedar in southwest Oregon. 

 

Materials and Methods 

In order to assess the diversity of Seiridium species present on Port-Orford-cedar 

in Oregon, preliminary identification of species sporulating on cankers was made directly 

on the basis of morphological characteristics.  Seiridium isolates were obtained by 

transfer of conidia from sporulating cankers to 2% malt agar (Difco, Detroit, MI) and 

used for comparisons of ß-tubulin and histone sequences.  Cankers were collected from 

C. lawsoniana trees in various locations throughout southwest Oregon (Table 3.1).  To 



                                                                                                                                                    61

examine spore morphology, Seiridium conidial masses were collected from acervuli 

present on branch cankers.  Conidia were examined, measured and photographed with the 

aid of a compound microscope (Zeiss® Axioskop II) and Leica® digital camera and 

processed with digital camera softwear (Leica Microsystems).    

The sequences used for comparison with Oregon isolates were obtained from 

GenBank and represented S. cardinale, S. unicorne, S. cupressi, S. eucalypti and S. 

papillatum (Table 3.1).  S. papillatum was included to represent the outgroup.  S. 

eucalypti was included in the analysis because it is very similar in both pathology and 

morphology to S. unicorne and probably represents a synonym of the latter fungus 

(Barnes et al. 2001).  Phylogenetic analysis was conducted by alignment with and 

comparison of ß-tubulin and histone sequences of Seiridium isolates collected in 

southwest Oregon with sequences from GenBank. Seiridium isolates collected in Oregon 

were sequenced at Oregon State University.   
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Table 3.1.  Seiridium isolates for which ß-tubulin and histone sequence data were 
compared.  Data from last 14 isolates from Barnes et al.  (2001).   
 

Sample name Host Location Collector 
GeneBank 
Accession  

DGRC1 C. lawsoniana Cottage Grove, Oregon K. Mallams N/A 
DGRC2 C. lawsoniana Cottage Grove, Oregon K. Mallams N/A 
Leyland cypress C. leylandii Cottage Grove, Oregon J. Stone N/A 

WRC Battle Axe T. plicata  
Douglas County, 
Oregon J. Stone N/A 

POC Battle Axe C. lawsoniana 
Douglas County, 
Oregon D. Martin N/A 

CCF C. lawsoniana Coos County, Oregon D. Martin N/A 
Dixson C. lawsoniana Coos County, Oregon J. Stone N/A 
Podo C. lawsoniana Curry County, Oregon J. Stone N/A 
S. cardinale C. sempervirens New Zealand H. Boesewinkel AF320499 
    AF320500 
S. cardinale Cupressus sp. Italy A. Graniti AF320497 
    AF320498 
S. cardinale Cupressus sp. Italy A. Graniti AF320501 
    AF320502 
S. cardinale Cupressus sp. Chile M. Wingfield AF320503 
    AF320504 
S. cupressi C. japonica New Zealand H. Boesewinkel AF320493 
    AF320494 
S. unicorne Cupressus sp. Portugal A. Graniti AF320483 
    AF320484 
S. unicorne Cupressus sp. Portugal A. Graniti AF320481 
    AF320482 
S. cupressi C. macrocarpa New Zealand S. Chou AF320487 
    AF320488 
S. unicorne C. lusitanica South Africa M. Wingfield AF320485 
    AF320486 
S. cupressi C. leylandii New Zealand H. Boesewinkel AF320489 
    AF320490 
S. cupressi Cupressus sp. Greece A. Graniti AF320491 
    AF320492 
S. cupressi C. sempervirens South Africa I. Barnes AF320495 
    AF320496 
S. papillatum E. delegatensis Australia Z. Q. Yuan  AF320507 
    AF320508 
S. eucalypti E. delegatensis Australia Z. Q. Yuan  AF320505 
        AF320506 
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Isolation and DNA extraction 

Isolates from cankers were obtained by transfer of conidia from Seiridium spore 

masses from acervuli present on POC branch cankers to 2% malt agar.   A 2 mm diameter 

plug was taken from the actively growing margin of the colony and used for genomic 

DNA extraction as described in Winton and Hansen (2001).  The mycelial plug was 

placed into 2 ml microfuge tubes with two 5 mm glass beads, frozen in liquid nitrogen, 

and pulverized in a Mini-Beadbeater (Biospec Products, Bartlesville, OK, USA) for 30 s 

at 4200 r.p.m. After pulverization, the samples were incubated in CTAB extraction buffer 

(2% (w/v) CTAB (cetyltrimethylammonium bromide), 100 mM Tris, pH 8.0, 20 mM 

Na2EDTA pH 8, 1.4 M NaCl, 1% (w/v) polyvinylpolypyrrolidone, 0.1% (v/v) 2-

mercaptoethanol) at 65°C for 30 min. The DNA was purified in 24 : 1 chloroform: 

isoamyl alcohol and precipitated from the aqueous phase by the addition of isopropanol. 

After centrifugation, the DNA pellet was washed in 70% ethanol and resuspended in TE 

(5 mM Tris, pH 8.0, 0.5 mM Na2EDTA).  

 

Polymerase chain reaction (PCR) amplification 

PCR was performed similar to the procedure of Krokene et al. (2004). The ß-

tubulin gene was amplified using the forward primer BT2a and the reverse primer Bt1b.  

The histone gene fragment was amplified with forward primer H3-1a and reverse primer 

H3-1b.  PCR was performed 50 µL reactions mixtures consisting of DNA template (2 

µL), 1 X RedTaq PCR reaction buffer (10mM Tris-HCl, pH 8,3; 50 mM KCl,; 1.5 mM 

MgCl2; Sigma), 0.2µM of each primer, 200 nM of dNTP,  and 0.5 Units of RedTaq DNA 
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polymerase (Sigma).  Samples were denatured at 96˚C for 2 minutes followed by 40 

cycles with 30 seconds at 94˚, 40 seconds at 55˚C and 45 seconds at 72˚C.  A final step of 

10 minutes at 72˚C was performed to ensure complete elongation of the fragments.  An 

extra 5 second extension period per cycle was added after the first 10 cycles.  After 

amplification, PCR products were separated on 1.5% agarose gel stained with ethidium 

bromide.  Unpurified PCR amplicons were digested with endonuclease HAE III in 20 mL 

reaction mixtures consisting of PCR product, restriction enzyme (5 units), 2 mL 10 3 

SuRE/Cut Buffer M, and 7.5 ml water. Reaction mixtures were then incubated overnight 

at 37˚C, and RFLP bands were visualized on 3% agarose gels.   

 

Phylogenetic analysis 

Phylogenetic analysis was conducted as described in Barnes et al. (2001).  

Sequence data obtained for 14 Seiridium species from GenBank were included for 

comparison with Oregon isolates. Isolates and taxa used in the phylogenetic analysis are 

listed in Table 3.1.  The two regions of the sequenced ß-tubulin gene and the region 

sequenced of the histone H3 gene were combined in the analysis.  Sequences were 

aligned with Clustal W (Thompson et al. 1994) and adjusted after visual examination.  ß-

tubulin and histone gene sequences were analyzed using the Phylogenetic Analysis Using 

Parsimony (PAUP) 4.0 software package (Swofford 2002).  Parsimony analyses were 

carried out using the heuristic search option with tree bisection reconnection (TBR) as the 

swapping algorithm and 100 random stepwise additions in PAUP.  All characters were 

given equal weight and missing data were treated as a fifth character (new state).  The 
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saving of multiple equally parsimonious trees (MULPAR) effect was incorporated and 

branches were collapsed if they equaled zero.  Initial maximum tree setting was 268,800. 

Confidence levels of branching points were determined using 1,000 bootstrap replicates.  

S. papillatum (CRM 5302) was used as the outgroup.   

 

Results   

Morphological characteristics of all specimens of Seiridium obtained from 

cankers of Port-Orford-cedar from Oregon were similar, and agreed most closely with 

published descriptions of S. cardinale. Acervular conidiomata from Port-Orford-cedar 

cankers were roughly circular, 250 to ~400 μm diam.  Conidia were mostly straight or 

very slightly curved, five-septate (six-celled) with four thick walled median cells and thin 

walled apical and basal cells.  Appendages > 2 μm, characteristic of S. unicorne, were 

lacking from both apical and basal cells of all the Oregon Port-Orford-cedar specimens.  

Conidia examined ranged between 26.3 to 31.8 µm long and 8.3 to 10.9 µm wide (Figure 

3.1).  
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20 µm 

Figure 3.1.  Representative Seiridium conidium from canker on Port-Orford-cedar.  
Conidium dimensions are 27.5 µm x 8.4 µm.     
Figure 3.1.  Representative Seiridium conidium from canker on Port-Orford-cedar.  
Conidium dimensions are 27.5 µm x 8.4 µm.     
      

Phylogenetic analysis Phylogenetic analysis 

Sequencing of ß-tubulin 1 and 2 PCR products using forward and reverse primers 

produced sequences of approximately 440 and 397 bp long, respectively.  Approximately 

414 bp were sequenced using primers H3-1a and H3-1b.  After alignment in Bioedit with 

additional Seiridium species, the individual data sets consisted of 424 and 345 bp for the 

ß-tubulin gene regions, respectively, and 386 bp for the histone gene region. A total of 

1,236 characters were used in the phylogenetic analysis with 1,032 constant, 89 

parsimony informative, and 115 parsimony uninformative.  Two most parsimonious trees 

were generated after a heuristic search.  These trees had comparable topographies but 

differed in branch lengths.  The tree chosen for presentation (Figure 3.2) had a length of 

271 steps, consistency index of 0.8044, and a retention index of 0.8753.        

Sequencing of ß-tubulin 1 and 2 PCR products using forward and reverse primers 

produced sequences of approximately 440 and 397 bp long, respectively.  Approximately 

414 bp were sequenced using primers H3-1a and H3-1b.  After alignment in Bioedit with 

additional Seiridium species, the individual data sets consisted of 424 and 345 bp for the 

ß-tubulin gene regions, respectively, and 386 bp for the histone gene region. A total of 

1,236 characters were used in the phylogenetic analysis with 1,032 constant, 89 

parsimony informative, and 115 parsimony uninformative.  Two most parsimonious trees 

were generated after a heuristic search.  These trees had comparable topographies but 

differed in branch lengths.  The tree chosen for presentation (Figure 3.2) had a length of 

271 steps, consistency index of 0.8044, and a retention index of 0.8753.        
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The phylogram generated from the combined ß-tubulin and histone H3 sequences 

of the representative Seiridium isolates resulted in two well supported clades (A and B in 

Fig. 3.2).  Clade A consisted of two subclades, (A1 and A2).  All S. cardinale isolates 

were resolved in a single clade with a 100% bootstrap value (A1).  Subclade A2 consisted 

of S. cupressi isolates (bootstrap value 99%).  Clade B contained isolates of S. eucalypti, 

S. unicorne and all of the Oregon isolates.  S. unicorne isolates from Portugal formed a 

sister clade with the Oregon isolates with an 81% bootstrap value.  However, the Oregon 

isolates grouped in a separate, moderately well supported subclade, distinct from the S. 

unicorne isolates.  The Oregon Seiridium clade had a bootstrap value of 72, but most 

nodes within the clade had low bootstrap values, reflecting slight variation among the 

isolates.  Two isolates, one obtained from a Port-Orford-cedar in Coos County, Oregon 

(Dixson) and one obtained from a western redcedar from Douglas County (Battle Axe) 

occurred together in a single clade with a 78% bootstrap value. 
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S. papillatum, Australia, 5302  
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Figure 3.2.  Phylogenetic tree of combined ß-tubulin and histone H3 sequences.  The 
most parsimonious tree was produced using the heuristic search option in PAUP 4 
with random stepwise addition and tree bisection reconnection.  The tree is rooted 
with Seiridium papillatum (CMW 5302) as the outgroup.  Bootstrap confidence 
values > 70% are shown below the branches.   
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Discussion 

Three species of Seiridium are known to be associated with cypress canker 

worldwide (Graniti and Frisullo 1990).  It is essential to be able to identify which species 

of Seiridium is present in order to successfully manage Port-Orford-cedar.  However, 

identification of Seiridium species from Cupressaceae on the basis of conidium 

morphology is notoriously unreliable, and to date no molecular data were available for 

the species of Seiridium associated with cypress canker of Port-Orford-cedar in western 

North America.  Examination of conidia from cankers on Port-Orford-cedar trees in 

southwest Oregon has indicated that the species present most closely resembles Seiridium 

cardinale based upon length of conidia appendages.  However, S. unicorne exhibits 

variation in appendage length, sometimes bearing only minute appendages that might be 

confused with S. cardinale (Graniti 1998).  

Proper identification of Seiridium species is essential because they vary in 

pathogenicity, host range and ecological attributes.  Inoculation trials on several 

Cupressus and Chamaecyparis species have shown wide variation in genetic resistance in 

different hosts to species of Seiridium.  POC was found to have a high level of resistance 

to disease caused by S. cardinale but was very susceptible to S. unicorne (Spanos et al. 

2001).  Cupressus macrocarpa and C. lusitanica have been found to be highly 

susceptibility to S. cardinale, and are considered very resistant to S. unicorne (Spanos et 

al. 2001).  S. unicorne has a broader host range and greater variability in virulence than 

other species of Seiridium (Spanos et al. 2001).  Host records of infections by S. unicorne 

include Chamaecyparis, Cupressus, Juniperu,s Crataegus, Hamamelis, Juniperus, 
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Lonciera, Malus, and Rosa.  Infection by S. cardinale appears to be confined to members 

of Cupressaceae (Boesewinkel 1983).     

More recently, phylogenetic analysis has demonstrated that histone and ß-tubulin 

gene sequences can be used to distinguish between species of Seiridium (Barnes et al. 

2001, Krokene et al. 2004).  ß-tubulin is a protein-encoding gene with both variable and 

highly conserved regions and has been extensively used in phylogenetic analyses of fungi 

(Barnes et al. 2001, Krokene et al. 2004).  The H3 histone protein is well conserved and 

is a valuable phylogenetic tool for studying Seiridium sp. (Barnes et al.  2001).  Recent 

analysis of histone and partial ß-tubulin sequence data showed Seiridium isolates from 

Cupressus species to reside in two major clades (Barnes et al. 2001).  One clade 

consisted of S. unicorne and the closely related S. eucalypti.  The other clade included a 

distinct subclade made up solely of S. cardinale isolates and another subclade of S. 

unicorne and S. cupressi isolates. The occurrence of isolates identified as S. unicorne in 

separate clades underscores the difficulty of differentiating S. unicorne and S. cupressi 

based on morphological characters (Barnes et al. 2001).  Phylogenetic analysis of 

combined histone and ß-tubulin sequences of the Barnes et al. (2001) and Oregon Port-

Orford-cedar isolates produced a similar tree.  The Oregon isolates were most similar to 

S. unicorne isolates from Portugal, which grouped together on a single well supported 

branch that formed a sister relationship with the Oregon isolates. The Oregon isolates 

also occurred on a separate, moderately well supported branch from the S. unicorne 

isolates from Africa and Europe, and appear to constitute a separate taxon.  Although 

differentiating S. unicorne and S. cardinale on the basis of conidium morphology is 
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known to be unreliable, the grouping of the Oregon isolates more closely with S. 

unicorne than S. cardinale was unexpected.  Although the Oregon Seiridium isolates 

were morphologically most similar to S. cardinale, they occurred in a separate clade from 

this species in the phlogenetic analysis and appear to be very divergent from S. cardinale.   

The lack of agreement between the morphological characteristics of the Oregon 

Port-Orford-cedar isolates and the phylogenetic analysis suggests that there may be 

greater variation in the morphological characters of S. unicorne than previously 

recognized, or that the Seiridium species from Oregon represents a hitherto unrecognized 

species.  Phylogenetic analysis of histone and partial ß-tubulin sequences of Oregon 

isolates compared with closely related Seiridium species showed that the Oregon isolates 

were more closely related to S. unicorne than to S. cardinale. Previously reported 

analyses of pathogenic Seiridium species did not include isolates from North America, 

which appear more variable than isolates from Europe, New Zealand and Africa.  The 

results of this study indicate some uncertainty as to the identity of the Seiridium species 

associated with cypress canker of Port-Orford-cedar, and suggest that further analyses of 

Seiridium isolates from North America, including additional putative specimens from C. 

macrocarpa are needed to resolve this question.  

 

.   
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Developing Techniques to Evaluate the Susceptibility of Root Disease Resistant 

Port-Orford-cedar to Stigmina thujina 
 

Danielle K. H. Martin 
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Introduction 
 

Port-Orford cedar (Chamaecyparis lawsoniana (A. Murray) Parl.) is endemic to 

southern Oregon and northern California, where it occurs in a variety of habitats from sea 

level to about 2,000 m.  Since around 1923 Port-Orford-cedar (POC) in the Pacific 

Northwest has been affected by Phytophthora root disease caused by the introduced 

pathogen Phytophthora lateralis Tucker & Milbrath.  The disease, which is almost 

invariably fatal to POC, was first observed on trees in ornamental nurseries near Seattle 

and by 1952 had spread south to the native POC forests of the southern Oregon coast 

(Hansen et al. 2000).   The observation that scattered symptomless POC trees growing in 

infested areas had apparently escaped or survived infection (Hansen et al. 1989) led to a 

systematic resistance testing and breeding program, located at the Forest Service Dorena 

Genetic Resources Center (Sniezko 2004).   

 The goal of the breeding program is to produce Phytophthora root disease 

resistant planting stock suitable for replacing wild native POC killed by the disease.  

Recent research has identified individuals and families with high levels of heritable 

resistance to POC root disease (Sniezko 2004).  In addition to P. lateralis, POC is also 

affected by various other native and nonnative pathogens, including a foliage blight 

caused by Stigmina thujina (Dearn.) B. Sutton.  Because susceptibility to pathogens other 

than P. lateralis could compromise the success of deploying root disease resistant POC 

operationally, determining the potential genetic resistance of Phytophthora root disease 

resistant Port-Orford-cedar to other pathogens, such as S. thujina, is essential for 

successful management and restoration of POC in areas infested by P. lateralis.  This 
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research was designed to develop techniques for evaluating the variation in susceptibility 

of POC families to Stigmina foliage blight, and for comparing the severity of Stigmina 

foliage blight symptoms in relation to root disease resistance.    

 Port-Orford-cedar is an economically and ecologically significant tree species.  

Although its natural distribution is limited to coastal southern Oregon and northern 

California, POC is a very important species within its natural range.  It frequently occurs 

along stream banks and drainage ditches (Zobel et al. 1985).  Such habitats are also at 

high risk for Phytophthora root disease (Goheen et al. 2001).  POC is one of the few 

conifers able to thrive in serpentine soils that support unique plant communities.  As a 

riparian species it is essential for providing the stability and shading of streams that 

support salmon populations.  Its wood is slow to decay and provides habitat for both 

terrestrial and aquatic wildlife.  Its thick and fibrous bark and resistance to decay 

following injury give POC trees importance in fire-disturbed ecosystems (Hansen et al. 

2000).  POC is the most expensive softwood harvested in Oregon today; top quality logs 

are valued at $700 per thousand board feet (Oregon Department of Forestry, 2008).  POC 

wood is marketed for its strength, durability, and versatility, and is used for paneling, 

decking, fence posts and fence rails (Sniezko et al. 2001).  With over 200 named cultivars 

POC is economically important as a planted landscape species, a factor that unfortunately 

contributed to the spread of Phytophthora root disease to native forests (Hansen et al. 

2000).  Cutivars of POC display a wide variety of foliage hues and growth forms making 

it a versatile evergreen tree for planted landscapes that is able to grow on a wide variety 

of soil types and a wide range of temperatures. 

http://egov.oregon.gov/ODF/STATE%20FORESTS/TIMBER%20SALES/logpage.shtml
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 POC trees are also susceptible to Stigmina foliar blight caused by the fungus 

Stigmina thujina (Hodges 1982).  S. thujina was first described from living and dead 

leaves of Thuja plicata in Lane County, Oregon in 1924 (Doty 1982).  A brief comment 

by Morgan-Jones (1971) stated that T. plicata was, as far as was known, the only known 

host of S. thujina and that S. thujina occurred throughout most of the range of T. plicata 

in the Pacific Slope region of western North America.  Hodges (1982) confirmed that S. 

thujina is widely distributed throughout the range of T. plicata in Oregon, Washington, 

Idaho and British Columbia on the basis of numerous herbarium specimens in the 

Mycological Herbarium at Oregon State University and the Pacific Forest Research 

Center Herbarium in Victoria, B.C.  However, the native range of T. plicata, and 

therefore presumably that of S. thujina, overlaps significantly with that of C. lawsoniana 

in southwestern Oregon (Hayes 1965).  The first report of S. thujina causing disease on 

C. lawsoniana was from non-native trees planted on the island of Kauai in the Hawaiian 

Islands (Hodges 1982).  The pathogen has only recently been reported on native C. 

lawsoniana from near Gasquet, California (Dale et al. 1991).  S. thujina has also been 

reported as causing defoliation of C. lawsoniana in New Zealand (Dick 1998), Austria 

and Croatia (Cech and Diminić 2007), and from seedlings of T. plicata in France and 

Poland (Hodges 1982), and from T. occidentalis in Poland and Oklahoma (Hodges 1982 

and Preston 1945).   

 Stigmina thujina produces sporodochial conidiomata on host foliage and was 

originally described in the genus Coryneum (as Coryneum thujinum Dearn.).  In a 

taxonomic revision of several similar foliage inhabiting species, Morgan-Jones (1971) 
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transferred C. thujina to the genus Sciniatosporium Kalchbr., which he argued had 

priority over Stigmina Sacc. due to earlier date of publication.  However Sutton (1972) 

presented several arguments for considering Sciniatosporium an illegitimately published 

name and transferred the majority of Sciniatosporium species, including S. thujina, to 

Stigmina.  Later, Sutton and Pascoe (1989) reevaluated the species classified in Stigmina 

and recommended restricting the concept of the genus to foliicolous species having both 

immersed and superficial mycelium, sporodochial conidiomata with holoblastic, 

percurrent (annelidic), verruculose, conidiogenous cells with ragged tips, and brown, 

distoseptate conidia.  Sutton and Pascoe (1989) did not list S. thujina among the species 

comprising this more restricted concept of Stigmina, thereby implying that S. thujina 

belonged to the group of species they considered in need of reassignment to more suitable 

genera.  Morgan-Jones (1971) described conidiophores of S. thujina as having a restricted 

type of sympodial development, a characteristic probably sufficient to exclude this 

species from Stigmina s.s., as delimited by Sutton and Pascoe (1989).  However to date, 

no alternative genus for accomodating S. thujina has been proposed. 

  The morphological description of S. thujina has varied somewhat among different 

authors.  Morgan-Jones (1971) described sporodochia as being mostly immersed but 

rupturing the cuticle, dark brown, 150-230 µm diam. and (Figure 4.1) Hodges (1982) 

described sporodochia as black, 120-270 µm diam.  In both cases sporodochia were 

described as being produced on dead foliage and twigs of infected trees.  Conidiophores 

arise from the upper cells of the stromata, straight or slightly flexous, cylindrical, light 

brown, 16-24 µ long, and 3-4.5 µ wide.  Conidiogenous cells are predominantly 
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annellidic, percurrent but also have limited sympodial development (Figure 4.1) (Morgan 

Jones 1971).  Morgan-Jones (1971) described conidia as curved and smooth walled, 5-10 

septate, 40-52 x 6-8 µ and 3-5 µ wide at the base.  Sutton (1972) described conidia as 

being brown with pale end cells, slightly curved, 7- to 10-septate, and 40 to 50 µm, on 

conidiophores about half their length.    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1.  Morphology of Stigmina thujina.  A. Conidia  B. Conidiophores and C. 
Sporodochium.  Reproduced with permission from Morgan-Jones, G.  1971.  
Sciniatosporium Kalchbr., and its synonyms Macrosia Syg., Stigmina Sacc., 
Throstroma Hohnel, and Thyrostromella Syd., non Hohnel. Canadian Journal of 
Botany. 49:993-1009. 
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 Symptoms of Stigmina foliar blight include chlorosis and defoliation of needles 

(Hodges 1982).  Symptoms first appear on the lower and interior branches and proceed 

upwards (Figure 4.2) (Hodges 1982).  There appears to be a wide variation in symptom 

severity among POC individuals.  A survey of plantations of POC trees in Hawaii found 

that differences in individual tree susceptibility were responsible for the variation in 

symptoms.  In several cases symptomless trees were located directly adjacent to trees that 

were heavily defoliated, suggesting genetic resistance (Hodges 1982).  Hodges (1982) 

also noted an apparent relationship between height and disease severity.  Severely 

diseased trees were much shorter than healthy trees, likely reflecting an effect of chronic 

disease on growth.   
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Figure 4.2.  Symptoms of Stigmina foliar blight on POC beginning on lower 
branches and progressing upwards.  Photo taken of POC in Humboldt planting in 

cKinleyville, California by author Danielle K. H. Martin.   M
 
  
 
 
 
 
 POC and P. lateralis 

Port-Orford-cedar is highly susceptible to a root disease caused by the extremely 

virulent, exotic pathogen Phytophthora lateralis (Hansen et al. 2000).  The geographic 

origin of P. lateralis is unknown.  It has been killing Port-Orford-cedar trees in the 

Pacific Northwest since the 1920s (Hansen et al. 2000) and now occurs throughout the 

natural range of POC.  P. lateralis is very aggressive, killing hosts rapidly on suitable 
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sites within its host’s range, and has had a devastating effect on the POC timber industry 

(Goheen et al. 2000).  In addition to affecting commercial forest production, P. lateralis 

also has greatly hurt nurseries and private landowners.  Losses caused by P. lateralis 

have resulted in an almost complete disappearance of POC from nurseries.  Residential 

owners have had to replace expensive POC trees and have suffered loss in property 

values due to the death of trees in their landscapes. 

Aggressive management has been required to slow the spread of this root disease, 

by preventing the spread of infested water or soil from infested sites to uninfested sites 

(Hansen et al. 2000).  An important objective for controlling this disease is the 

development of resistant POC genotypes and to better understand the mechanism(s) of 

resistance that appear to be present in the native population (Oh et al. 2006).  Since 1989, 

the USDA Forest Service Dorena Genetic Resource Center (DGRC) in Cottage Grove, 

Oregon and the USDI Bureau of Land Management in cooperation with Oregon State 

University have conducted an intensive program to identify and test resistant POC trees 

from the field and propagate them in a containerized seed orchard with the goal of 

providing resistant seedlings for forest regeneration (Oh et al. 2006).   

In the first stage of the operational resistance program, thousands of wild growing 

candidate trees were selected from high disease areas based on the absence of symptom 

expression (Sniezko 2004).  Branches were inoculated with P. lateralis cultures by 

immersing the bottom two centimeters of a cut portion of the seedling in a zoospore 

suspension, and measuring the length of the lesion growth on the sample stem (Sniezko et 

al. 2001).  To date more than 12,000 trees have been selected and screened for disease 
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resistance using the stem dip inoculation method (Elliot 2005).  The top ten percent of 

these individuals have undergone a second phase of testing known as a root dip test (Oh 

et al.  2006).  For the root dip test roots of rooted cuttings from selected parent trees were 

immersed in a freshly prepared P. lateralis zoospore suspension about 1 cm deep for 24 

hours to allow for infection to occur.  After inoculation, seedlings were incubated in a 

greenhouse for 6 weeks, then planted in raised beds and evaluated for mortality for 

several years after inoculation.  The DGRC has been successful in identifying candidate 

Phytophthora root disease resistant POC in the POC inoculation trials.  To date, 

approximately 500 rooted cuttings have been tested for resistance to P. lateralis with the 

root dip inoculation method and 210 have shown 50% to 100% survival (Sniezko 2004).  

Families with less than 50% mortality are considered to show sufficient resistance and 

are being propagated for use in the breeding program (Elliot 2005).  

DGRC began conducting replicated P. lateralis inoculation trials with POC 

families, i.e. progeny from controlled crosses of individual seed parents, in 1993.  

Seedling families were monitored and scored in 2006 based on results inoculation studies 

between 2000 and 2005.  Families were initially rated as having low, moderate and high 

mortality, depending on the proportion of seedlings killed by P. lateralis.  However, 

based on cumulative mortality data it was determined that the simple rating scale did not 

reflect the complexities of the resistance reactions observed.  In particular, seedlings that 

appeared to have initially survived inoculation with P. lateralis eventually were killed, 

but mortality occurred much later than for most seedlings.  Furthermore, the “slow 

dying” phenotype appeared to be found in certain families and so could be a heritable 
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type of resistance (R. Sniezko, personal communication).  A long term goal of the POC 

resistance breeding program is to develop durable multigenic resistance, and the slow 

dying phenotype might prove to be a useful trait in multigenic resistance.  Therefore, a 

revised rating was developed using a 1 to 5 scale to indicate relative resistance, with 

lower numbers indicating greater resistance.  Families with 20% or less seedling 

mortality were rated as a one, families with 21-70% mortality are rated as two and a 

rating of three designates families with 71-90% mortality.  A rating of four was used to 

designate families with greater than 90% mortality but were slow to die (greater than 120 

days post inoculation) and a rating of five designated families with greater than 90% 

mortality that died rapidly (seedlings killed in less than 120 days post inoculation).  Both 

the 2006 and 2008 average ratings for each of the 30 families are shown in Table 4.1. 
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Table 4.1.  Port-Orford-cedar families used in Stigmina inoculation tests and their 
levels of susceptibility to P. lateralis. 
 

Family 
Cross 
Type Female Parent Male Parent 

2006 
Susceptibility 
Category 

2008 
Susceptibility 
Category 

1 CC PO-117335 PO-117344 L 1 
19 CC PO-117490 PO-117490 L 1 

140 CC PO-DOR-70276 DOR-70020 L 1 
188 CC PO-117335 OP L 2 
189 F1 PO-117341 OP M 2 

190 F1 PO-117343 OP M 3 
192 F1 PO-117488 OP M 2 

194 F1 PO-117490 OP L 1 

195 F1 PO-117498 OP H 3 
197 F1 PO-117500 OP H 2 
199 F1 PO-117503 OP L 2 
200 F1 PO-117647 OP H 5 

203 F1 PO-118051 OP H 4 
205 F1 PO-118463 OP H 5 
206 F1 PO-118562 OP M 2 
207 F1 PO-118567 OP M 2 
208 F1 PO-118573 OP L 3 
213 F1 PO-510041 OP L 2 
214 F1 PO-510042 OP L 3 
215 F1 PO-510044 OP M 3 
218 F1 PO-DOR-70046 OP M 2 
220 F1 PO-DOR-70062 OP H 4 
224 F1 PO-DOR-70079 OP M 2 
226 F1 PO-DOR-70102 OP H 5 
229 F1 PO-DOR-70176 OP M 2 
243 F1 PO-DOR-70070 OP H 5 
376 OP PO-OSU-CF1 OP M 2 
426 OP PO-ELK01-13 OP L 2 
457 OP PO-118457 OP H 5 

654 CC PO-510005 DOR-70553 L 1 
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While the Dorena Genetic Resource Center (DGRC) has identified families of 

Port-Orford-cedar as being resistant to Phytophthora lateralis, there is concern that the 

small number of individuals used to obtain these families presents a risk of introducing 

susceptibility to other pathogens such as S. thujina, into the breeding program.  S. thujina 

was first identified on Port-Orford-cedar seedlings on a privately owned bough orchard 

near Port Orford, Oregon (K. Mallams, personal communication).  The pathogen has 

since been found on POC seedlings in the root disease resistance breeding program at 

DGRC and at several other outplanting sites in Oregon and California that were being 

used to test the long term survival of resistant selections (K. Mallams, personal 

communication).   

Stigmina foliar blight has also been identified on POC trees in a common garden 

study at the USDA Forest Service Humboldt Nursery in McKinleyville, Humboldt 

County, California.  The purpose of the test site was to compare the genetic variability 

within POC as it pertains to height growth and survival.  The families originated from 

throughout the native range of POC from watersheds of varying latitudes, longitudes and 

elevations.  The planting, established in 1996, was located 1.9 miles from the ocean at 

249 feet elevation (Sniezko et al. 2001).  The entire site was 11 acres in size which 

consisted of 3 sets planted with 8 blocks in each set.  Each set included 98 families with 

four individuals from each family per block for a total of 9,408 individual trees.   

Symptoms of Stigmina foliar blight in the Humboldt planting were apparent when 

the planting was visited during the first few years after the initial planting (K. Mallams, 

personal communication).  Because the plantation was established with POC families 
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arranged randomly in a replicated design, it presented an opportunity to compare POC 

families for differences in susceptibility to Stigmina foliar blight.  The objectives of this 

study were to assess the variation in POC with respect to symptoms of Stigmina foliar 

blight and to determine whether susceptibility to Stigmina foliar blight is correlated with 

POC family and/or to resistance rating for P. lateralis. These objectives were investigated 

through field assessments of disease severity at the Humboldt plantation, controlled 

inoculation of nursery grown seedlings with S. thujina cultures, and exposure of nursery 

grown seedlings to natural inoculum at a field site.  The results of this study will affect 

future selections of candidate trees for the root disease resistance breeding program at 

DGRC. Ultimately it will affect the quality of root disease resistant plant material used in 

restoration plantings throughout the native range of Port-Orford-cedar and those available 

to the horticulture industry.   

 

Materials and Methods 

Three assays were conducted to inoculate seedlings of Port-Orford-cedar 

representing selected families in the Phytophthora root disease resistance breeding 

program with S. thujina.  A field assay was performed in which healthy, nursery grown 

seedlings were exposed to natural inoculum under infected POC trees to allow the 

seedlings to be naturally infected.  The second assay employed inoculation by aerosol 

application of macerated mycelium of S. thujina cultures to seedling foliage by means of 

an airbrush apparatus.  An observational study was also conducted in a naturally infected 
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POC common garden plantation in which POC families were arranged in a randomized 

complete block design.      

Seedlings used in the aerosol spray and natural inoculation assays were obtained 

from the USFS J. Herbert Stone Nursery in Central Point, Oregon with seed provided by 

the DGRC.  Seedlings were maintained in individual containers (Ray Leach SC 10 Super 

Cell transplanted to D-40 cells) (Stuwe and Sons, Tangent, OR) with support trays.  

Seedlings used in the Stigmina tests are shown in Table 4.1, including the parental 

crosses used for each family and the level of P. lateralis resistance.   Before inoculation, 

seedlings were randomly arranged in support trays consisting of 20 seedlings each.  After 

inoculation, seedlings were transferred to the Oregon State University (OSU) Botany 

Field Lab and arranged in and arranged in a randomized block design.  Seedlings were 

kept in a shade house and irrigated regularly.   

 The field inoculation commenced in April, 2007.  560 two-year-old POC 

seedlings representing 28 families from the DGRC root disease breeding program were 

exposed under infected sapling and pole sized POC in a planting in Camas Valley, 

Oregon.  Symptoms of Stigmina foliage blight had been observed at the site in previous 

years and the presence of S. thujina was confirmed in foliage samples from symptomatic 

trees.  The seedling families were arranged randomly and placed under the canopies of 

mature POC trees with severe Stigmina foliar blight symptoms.  After six weeks of 

exposure the seedlings were removed from the site and transferred to the OSU Botany 

field lab.  The seedlings were observed monthly for symptoms of infection.  In June, 
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2008 the seedlings were rated on the following scale for disease severity: 0 = no 

symptoms; 1=slight chlorosis; 2=moderate chlorosis; 3=dead foliage present.   

The aerosol spray inoculation was performed in May, 2007.  S. thujina was 

isolated by transferring conidia from symptomatic foliage to 2% malt agar (Difco, 

Detroit, MI).  Inoculum from the agar cultures was used to produce liquid cultures in 2% 

malt broth (Difco).  A small piece of agar was transferred to 250 mL of malt broth in 500 

mL erlenmeyer flasks and stationary cultures grown for three weeks prior to inoculation.  

The cultured mycelium was collected onto filter paper, rinsed with sterile H2O and 

resuspended in a small volume of water and macerated in a tissue grinder.  The 

concentration of fragments in the macerated mycelium was then determined with the aid 

of a hemocytometer and the concentration of the inoculum adjusted to a standard particle 

concentration of 1.1 x 104 per mL.  Ten mL of this suspension was then applied to foliage 

of 20 POC seedlings each from thirty families (600 total seedlings) from the 

Phytophthora root disease resistance breeding program by means of an airbrush 

apparatus. Seedlings used in the Stigmina tests are shown in Table 4.1, including the 

parental crosses used for each family and the level of P. lateralis resistance.   An 

additional ten seedlings for each family were kept uninoculated for comparison.  

Seedlings were then arranged in a randomized block design and incubated in a shade 

house for 12 months.  Aerosol inoculations were performed in an inoculation chamber, 

approximately 1 x 1 x 1 m constructed from PVC tubing and vinyl sheeting to contain 
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seedlings during inoculation.  In June, 2008 the seedlings were rated on the same scale as 

was used for the field assay.   

 One way ANOVA (S-plus 7.0 for Windows, © 2005, Insightful corp.) was used to 

test for variation in disease severity between families in both the field and aerosol spray 

inoculation studies.  Fisher’s LSD (S-plus 7.0 for Windows, © 2005, Insightful corp.) 

was used to assign confidence intervals for multiple comparisons.  Data from both the 

field and aerosol spray assays were combined and a multifactor ANOVA (S-plus 7.0 for 

Windows, © 2005, Insightful corp.) was used to test the relationship between disease 

severity and family, with family, treatment and an interaction term of family x treatment 

as explanatory variables.  A one way ANOVA (S-plus 7.0 for Windows, © 2005, 

Insightful Corp.) was used to test for correlation between Phytophthora root disease 

rating and Stigmina disease rating.   

For the common garden observation study a survey was conducted during April 

and June, 2008.  The common garden study was arranged in a randomized contiguous 

block design with 8 blocks in each of 3 separate sets (replicates).  The original planting 

consisted of 298 families per set with 4 individuals per family for a total of 9,408 

individual trees.  To ensure randomization, two members of each family were assigned to 

each of the two interlocking reps (A and B) within each block.  One of the two family 

members in each replicate occurred in an even horizontal row and the second in an odd 

numbered horizontal row.  This allowed for two systematic thinnings, the first on the 

diagonal and the second on the horizontal (or vertical) leaving two individuals per family 
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per block.  Half of the trees were removed during the 2003 thinning operation.  A survey 

in 2008 found that due to mortality from various causes, only 3,918 of the 4,704 

individuals left after the thin remained. 

Visual disease symptoms were rated for each tree in the plantation using a 1 to 4 

scale in which a score of 1 indicated no dead foliage; 2 indicated slight amount of dead 

foliage and 20 cm or more of live foliage at ends of branches; 3 indicated a moderate 

amount of disease and 10-20 cm of live foliage; and 4 represented severe disease with 10 

cm or less of live foliage at ends of branches. 

Data from the observational study were analyzed using a nested mixed effects 

(ANOVA) model (R Foundation 2008) that took into account the random effects of set 

and block, and used family as a fixed effect in order to separately test the relationship 

between family and disease rating.  The relationship between provenance (watershed) and 

disease ratings was tested using one-way ANOVA (S-plus 7.0 for Windows, © 2005, 

Insightful corp.).  A multifactor ANOVA (S-plus 7.0 for Windows, © 2005, Insightful 

corp.) was used to compare longitude, latitude, average annual precipitation and elevation 

on the average disease rating of families from different family provenances.  Mean 

annual precipitation values for each watershed were estimated from The Prism Group 

(The Prism Group, http://www.prism.oregonstate.edu/).  Graphs were created with 

Microsoft® Excel 2002.   
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Results  

 Port-Orford-cedar seedlings inoculated with macerated mycelium of Stigmina 

thujina by aerosol spray and seedlings exposed to natural inoculum at the field site both 

developed symptoms of Stigmina foliage blight.  62% of seedlings inoculated by the 

aerosol method and 57 % of seedlings exposed to natural inoculum had developed 

symptoms of infection by S. thujina after one year.  No mortality was observed for the 

control seedlings.  Approximately one year after inoculation S. thujina was isolated from 

surface sterilized, symptomatic foliage of inoculated seedlings from both tests.  Average 

disease ratings for each family was not entirely consistent between the two inoculation 

methods, but some families had similar ratings for both methods.  Families 192 and 426 

had high disease severity ratings for both inoculation methods.  Families 205, 218, 190, 

and 226 had low disease ratings for both inoculation methods.  However, results for 

families 195, 229, 197 and 207 were inconsistent for the two inoculation methods.  

 P. lateralis root disease rating was not significantly correlated with Stigmina 

foliage disease for seedlings inoculated by aerosol spray based on both the 2006 (p = 

0.3408) and 2008 (p = 0.2130) root disease ratings.  P. lateralis root disease rating was 

significantly correlated with Stigmina foliage disease rating for seedlings exposed to 

natural inoculum based on the 2008 rating system (p < 0.00001) but not on the 2006 

rating system (0.0987).  A one way ANOVA found no significant correlation between 

symptoms of infection by Seiridium sp. and Stigmina thujina for both the aerosol spray 

inoculation (p = 0.106) and field inoculation (p = 0.925) (Tables 4.2 and 4.3).    
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Table 4.2. Results of ANOVA comparing Seiridium mortality and Stigmina disease 
severity for seedlings inoculated by aerosol spray method. 
 
Source Sum of Squares Df Mean Square F-Ratio P 
Between groups 1.1218 3 0.3739 2.05 0.1064 
Within groups 84.5356 463 0.1825   
Total (Corr.) 85.6574 466    

 

Table 4.3.  Results of ANOVA comparing Seiridium mortality and Stigmina disease 
severity for seedlings inoculated by natural field method. 

 
Source Sum of Squares Df Mean Square F-Ratio P 
Between groups 0.0878 3 0.3739 2.05 0.1064 
Within groups 88.4527 463 0.1825   
Total (Corr.) 88.5405 466    

 

Spray Inoculation Results 

 Table 4.4 shows the results of ANOVA for the fixed effect of family on Stigmina 

disease severity.  Family was a significant factor for variation in disease severity ratings 

of POC seedlings inoculated by the aerosol spray (p < 0.001).  Figures 4.3 and 4.4 show 

the relationship between the average disease rating and POC family inoculated by aerosol 

spray.  Average disease severity ranged from 0.13 to 2.0, on a scale of 0 to 3 where 0 = 

no symptoms.  Families 215, 214, 426, 192 and 206 had higher average Stigmina disease 

severity ratings, while families 218, 190, 195, 226 and 229 had lower average Stigmina 

disease ratings.  The average P. lateralis disease ratings are indicated by colored vertical 

bars in Figures 4.3 and 4.4.  Tables 4.5 and 4.6 show the results of ANOVA for the 

relationship between Stigmina foliage disease rating and the 2006 and 2008 P. lateralis 

root disease ratings, respectively.  No significant correlation was found between 
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Phytophthora root disease rating and Stigmina disease severity for either the 2006 rating 

(p = 0.3408) or the 2008 rating (p = 0.2130).   

Table 4.4. Results of ANOVA comparing Stigmina disease severity and POC family 
inoculated by aerosol spray. 
 
Source Sum of Squares Df Mean Square F-Ratio P 
Between groups 110.199 29 3.79997 3.60 0.0001 
Within groups 468.959 444 1.05621   
Total (Corr.) 579.158 473    

 

Table 4.5.  Results of ANOVA comparing 2006 P. lateralis root disease rating and 
Stigmina rating for aerosol spray inoculation. 

 
Source Sum of Squares Df Mean Square F-Ratio P 
Root disease 
Rating 2.64567 2 1.32284 1.08 0.3408 
Residuals 568.883 464 1.22604   

 

 

 

 

 

 



                                                                                                                                                    93

0

0.5

1

1.5

2

2.5

21
8

19
0

19
5

22
6

22
9

19
7

20
5

20
0

20
7

14
0

20
8 1

65
4

19
9

37
6

19
4

18
9

20
3

21
3

22
4

45
7

22
0

18
8

20
6

19
2

42
6

21
4

21
5

Family

A
ve

ra
ge

 S
tig

m
in

a 
R

at
in

g

Low Moderate High
2006 Root Disease Rating

 
 
Figure 4.3.  Relationship between mean Stigmina disease rating and 2006 
Phytophthora root disease susceptibility rating for Stigmina aerosol spray 
inoculation.  The color of vertical bars indicates the 2006 Phytophthora root disease 
susceptibility. Homogeneous groups are indicated by horizontal lines (p < 0.05).  
Vertical black lines are SE.  2006 root disease rating for each family is represented 
by vertical bars.   

 

Table 4.6.  Results of ANOVA comparing 2008 P. lateralis root disease rating and 
Stigmina rating for aerosol spray inoculation. 

 
Source Sum of Squares Df Mean Square F-Ratio P 
Root disease 
Rating 7.1388 4 1.7847 1.4609 0.2130 
Residuals 564.3901 462 1.2216   
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Figure 4.4.  Relationship between mean Stigmina disease rating and 2008 
Phytophthora root disease susceptibility rating for Stigmina aerosol spray 
inoculation.  The color of vertical bars indicates the 2008 Phytophthora root disease 
rating (1= highly resistant, 5=highly susceptible). Homogeneous groups are 
indicated by horizontal lines (p < 0.05).  Vertical black lines are SE.  2008 root 
disease rating for each family is represented by vertical bars.   
 

 

Field Inoculation 

 
 Table 4.7 shows the results of ANOVA for the fixed effect family on Stigmina 

disease severity for seedlings exposed to natural field inoculum.  Family was a highly 

significant factor explaining variation in disease severity of Port-Orford-cedar seedlings 

exposed to natural field inoculum (p < 0.0001).  Figures 4.5 and 4.6 show the average 

disease ratings for POC families inoculated by exposure to natural field inoculum.   

Average disease severity ranged from 0.41 to 2.06 on a scale of 0 to 3, where 0 = no 

symptoms.  Families 195, 192, 199 and 194 had high average Stigmina disease ratings 

while families 205, 243, 226, 218 and 200 had lower average Stigmina disease ratings for 



                                                                                                                                                    95

the field inoculations.  The 2006 and 2008 Phytophthora root disease susceptibility 

ratings for each family are indicated by colored vertical bars in Figures 4.5 and 4.6, 

respectively.  Tables 4.8 and 4.9 show the results of an ANOVA for the relationship 

between the Stigmina rating and P. lateralis root disease for both the 2006 and 2008 

ratings, respectively.  There was no correlation between Phytopthora root disease rating 

and Stigmina disease severity for the 2006 rating (p = 0.0987) but there was a significant 

correlation for the 2008 rating (p < 0.0000).  In general, families with a high Stigmina 

severity rating had lower 2008 P. lateralis root disease rating.  Five families rated as 

highly susceptible to Phytophthora root disease in 2008 had very low average Stigmina 

disease severity scores (Fig. 4.6).  

Table 4.7. Results of ANOVA comparing Stigmina disease severity and POC family 
exposed to field inoculation. 
 
Source Sum of Squares Df Mean Square F-Ratio P 
Between groups 95.004 28 3.393 2.43 0.0001 
Within groups 632.26 452 1.39881   
Total (Corr.) 727.264 480    
 

Table 4.8.  Results of ANOVA comparing 2006 P. lateralis root disease rating and 
Stigmina rating for field inoculation. 

 
Source Sum of Squares Df Mean Square F-Ratio P 
Root Disease 
Rating 7.01274 2 3.50687 2.33 0.0987 
Residuals 727.264 478 1.5068   
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Figure 4.5.  Relationship between mean Stigmina disease rating and 2006 
Phytophthora root disease susceptibility rating for field exposure inoculation.  The 
color of vertical bars indicates the 2006 Phytophthora root disease susceptibility. 
Homogeneous groups are indicated by horizontal lines (p < 0.05).  Vertical black 
lines are SE.  2006 root disease rating for each family is represented by vertical 
bars.   

 

Table 4.9.  Results of ANOVA comparing 2008 P. lateralis root disease rating and 
Stigmina rating for field inoculation. 

 
Source Sum of Squares Df Mean Square F-Ratio P 
Root Disease 
Rating 38.2135 4 9.5533 6.5995 0.0000 
Residuals 689.0505 476 1.447585   
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Figure 4.6.  Relationship between mean Stigmina disease rating and 2008 
Phytophthora root disease susceptibility rating for field exposure inoculation.  The 
color of vertical bars indicates the 2008 Phytophthora root disease rating (1= highly 
resistant, 5=highly susceptible). Homogeneous groups are indicated by horizontal 
colored lines (p < 0.05.  Vertical black lines are SE.  2008 root disease rating for 
each family is represented by vertical colored bars.  
 
 

 Family was a significant factor explaining variation in susceptibility of POC to 

Stigmina foliar blight when the data from the field inoculation and aerosol spray 

inoculation were combined and analyzed by multifactor ANOVA (p < 0.0001).  

Treatment (i.e. type of inoculation) was not a significant factor (p = 0.889).  However, 

there was a significant interaction effect (p = 0.004) between family and treatment (Table 

4.10) due to responses of certain families under the two inoculation methods.  Figure 4.7 

shows the relationship between the average Stigmina disease rating for natural field and 

aerosol spray inoculation.  Although POC families varied with respect to susceptibility to 

S. thujina between the two inoculation methods, some consistent results were observed.  
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Families 200, 205 and 226 showed high levels of susceptibility to P. lateralis with both 

the 2006 and 2008 rating systems and high resistance to S. thujina.  Family 426 showed 

high resistance to infection by Stigmina and high resistance to P. lateralis with both the 

2008 rating system.  Family 218 showed a low level of resistance to P. lateralis based on 

the 2008 rating and a high level of resistance to S. thujina.  

Table 4.10.  Results of multifactor ANOVA comparing effects of family, treatment 
and treatment x family interaction for combined aerosol and field inoculation data. 
 
Analysis of Variance for Disease - Type III Sums of Squares 
Source Sum of Squares Df Mean Square F-Ratio P 
MAIN EFFECTS      
 A:D.Family 140.554 29 4.8467 3.94 0.0001 
 B:Treatment 0.024 1 0.023812 0.019375 0.8893 
Treatment:Family 64.649 26 2.4749 2.01752 0.00198 
Residuals 1101.219 898 1.2267   
All F-ratios are based on the residual mean square error. 
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Figure 4.7.  Comparison of mean Stigmina disease rating for both field and aerosol 
spray inoculations.  Vertical black lines are SE. 
 
 



                                                                                                                                                    99

Humboldt Survey Results 
      

     84% of POC trees surveyed at the Humboldt common garden planting showed some 

symptoms of Stigmina foliage blight.  39% of trees had slight symptoms (rating of 2), 

29% had moderate symptoms (rating of 3), and 16% had severe (rating of 4) symptoms of 

Stigmina blight.  Family was a significant factor explaining variation in disease severity 

after adjusting for the fixed effects of set and block (F = 1142.02, d.f. = 1, p < 0.0001).  

The mean for all families was 1.8 on a 1 to 4 scale where 1 = no symptoms.  Mean values 

for individual families ranged from 1.13 to 3.86.  Table 4.10 lists the mean S. thujina 

disease severity and lower and upper disease severity limits for POC families in the 

Humboldt common garden study. 
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Table 4.11.  Mean Stigmina thujina disease severity on POC trees at the Humboldt 
common garden. 
 

Family Count Mean SE 
Lower 
Limit 

Upper 
Limit 

GRAND MEAN 3905 1.793       
PO-117497 14 1.690 0.178 1.340 2.040
PO-117510 13 1.652 0.185 1.289 2.015
PO-117863 11 1.775 0.201 1.381 2.17021 

PO-118559 11 1.836 0.201 1.441 2.230
PO-118570 13 2.112 0.185 1.749 2.475
PO-118801 14 1.690 0.178 1.340 2.040
PO-118834 13 2.189 0.185 1.826 2.552
PO-510015 13 1.463 0.185 1.100 1.826
PO-510018 13 1.521 0.185 1.158 1.884
PO-510063 13 1.439 0.185 1.076 1.802
PO-APP01-02 13 1.621 0.185 1.258 1.984
PO-APP01-03xW 13 1.759 0.185 1.396 2.122
PO-APP01-04 13 1.614 0.185 1.251 1.977
PO-APP01-05xW 12 1.444 0.193 1.067 1.822
PO-APP01-08 12 2.100 0.193 1.723 2.478
PO-APP01-09xW 12 1.925 0.193 1.547 2.303
PO-APP01-10xW 14 2.116 0.178 1.767 2.466
PO-APP01-12 13 2.236 0.185 1.873 2.599
PO-APP02-01xW 13 1.228 0.185 0.865 1.591
PO-APP02-02xW 16 1.500 0.167 1.173 1.827
PO-APP02-03 15 1.803 0.172 1.465 2.141
PO-APP02-04 16 1.688 0.167 1.360 2.015
PO-APP02-05 13 1.832 0.185 1.469 2.195
PO-APP02-06 14 1.905 0.178 1.555 2.254
PO-APP03-01xW 13 1.382 0.185 1.019 1.745
PO-APP03-02 15 1.527 0.172 1.189 1.865
PO-APP03-03xW 14 1.657 0.178 1.307 2.006
PO-APP03-04 15 1.388 0.172 1.050 1.725
PO-APP03-05 12 1.985 0.193 1.607 2.363
PO-APP03-06 11 1.855 0.201 1.461 2.250
PO-APP04-01xW 15 1.388 0.172 1.050 1.725
PO-APP04-02xW 7 2.043 0.253 1.548 2.537
PO-APP04-03 15 2.060 0.172 1.722 2.398
PO-APP04-04 12 2.532 0.193 2.154 2.910
PO-APP04-05 13 1.543 0.185 1.180 1.906
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Table 4.11 (continued).  Mean Stigmina thujina disease severity on POC trees at the 
Humboldt common garden. 
 

Family Count Mean SE 
Lower 
Limit 

Upper 
Limit 

PO-APP04-06 12 2.060 0.193 1.682 2.438
PO-COOS2-012xW 15 1.010 0.172 0.672 1.348
PO-COOS3-034xW 15 1.010 0.172 0.672 1.348
PO-COOS3-035xW 12 1.159 0.193 0.781 1.537
PO-COOS3-037 11 1.687 0.201 1.292 2.082
PO-COOS3-038 14 1.281 0.178 0.932 1.631
PO-COOS3-046 12 1.774 0.193 1.396 2.152
PO-COOS3-047 5 2.597 0.299 2.011 3.182
PO-COOS6-022 10 1.060 0.211 0.646 1.474
PO-COOS6-024 14 1.501 0.178 1.151 1.850
PO-COOS6-026xW 14 1.259 0.178 0.909 1.609
PO-COOS6-030xW 13 1.175 0.185 0.812 1.538
PO-COOS6-043 14 1.262 0.178 0.912 1.612
PO-COOS6-044 13 1.736 0.185 1.373 2.099
PO-COOS7-002 13 1.813 0.185 1.450 2.176
PO-COOS7-003 13 1.140 0.185 0.777 1.503
PO-COQ01-068 10 1.474 0.211 1.060 1.888
PO-COQ01-069 14 1.424 0.178 1.074 1.774
PO-COQ01-070 11 1.580 0.201 1.185 1.975
PO-COQ01-071 14 1.619 0.178 1.269 1.969
PO-COQ02-01xW 11 1.321 0.201 0.926 1.716
PO-COQ02-02xW 15 1.320 0.172 0.982 1.658
PO-COQ02-03 14 1.447 0.178 1.097 1.797
PO-COQ02-04 11 1.558 0.201 1.164 1.953
PO-COQ02-05 14 1.405 0.178 1.055 1.754
PO-COQ02-06 14 1.405 0.178 1.055 1.754
PO-COQ02-07 16 1.563 0.167 1.235 1.890
PO-COQ02-09xW 11 1.204 0.201 0.809 1.598
PO-COQ03-083xW 15 1.210 0.172 0.872 1.548
PO-COQ03-084 12 1.119 0.193 0.741 1.497
PO-COQ03-087xW 15 1.270 0.172 0.932 1.607
PO-COQ03-091xW 13 1.259 0.185 0.896 1.622
PO-COQ04-060 13 1.344 0.185 0.981 1.707
PO-COQ04-061 14 1.405 0.178 1.055 1.754
PO-COQ04-063 11 1.355 0.201 0.960 1.749
PO-COQ04-064 16 1.313 0.167 0.985 1.640
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Table 4.11 (continued).  Mean Stigmina thujina disease severity on POC trees at the 
Humboldt common garden. 
 

Family Count Mean SE 
Lower 
Limit 

Upper 
Limit 

PO-COQ05-096 16 1.563 0.167 1.235 1.890
PO-COQ06-065 13 1.673 0.185 1.310 2.036
PO-COQ06-066 14 1.338 0.178 0.988 1.688
PO-COQ06-073 14 1.690 0.178 1.340 2.040
PO-COQ06-074 13 1.428 0.185 1.065 1.791
PO-COQ06-075 14 1.476 0.178 1.126 1.826
PO-COQ06-076 14 1.690 0.178 1.340 2.040
PO-COQ06-103xW 14 1.090 0.178 0.740 1.440
PO-COQ06-104xW 14 1.496 0.178 1.146 1.846
PO-COQ07-077 13 1.906 0.185 1.542 2.269
PO-COQ07-078 14 1.333 0.178 0.983 1.683
PO-COQ08-081 13 1.112 0.185 0.749 1.475
PO-COQ08-082 13 1.498 0.185 1.135 1.861
PO-COQ09-101 12 1.401 0.193 1.023 1.779
PO-COQ09-102 12 2.125 0.193 1.748 2.503
PO-COQ10-106 16 1.313 0.167 0.985 1.640
PO-COQ10-107 15 1.203 0.172 0.865 1.541
PO-COQ10-108 14 1.833 0.178 1.483 2.183
PO-COQ10-109xW 15 1.327 0.172 0.989 1.665
PO-COQ10-110xW 15 1.157 0.172 0.819 1.495
PO-COQ11-092 12 1.465 0.193 1.087 1.843
PO-COQ11-093 14 1.262 0.178 0.912 1.612
PO-DUN01-01xW 12 1.204 0.193 0.826 1.582
PO-DUN01-02xW 13 1.065 0.185 0.702 1.428
PO-DUN02-01 9 1.074 0.223 0.637 1.510
PO-DUN02-02 17 1.231 0.162 0.913 1.548
PO-DUN02-02xW 13 1.084 0.185 0.721 1.447
PO-DUN02-03 14 1.119 0.178 0.769 1.469
PO-DUN02-04 11 1.501 0.201 1.107 1.896
PO-DUN02-05 14 1.123 0.178 0.773 1.472
PO-DUN02-06 23 1.234 0.139 0.961 1.507
PO-DUN02-06xW 14 1.100 0.178 0.750 1.450
PO-DUN02-07 25 1.170 0.134 0.908 1.432
PO-DUN02-07xW 14 1.257 0.178 0.907 1.607
PO-DUN02-08 27 1.508 0.129 1.256 1.760
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Table 4.11 (continued).  Mean Stigmina thujina disease severity on POC trees at the 
Humboldt common garden. 
 

Family Count Mean SE 
Lower 
Limit 

Upper 
Limit 

PO-DUN02-08xW 16 1.188 0.167 0.860 1.515
PO-DUN02-09 27 1.212 0.129 0.961 1.464
PO-DUN02-09xW 15 1.207 0.172 0.869 1.545
PO-DUN02-10 26 1.213 0.131 0.956 1.469
PO-DUN02-11 27 1.136 0.129 0.884 1.388
PO-DUN02-11xW 13 1.142 0.185 0.779 1.505
PO-DUN02-12 11 1.521 0.201 1.127 1.916
PO-ELK01-01xW 15 1.060 0.172 0.722 1.398
PO-ELK01-02 15 1.189 0.172 0.851 1.527
PO-ELK01-03xW 14 0.986 0.178 0.636 1.336
PO-ELK01-04 14 1.122 0.178 0.772 1.472
PO-ELK01-05 14 1.078 0.178 0.728 1.427
PO-ELK01-06xW 16 1.125 0.167 0.798 1.452
PO-ELK01-07 12 1.151 0.193 0.773 1.529
PO-ELK01-08 14 1.405 0.178 1.055 1.754
PO-ELK01-09 13 1.232 0.185 0.869 1.595
PO-ELK01-10xW 13 1.186 0.185 0.823 1.549
PO-ELK01-11 12 1.044 0.193 0.666 1.422
PO-ELK01-12xW 14 1.018 0.178 0.669 1.368
PO-ELK01-13 13 1.157 0.185 0.794 1.520
PO-ELK01-14xW 14 1.161 0.178 0.811 1.511
PO-ELK01-15 16 1.250 0.167 0.923 1.577
PO-ELK01-16xW 16 1.125 0.167 0.798 1.452
PO-ELK01-17xW 12 1.092 0.193 0.714 1.470
PO-ELK01-18 11 1.287 0.201 0.893 1.682
PO-ILV01-01 14 2.405 0.178 2.055 2.754
PO-ILV01-02 13 2.209 0.185 1.846 2.572
PO-ILV01-03 15 1.407 0.172 1.069 1.745
PO-ILV01-04xW 11 2.113 0.201 1.719 2.508
PO-ILV01-05xW 15 1.690 0.172 1.352 2.028
PO-ILV01-06xW 16 1.125 0.167 0.798 1.452
PO-ILV01-07 13 2.444 0.185 2.081 2.807
PO-ILV01-08 13 2.266 0.185 1.903 2.629
PO-ILV01-09 14 1.711 0.178 1.361 2.060
PO-ILV01-10xW 16 1.938 0.167 1.610 2.265
PO-KLA12-01 14 2.144 0.178 1.794 2.493
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Table 4.11 (continued).  Mean Stigmina thujina disease severity on POC trees at the 
Humboldt common garden. 
 

Family Count Mean SE 
Lower 
Limit 

Upper 
Limit 

PO-KLA12-03xW 15 1.543 0.172 1.205 1.881
PO-KLA12-04xW 16 1.750 0.167 1.423 2.077
PO-DUN02-09xW 15 1.207 0.172 0.869 1.545
PO-DUN02-10 26 1.213 0.131 0.956 1.469
PO-DUN02-11 27 1.136 0.129 0.884 1.388
PO-DUN02-11xW 13 1.142 0.185 0.779 1.505
PO-DUN02-12 11 1.521 0.201 1.127 1.916
PO-ELK01-01xW 15 1.060 0.172 0.722 1.398
PO-ELK01-02 15 1.189 0.172 0.851 1.527
PO-ELK01-03xW 14 0.986 0.178 0.636 1.336
PO-ELK01-04 14 1.122 0.178 0.772 1.472
PO-ELK01-05 14 1.078 0.178 0.728 1.427
PO-ELK01-06xW 16 1.125 0.167 0.798 1.452
PO-ELK01-07 12 1.151 0.193 0.773 1.529
PO-ELK01-08 14 1.405 0.178 1.055 1.754
PO-ELK01-09 13 1.232 0.185 0.869 1.595
PO-ELK01-10xW 13 1.186 0.185 0.823 1.549
PO-ELK01-11 12 1.044 0.193 0.666 1.422
PO-ELK01-12xW 14 1.018 0.178 0.669 1.368
PO-ELK01-13 13 1.157 0.185 0.794 1.520
PO-ELK01-14xW 14 1.161 0.178 0.811 1.511
PO-ELK01-15 16 1.250 0.167 0.923 1.577
PO-ELK01-16xW 16 1.125 0.167 0.798 1.452
PO-ELK01-17xW 12 1.092 0.193 0.714 1.470
PO-ELK01-18 11 1.287 0.201 0.893 1.682
PO-ILV01-01 14 2.405 0.178 2.055 2.754
PO-ILV01-02 13 2.209 0.185 1.846 2.572
PO-ILV01-03 15 1.407 0.172 1.069 1.745
PO-ILV01-04xW 11 2.113 0.201 1.719 2.508
PO-ILV01-05xW 15 1.690 0.172 1.352 2.028
PO-ILV01-06xW 16 1.125 0.167 0.798 1.452
PO-ILV01-07 13 2.444 0.185 2.081 2.807
PO-ILV01-08 13 2.266 0.185 1.903 2.629
PO-ILV01-09 14 1.711 0.178 1.361 2.060
PO-ILV01-10xW 16 1.938 0.167 1.610 2.265
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Table 4.11 (continued).  Mean Stigmina thujina disease severity on POC trees at the 
Humboldt common garden. 
 

Family Count Mean SE 
Lower 
Limit 

Upper 
Limit 

PO-KLA12-01 14 2.144 0.178 1.794 2.493
PO-KLA12-03xW 15 1.543 0.172 1.205 1.881
PO-KLA12-04xW 16 1.750 0.167 1.423 2.077
PO-KLA12-05 16 1.625 0.167 1.298 1.952
PO-KLA13-01 14 1.690 0.178 1.340 2.040
PO-KLA13-02 13 1.843 0.185 1.480 2.206
PO-KLA13-04 13 1.484 0.185 1.121 1.847
PO-KLA13-05 14 1.976 0.178 1.626 2.326
PO-KLA13-06xW 15 2.186 0.172 1.849 2.524
PO-KLA13-07xW 10 1.878 0.211 1.464 2.292
PO-KLA13-08xW 14 1.297 0.178 0.947 1.646
PO-KLA13-10xW 13 1.512 0.185 1.149 1.875
PO-KLA14-01 16 1.875 0.167 1.548 2.202
PO-KLA14-02 14 1.439 0.178 1.090 1.789
PO-KLA14-03xW 11 1.273 0.201 0.878 1.667
PO-KLA14-04 11 1.422 0.201 1.027 1.817
PO-KLA14-05 13 1.736 0.185 1.373 2.099
PO-KLA14-06 13 1.932 0.185 1.569 2.295
PO-KLA14-09 11 1.723 0.201 1.328 2.118
PO-KLA14-10xW 13 1.124 0.185 0.761 1.487
PO-MCC01-01 14 1.637 0.178 1.287 1.987
PO-MCC01-02 14 1.801 0.178 1.451 2.151
PO-ROG01-01xW 13 1.142 0.185 0.779 1.505
PO-ROG01-02 15 1.277 0.172 0.939 1.615
PO-ROG01-03xW 12 1.368 0.193 0.990 1.746
PO-ROG01-04 13 1.752 0.185 1.389 2.115
PO-ROG01-05 16 1.125 0.167 0.798 1.452
PO-ROG01-06 11 2.372 0.201 1.977 2.766
PO-ROG02-01 14 2.044 0.178 1.694 2.393
PO-ROG02-02 14 1.976 0.178 1.626 2.326
PO-ROG02-04 13 1.755 0.185 1.392 2.118
PO-ROG02-06 13 2.285 0.185 1.922 2.648
PO-ROG03-02 15 1.994 0.172 1.656 2.331
PO-ROG03-03 14 2.033 0.178 1.683 2.383
PO-ROG03-05 12 2.214 0.193 1.836 2.592
PO-ROG04-02xW 15 1.877 0.172 1.539 2.215
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Table 4.11 (continued).  Mean Stigmina thujina disease severity on POC trees at the 
Humboldt common garden. 
 

Family Count Mean SE 
Lower 
Limit 

Upper 
Limit 

PO-ROG04-04 13 1.806 0.185 1.443 2.169
PO-ROG04-05xW 15 1.610 0.172 1.272 1.948
PO-ROG04-06 13 2.290 0.185 1.927 2.653
PO-ROG04-07 11 2.499 0.201 2.104 2.894
PO-SAC01-01 28 3.296 0.126 3.048 3.543
PO-SAC01-01xW 15 3.003 0.172 2.665 3.341
PO-SAC01-10 24 3.074 0.136 2.806 3.341
PO-SAC01-10xW 14 2.711 0.178 2.361 3.060
PO-SAC01-13xW 13 2.920 0.185 2.557 3.283
PO-SAC01-14xW 14 3.211 0.178 2.861 3.560
PO-SAC01-16 13 3.368 0.185 3.005 3.731
PO-SAC01-22 15 3.127 0.172 2.789 3.465
PO-SAC01-23 14 3.119 0.178 2.769 3.469
PO-SAC01-24 13 3.370 0.185 3.007 3.733
PO-SAC01-25 13 3.309 0.185 2.946 3.672
PO-SAC02-01 11 3.029 0.201 2.634 3.424
PO-SAC02-21 13 3.191 0.185 2.827 3.554
PO-SAC02-22xW 15 2.603 0.172 2.265 2.941
PO-SAC02-23xW 14 3.114 0.178 2.764 3.464
PO-SAC02-24xW 12 3.307 0.193 2.929 3.685
PO-SAC02-25 14 2.623 0.178 2.273 2.972
PO-SAC02-26 16 2.563 0.167 2.235 2.890
PO-SAC02-27 15 3.157 0.172 2.819 3.495
PO-SAC03-03xW 12 2.583 0.193 2.205 2.961
PO-SAC03-06 25 3.127 0.134 2.866 3.389
PO-SAC03-06xW 15 3.007 0.172 2.669 3.345
PO-SAC03-22 25 3.425 0.134 3.163 3.687
PO-SAC03-22xW 13 2.605 0.185 2.242 2.968
PO-SAC03-23 14 2.851 0.178 2.502 3.201
PO-SAC03-24 25 2.991 0.134 2.729 3.252
PO-SAC03-24xW 15 2.540 0.172 2.203 2.878
PO-SAC03-25 26 2.664 0.131 2.407 2.920
PO-SAC03-25xW 15 1.940 0.172 1.603 2.278
PO-SAC03-26 14 2.786 0.178 2.437 3.136
PO-SAC03-27 12 2.697 0.193 2.319 3.075
PO-SAC03-28 13 2.824 0.185 2.461 3.187
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Table 4.11 (continued).  Mean Stigmina thujina disease severity on POC trees at the 
Humboldt common garden. 
 

Family Count Mean SE 
Lower 
Limit 

Upper 
Limit 

PO-SAC03-29 12 3.030 0.193 2.652 3.408
PO-SIX01-112 13 1.344 0.185 0.981 1.707
PO-SIX01-113 14 1.762 0.178 1.412 2.112
PO-SR02-04xW 14 1.036 0.178 0.686 1.386
PO-SR02-16xW 13 1.408 0.185 1.045 1.771
PO-SR03-01 14 2.047 0.178 1.698 2.397
PO-SR03-02 14 2.405 0.178 2.055 2.754
PO-SR03-03xW 14 1.996 0.178 1.646 2.346
PO-SR03-04 15 2.455 0.172 2.118 2.793
PO-SR03-05 13 2.517 0.185 2.154 2.880
PO-SR04-01xW 14 1.846 0.178 1.496 2.196
PO-SR04-02xW 14 1.707 0.178 1.358 2.057
PO-SR04-03 15 2.327 0.172 1.989 2.665
PO-SR04-04xW 16 2.063 0.167 1.735 2.390
PO-SR04-05 15 2.253 0.172 1.915 2.591
PO-SR04-06xW 14 1.760 0.178 1.411 2.110
PO-SR04-07 14 1.976 0.178 1.626 2.326
PO-SR04-08 13 2.201 0.185 1.838 2.564
PO-SR04-09 15 1.455 0.172 1.118 1.793
PO-SR04-10 10 1.997 0.211 1.583 2.411
PO-SR05-01xW 12 2.100 0.193 1.722 2.478
PO-SR05-02xW 16 1.938 0.167 1.610 2.265
PO-SR05-03 12 2.058 0.193 1.680 2.436
PO-SR05-04 13 1.832 0.185 1.469 2.195
PO-SR05-05 14 1.462 0.178 1.112 1.811
PO-SR05-06 15 2.074 0.172 1.736 2.412
PO-SR05-07 14 1.944 0.178 1.594 2.294
PO-SR05-08xW 14 1.832 0.178 1.482 2.182
PO-SR09-02xW 15 1.810 0.172 1.472 2.148
PO-SR09-03xW 14 1.908 0.178 1.558 2.258
PO-SR09-04 13 1.747 0.185 1.384 2.110
PO-SR09-09 15 1.603 0.172 1.265 1.941
PO-SR09-10 14 1.637 0.178 1.287 1.987
PO-SRM01-06 12 2.523 0.193 2.145 2.901
PO-SRM01-11xW 13 1.641 0.185 1.278 2.004
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Table 4.11 (continued).  Mean Stigmina thujina disease severity on POC trees at the 
Humboldt common garden. 
 

Family Count Mean SE 
Lower 
Limit 

Upper 
Limit 

PO-SRM01-12xW 13 1.236 0.185 0.873 1.599
PO-TRN08-01xW 11 2.791 0.201 2.396 3.185
PO-TRN08-02xW 13 2.628 0.185 2.265 2.991
PO-TRN09-01xW 16 3.125 0.167 2.798 3.452
PO-TRN09-02xW 13 2.887 0.185 2.524 3.250
PO-TRN09-03 14 3.228 0.178 2.878 3.577
PO-TRN09-04 11 2.903 0.201 2.508 3.297
PO-TRN09-05 16 2.688 0.167 2.360 3.015
PO-TRN09-06 10 3.407 0.211 2.993 3.821
PO-TRN09-08xW 14 2.700 0.178 2.351 3.050
PO-TRN10-01xW 13 2.563 0.185 2.200 2.926
PO-TRN10-03xW 12 3.035 0.193 2.657 3.412
PO-UMP01-01xW 14 1.194 0.178 0.844 1.544
PO-UMP01-02xW 13 1.230 0.185 0.867 1.593
PO-UMP01-03 11 1.222 0.201 0.828 1.617
PO-UMP01-04 13 1.367 0.185 1.004 1.730
PO-UMP01-05 10 1.389 0.211 0.975 1.803
PO-UMP01-06 13 1.285 0.185 0.922 1.648
PO-UMP01-07 9 1.210 0.223 0.774 1.647
PO-UMP01-08xW 12 0.996 0.193 0.619 1.374
PO-UMP01-09xW 15 1.290 0.172 0.952 1.628
PO-UMP01-10 13 1.334 0.185 0.971 1.697
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POC families are defined as the progeny from open pollinated or controlled 

crosses with vegetatively propagated cuttings (clones) of individual seed parent trees 

from throughout the natural range of POC.  When families were grouped by their 

provenances (watershed where the progenitor individual was located), provenance was a 

significant explanatory factor for variation in Stigmina foliage blight severity (F = 52.96, 

d.f. = 12, P < 0.001).  Between 2 and 42 families were included in each 5th field 

watershed.  The mean disease rating for each watershed is shown in Table 4.12 and in 

Figure 4.8.  The lowest mean disease rating came from the Sixes River Watershed 

(family mean 1.815) and the highest mean came from Upper Trinity River Watershed 

(family mean 3.497). 

The ANOVA results for provenance suggested a geographic pattern in which 

families originating from more southerly watersheds and further inland, higher elevation 

watersheds had greater average disease ratings than those originating from more northern 

and coastal, low elevation watersheds.  Latitude and longitude were found to be 

significantly correlated with average disease severity (p < 0.0001) (Table 4.13).  Mean 

elevation and mean annual precipitation for the provenance of the family parent tree were 

also found to be significant factors affecting disease rating (p = 0.0224 and 0.0201, 

respectively) (Table 4.13).  Families from the Upper Trinity River and Mount Shasta 

watersheds had the greatest average disease ratings.  These watersheds were also the 

southernmost and most inland provenances, had low mean annual precipitation (358.9 

and 269.24 mm lower then average, respectively) and highest elevations (see Figure 4.10 

and 4.11).  Families from the Sixes River and Coos Bay Frontal watersheds had the 
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lowest mean disease ratings (Figure 4.10).  These watersheds were the northernmost sites 

and from low elevations (Figures 4.10 and 4.11).   
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Table 4.12  Mean Stigmina thujina disease severity for POC families grouped by 
watershed of origin.  Count = number of families in each 5th field watershed, PPT = 
average annual precipitation in millimeters, LAT = average latitude, LONG = 
average longitude, and ELV = average elevation in feet of location of parent trees.   
Disease = mean Stigmina foliar blight disease severity.  
 
Watershed 5th Field Watershed Count PPT LAT LONG ELV Disease 
Sixes and Elk 
Rivers Sixes River  2 1963.93 42.833 124.485 200 1.81
Oregon Dunes Coos Bay Frontal 31 1618.99 43.43 124.264 124 1.82
Rogue River  Elk River  21 2478.28 42.772 124.409 900 1.83
Coquille River  North Fork Coquille 2 1604.52 43.13 124.061 450 1.85
Coquille River  Middle Fork Coquille 42 1609.85 43.04 123.881 1572 1.9

Coquille River  
East Fork Coquille 
River  14 1766.83 43.119 123.949 1340 1.96

Coquille River  South Fork Coquille 17 1999.23 42.833 124.084 2107 2.11
Rogue River  Lobster Creek 10 3760.22 42.652 124.14 3560 2.27
Klamath River  Lower Klamath River  8 2943.6 41.317 123.761 3300 2.31
Rogue River  Illinois River-Lawso 3 2799.59 42.453 124.161 3200 2.34
Rogue River  Lower Rogue River  4 4002.02 42.549 124.207 2544 2.35
Applegate 
River  Williams Creek  20 1309.62 42.15 123.333 3568 2.45
Applegate 
River  Deer Creek 7 1867.66 42.206 123.406 4000 2.59
Klamath River  Middle Klamath River 13 2236.22 41.822 123.469 4101 2.64
Smith River  Southern Fork Smith 10 3412.74 41.735 123.822 4456 2.64

Smith River  
Middle Fork Smith 
River  27 2492.5 41.915 123.734 3749 2.65

Illinois River  
East Fork Illinois 
River 10 1597.41 42.034 123.554 3500 2.66

Rogue River  Silver Creek 5 1850.64 42.525 123.732 3200 2.72
Sacramento 
River  Mount Shasta  34 1496.1 41.233 122.434 4780 3.49
Upper Trinity 
River  Upper Trinity River  11 1661.67 41.126 122.533 5778 3.5
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Figure 4.8. Mean Stigmina disease severity grouped by watershed of origin for Port-
Orford-cedar families in the Humboldt common garden planting.  Homogeneous 
groups are indicated by horizontal lines.  Vertical black lines show SE. 
 
 
Table 4.13.  Results of multifactor ANOVA for the effects of latitude, longitude, 
elevation and mean annual precipitation on mean Stigmina disease rating.   
 
Source Sum of Squares Df Mean Square F-Ratio P 
MAIN EFFECTS      
 Latitude 1560 165 9.4580 18.7011 0.0000 
 Longitude 51.082 34 1.5024 2.9707 0.0000 
Elevation 2.640 1 2.6402 5.2205 0.0224 
Precipitation 3.955 2 1.97745 3.9100 0.0201 
Residuals 1879.354 3716 0.5057   
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Figure 4.9.  Mean Stigmina disease severity grouped by latitude of origin of the 
family seed parent.  UT = Upper Trinity River, MS = Mount Shasta, LK = Lower 
Klamath River, SFS = Southern Fork Smith River, MKR = Middle Klamath River, 
MFS = Middle Fork Smith River, EFI = East Fork Illinois River, WC = Williams 
Creek, DC = Deer Creek, IRLC = Illinois River-Lawson Creek, SC = South Fork 
Coquille, LRR = Lower Rogue River, LC = Lobster Creek, ER = Elk River, SR = 
Sixes River, SFC = South Fork Coquille, MFC = Middle Fork Coquille, EFC = East 
Fork Coquille, NFC = North Fork Coquille, CBF = Coos Bay Frontal.  Vertical 
black lines show SE. 
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Figure 4.10.  Mean Stigmina disease severity grouped by longitude of origin of the 
family seed parent.  MS = Mount Shasta, UT = Upper Trinity River, WC = Williams 
Creek, DC = Deer Creek, MKR = Middle Klamath River, EFI = East Fork Illinois 
River, SC = South Fork Coquille, MFS = Middle Fork Smith River, LK = Lower 
Klamath River, SFS = Southern Fork Smith River, MFC = Middle Fork Coquille, 
EFC = East Fork Coquille, NFC = North Fork Coquille, SFC = South Fork 
Coquille, LC = Lobster Creek, IRLC = Illinois River-Lawson Creek, LRR = Lower 
Rogue River, CBF = Coos Bay Frontal, ER = Elk River, SR = Sixes River.  Vertical 
black lines show SE. 
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Figure 4.11.  Map of Oregon and California watersheds showing mean Stigmina 
disease ratings for local POC families.  Map created by Cyrus Curry.  CBF = Coos 
Bay Frontal, NFC = North Fork Coquille, EFC = East Fork Coquille, MFC = 
Middle Fork Coquille, SFC = South Fork Coquille, SR = Sixes River, ER = Elk 
River, LC = Lobster Creek, LRR = Lower Rogue River, IR = Illinois River-Lawson 
Creek, SC = South Fork Coquille, DC = Deer Creek, WC = Williams Creek, EFI = 
East Fork Illinois River, MFS = Middle Fork Smith River, SFS = Southern Fork 
Smith River, MKR = Middle Klamath River, LK = Lower Klamath River, UT = 
Upper Trinity River, MS = Mount Shasta. 
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Discussion 

Stigmina thujina is a fungal pathogen known to infect foliage of Port-Orford-

cedar (Chamaecyparis lawsoniana) and several Thuja species (Hodges 1982).  Infection 

by S. thujina can cause extensive defoliation damage resulting in growth loss (Hodges 

1982).   The fungus is believed to be native to western North America (Hodges 1982) but 

until recently, foliage blight caused by S. thujina on POC in the Pacific Northwest region 

of the United States has not been often reported.  S. thujina was identified on several 

Port-Orford-cedars seedlings with varying symptoms of Stigmina foliage blight in the 

Phytophthora lateralis root disease breeding program at Dorena Genetic Resource Center 

in Cottage Grove, Oregon and in a common garden study in Humboldt County, 

California.   

Germplasm in the Phytophthora root disease breeding program is based on trees 

from throughout the range of POC.  However, because a relatively small number of 

individual trees have shown high levels of resistance to Phytophthora root rot there has 

been concern that by selecting POC for resistance to P. lateralis, genotypes that are more 

susceptible to other pathogens, such as S. thujina, might inadvertently be overrepresented 

in the breeding program.  Because susceptibility to pathogens other than P. lateralis 

could compromise the success of the Phytophthora root disease resistant POC breeding 

program, determining the potential genetic resistance of Phytophthora root-disease 

resistant Port-Orford-cedar to S. thujina is essential for successful management and 

restoration of POC in areas infested by P. lateralis 
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The Dorena Genetic Resources Center began conducting P. lateralis inoculation 

tests in 1993 in order to test the susceptibility of POC seedlings to P. lateralis.  Families 

were initially rated in 2006 as having low, moderate or high mortality.  Evaluation of data 

from more recent trials revealed that this rating scale did not reflect the complexities of 

the resistance reactions observed.  In particular, seedlings that appeared to have initially 

survived inoculation with P. lateralis eventually were killed, but mortality occurred much 

later than for most seedlings.  Furthermore, the “slow dying” phenotype appeared to be 

found in certain families and so could be a heritable type of resistance (R. Sniezko, 

personal communication).  A long term goal of the POC resistance breeding program is 

to develop durable multigenic resistance, and the slow dying phenotype might prove to be 

a useful trait in multigenic resistance.  Therefore the Phytophthora disease rating scale 

was revised in 2008 to indicate relative resistance as well as the relative duration of 

survival after inoculation.  

Little work has been done evaluating genetic variation with respect to 

susceptibility of Port-Orford-cedar to infection by Stigmina thujina and defoliation due to 

Stigmina foliar blight.  In this study, POC seedlings inoculated with Stigmina thujina by 

both an aerosol and natural inoculation method developed symptoms after one year.  An 

observational study was also conducted on POC trees in the Humboldt common garden.  

These methods appear to offer promise as experimental tools for future studies of this 

disease in POC. 

Family was a highly significant factor explaining variation in disease severity in 

all three disease assays, suggesting that genetic variability is a major determinant of the 
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variation in disease severity observed in the field.   A combined analysis of both field 

exposure and aerosol spray inoculation methods showed a significant interaction term 

between family and treatment, suggesting that inoculation method has an effect on 

disease severity.  Certain families responded differently to the two inoculation methods.    

This study found no correlation between either the 2006 or the 2008 P. lateralis 

root disease rating and Stigmina disease severity for POC seedlings inoculated by aerosol 

spray.  Similarly, there was no correlation between the 2006 P. lateralis root disease 

rating and Stigmina disease severity for seedlings exposed to natural inoculum.   

However, there was a correlation between the 2008 P. lateralis root disease rating and 

Stigmina disease severity for seedlings exposed to natural inoculum sources.  In general, 

families with a high 2008 root disease rating had a low Stigmina rating and those with a 

low 2008 root disease rating had a high Stigmina rating.  Repeated studies are necessary 

to fully understand the relationship between the resistance of POC to these two 

pathogens.   

A number of challenges affected the success of inoculation screening procedures 

used in this study.  These include a limited understanding of the relationship between 

field and greenhouse inoculation results.  No research to date has been conducted on the 

mechanism of dispersal of S. thujina.  While the involvement of vector agents such as 

insects cannot be ruled out, it is plausible to assume that the pathogen is spread by abiotic 

agents such as wind and rain.  Therefore, both inoculation methods used in this study 

(aerosol spray of macerated hyphae and natural field inoculation) are justifiable, since the 

aerosol spray should simulate inoculation by spores spread by precipitation.  However, 
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inconsistent results between the aerosol spray and natural inoculation methods were 

observed for several POC families.  Varying levels of disease severity for the same 

families between the two inoculation methods could be due to a number of factors.  It is 

likely that inoculum concentration differed between the inoculation methods.  Although 

the level of inoculum produced during the field inoculation was not monitored, it is 

presumed that the field inoculation was conducted later in the year then optimum 

sporulation.   The concentration of viable hyphal fragments used in the aerosol spray 

inoculation was probably greater than the spore concentration produced under field 

conditions.  Therefore, seedlings inoculated by the aerosol method were probably 

exposed to a greater amount of inoculum than seedlings exposed to natural inoculum in 

the field.  Further inoculation tests are necessary in order to better understand the level of 

resistance of POC to infection by S. thujina.  However, this research has shown that 

levels of susceptibility to infection by S. thujina varies between families of POC, 

suggesting that genetic improvement of resistance to Stigmina is possible. 

There was significant variation in Stigmina foliage blight symptom severity 

between families of Port-Orford-cedars in the Humboldt common garden study.  In 

addition, there was a significant difference in Stigmina disease severity between families 

grouped based on their native watersheds.  The families in the Phytophthora root disease 

resistance breeding program were derived from individuals growing throughout the 

native range of POC, and we assume that the progenitor individuals are representative of 

locally adapted genotypes for their respective native watersheds.  Such locally adapted 

genotypes would have evolved under selection pressures imposed not only by local 
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climatic factors that directly affect tree growth and reproduction, but also from biotic 

factors, such as disease agents, that also may be affected by variations in climate across 

the range of POC.  Environmental conditions across the range of different native POC 

watersheds may differ with respect to their favorability for Stigmina infection and 

growth, and therefore could result in range-wide variation among POC phenotypes for 

resistance to Stigmina foliage blight.  A similar relationship between Douglas-fir 

provenances and susceptibility to the foliage disease Swiss needle cast has been 

suggested (McDermott and Robinson 1989, Hood and Kimberley 2005). 

Differences in climate, elevation and proximity to the coast vary in annual 

temperatures, precipitation and humidity, and these factors likely influence sporulation 

levels and pathogen growth.  There is likely to be greater selection pressure acting on 

POC for resistance to Stigmina foliar blight infection in areas where conditions are more 

favorable to the growth and reproduction of the pathogen.  Therefore, families of POC 

from watersheds more conducive to pathogen growth are expected to have lower average 

disease ratings.  This study has found that families from watersheds located in more 

southerly latitudes, further inland and at higher elevations had higher mean disease 

ratings.  Families from watersheds nearer to the coast, at the northern part of the POC 

range, and at lower elevations had lower mean disease severity.     

A number of confounding factors may have influenced levels of disease severity 

in the Humboldt common garden planting.  Trees planted toward the western edge of the 

planting were in closer proximity to the ocean and were likely exposed to higher levels of 

wind and salt spray.  In addition, some replacement trees were planted several years after 
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the initial planting in order to compensate for trees killed by various causes.  While 

attempts were made during the 2008 Stigmina survey to only include older trees, it is 

likely that an occasional replant was included in the survey.  Differences in ages of trees 

accidentally included in the survey may have influenced average disease severity and tree 

size estimates.   

The three assays conducted in this experiment provide strong evidence for genetic 

variation in the POC families examined with respect to susceptibility to disease caused by 

Stigmina thujina.  The field and aerosol spray inoculation assays showed strong evidence 

of variation in resistance to S. thujina among selected families in the root disease 

resistance breeding program at Dorena Genetic Resource Center.  Further studies are 

necessary to determine if there is any correlation between resistance of POC to P. 

lateralis and to disease caused by S. thujina.  Results from this study suggest that POC 

seedlings from parent trees located in watersheds with close proximity to the coast, from 

more northern latitudes and lower elevations are less susceptible to Stigmina disease.  

This information will be useful in future POC disease resistance breeding studies.        



Chapter 5 

General Conclusions 

Danielle K. H. Martin 
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Conclusions 

The experiments presented here were conducted to evaluate the heritability of 

susceptibility of Port-Orford-cedar families in the Phytophthora root disease resistance 

breeding program to infection and disease caused by species of Seiridium and Stigmina 

thujina.  Experiments were designed to assess the variation in POC with respect to 

symptoms of Seiridium canker and Stigmina foliar blight and to determine whether 

susceptibility to Stigmina foliar blight and Seiridium canker are correlated with POC 

family and/or to resistance rating for P. lateralis.  An additional goal of this project was 

to determine the species of Seiridium present in Oregon.  Exploration of these goals has 

presented a number of significant results related to the variation in genetic resistance of 

POC to Seiridium canker disease and Stigmina foliar blight.    

 

Variation in resistance to species of Seiridium

• Families of POC with differing degrees of resistance to P. lateralis expressed 

significant differences in levels of mortality caused by species of Seiridium 

(Tables 2.2 and 2.3; Figures 2.4 and 2.5) 

• No correlation was found between resistance to infection by Seiridium sp. and 

level of P. lateralis resistance (Tables 2.4 and 2.5). 

• Seedling diameter at time of Seiridium inoculation and inoculation groups had an 

effect on mortality caused by infection of Seiridium (Table 2.2). 
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Examination of species of Seiridium present in Oregon 

• Morphological characteristics of Seiridium conidia obtained from cankers on 

Port-Orford cedar collected throughout southwestern Oregon were similar, and 

agreed most closely with published descriptions of S. cardinale (Figure 3.1). 

• While analysis of histone and partial ß-tubulin sequence data showed Oregon 

Seiridium isolates to form a biphyletic clade with S. unicorne isolates from 

Portugal, the Oregon isolates were found to be significantly different from the S. 

unicorne isolates from Portugal with a 72% bootstrap value (Figure 3.2).   

 

Variation in resistance to Stigmina thujina 

• No correlation was found between resistance of POC in the P. lateralis root 

disease resistance study to symptoms of infection by Seiridium and Stigmina 

(Tables 4.2 and 4.3). 

• POC seedlings with differing degrees of resistance to P. lateralis expressed 

significant variations in levels of disease severity caused by S. thujina for both the 

aerosol spray and field inoculation methods (Tables 4.4 and 4.7). 

• No correlation was found between average disease severity caused by infection of 

S. thujina inoculated by aerosol spray and level of P. lateralis resistance based on 

2006 and 2008 rating scales (Tables 4.5 and 4.6, Figures 4.3 and 4.4).  
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• No significant correlation was found between the 2006 P. lateralis root disease 

rating and average disease severity level caused by infection of S. thujina on 

seedlings inoculated by natural field inoculation method (Figure 4.5 and Table 

4.8).   

• A correlation was found between the 2008 P. lateralis root disease rating and 

average disease severity caused by infection of S. thujina for seedlings inoculated 

by natural field inoculation method (Figure 4.6 and Table 4.9). 

• Inconsistent results were found in average disease severity caused by S. thujina 

between the aerosol spray and field inoculation methods.  

• Family was a significant factor explaining variation in S. thujina disease severity 

of POC in the Humboldt common garden study.   

• Seedstock collected from watersheds that differed in elevation, precipitation, 

latitude and longitude were found to have significant variation in levels of disease 

severity caused by S. thujina (Table 4.12).   

• Families from watersheds located in the southernmost, most inland provenances 

with higher elevations and lower levels of precipitation had higher Stigmina 

disease ratings (Figures 4.9, 4.10, and 4.11). 

• POC seedlings from parent trees located in watersheds with close proximity to the 

coast, from more northern latitudes and lower elevations show lower levels of S. 

thujina disease symptoms (Figures 4.9, 4.10, and 4.11). 
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Concluding discussion 

A number of families inoculated with Seiridium, including: 203, 376 and 215 

exhibited relatively low mortality (less than 50%).  Families 192, 200, 207, 207, 206 and 

243 exhibited high Seiridium-induced mortality (greater than 80%).  While no significant 

correlation between resistance Phytophthora root disease and resistance to Seiridium sp. 

was observed, several families were found to have some resistance to both pathogens.  

376 showed an average of less than 50% Seiridium mortality and a P. lateralis rating of 2 

(21-70% mortality).  Families 426 and 189 exhibited an average of less than 60% 

Seiridium mortality and a P. lateralis rating of 2.   

Several families inoculated with Stigmina by aerosol spray application showed 

high levels of average disease severity, including families 215, 214, 426, 192 and 206.  

Meanwhile, families 218, 190, 195, 226 and 229 had lower average Stigmina disease 

severity when inoculated by the aerosol method.  Families 195, 192, 199 and 194 

inoculated by the natural field exposure showed high average Stigmina disease severity 

ratings while families 205, 243, 226, 218 and 200 showed lower average Stigmina 

disease severity ratings.  Some families showed consistent results between both the 

aerosol spray and natural field inoculations.  Families 192 and 426 had high disease 

severity ratings for both inoculation methods.  Families 205, 218, 190, and 226 had low 

disease ratings for both inoculation methods.   

There was no significant correlation between resistance to S. thujina and P. 

lateralis.  However, some general correlations were observed with both inoculation 

methods.  Families 200, 205 and 226 showed high levels of susceptibility to P. lateralis 
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with both the 2006 and 2008 rating systems and high resistance to S. thujina.  Family 426 

showed high resistance to infection by Stigmina and high resistance to P. lateralis with 

the 2008 rating system.  Family 218 showed a high level of resistance to P. lateralis 

based on the 2008 rating and a high level of resistance to S. thujina.  

It is important to understand the relative susceptibility of high-value Phytophthora 

root disease resistant POC to infection by Seiridium sp. and Stigmina thujina before 

releasing stock for widespread use.  This research has shown that levels of susceptibility 

to infection by species of Seiridium and S. thujina varies between families of POC, 

suggesting that genetic improvement of resistance to these pathogens is possible. 

Discrepancies between the morphological characteristics of the Oregon Port-

Orford cedar isolates and the phylogenetic analysis suggest that there may be greater 

variation in the morphological characters of S. unicorne than previously acknowledged, 

or possibly that the Seiridium species from Oregon represents a previously unrecognized 

species.  Previous phylogenetic analysis has concentrated on isolates from Europe, New 

Zealand and Africa.  Isolates from North America, which appear more variable, have yet 

to be examined.   The results of this study indicate that further analyses of Seiridium 

isolates from North America are needed in order to confidently identify the species of 

Seiridium infecting Cupressaceae in the Pacific Northwest.   
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