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Host-parasite interactions between the pathogen, Sphaerulina musiva, and its 

host, Populus spp., were examined in a series of studies. In the first study, variation in 

resistance of Populus nigra from 7 locations in Europe was differentiated based on 

the parameters cankers per cm and disease severity score. The analysis evaluated if 

location, isolate, genotype, and their interactions significantly affected variation in 

these parameters. In addition, the correlation in disease severity score between single 

isolate and bulk isolate inoculations was examined. Location (72%; P < 0.001) 

explained the majority of variation in resistance for cankers per cm followed by 

genotype(location) (28%; P < 0.001). In contrast, genotype(location) (51%; P < 

0.001) explained the majority of variation in disease severity score followed by 

location (26%; P = 0.025). A significant isolate effect (P = 0.034) and 

genotype(location)*isolate interaction (P = 0.004) were also present in the disease 

severity score model. When correlating single isolate to bulk isolate inoculations the 

correlation coefficients for disease severity score indicated a significant range of 

correlations (r = 0.871 to r = 0.952) with significant P-values (P < 0.05). The second 

study determined whether or not there is a correlation between resistance to stem 

infection and resistance to leaf infection. The results indicated no correlation between 

leaf spot severity and stem canker severity (r = 0.452; P = 0.068). Older leaves 

showed significantly lower disease severity compared to younger leaves (leaf 1 vs. 



 

 

leaf 5) when averaged across all genotypes in both experiments. The lack of a 

consistent correlation among leaves and stems may have implications for disease 

management and deployment of resistant genotypes and suggests that there may be 

different mechanisms controlling resistance in the stem compared to the leaves. The 

third study examined the genetic basis of the interaction between S. musiva and P. 

trichocarpa. RNA-seq was used to identify potential S. musiva effectors involved in 

stem canker formation at 2 and 3 weeks post-inoculation. The total reads at 2 weeks 

were 4,198,267; at 3 weeks reads increased to 4,915,453 compared to 3,125,004 for 

the control. Approximately 20% of the total reads were aligned to the S. musiva 

reference genome and the remaining reads were aligned to P. trichocarpa. Analysis 

of the fungal reads identified 70 genes at 2 weeks post-inoculation and 110 genes at 3 

weeks post-inoculation that were differentially expressed between the inoculated trees 

and the control. The most highly expressed gene at 2 weeks and second at 3 weeks 

had homology to Extracellular protein 2 (Ecp2) produced by Cladosporium fulvum. 

Sphaerulina musiva Ecp2 (SmEcp2) was infiltrated into P. trichocarpa leaves and 

caused necrosis on some susceptible genotypes.  
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Chapter 1. Introduction 

 

THE GENUS POPULUS 

The genus Populus is positioned within the Salicaceae (Willow family) and 

contains 29 species within six recognized taxanomic sections: Abaso, Turanga, 

Leucoides, Aigeiros, Tacamahaca, and Populus (Dickmann 2001). The five most 

important species, endemic to North America, include Populus trichocarpa Torr. & Gray, 

Populus balsamifera L., Populus tremuloides Michaux, Populus grandidentata Michaux, 

and Populus deltoides Marsh. (Eckenwalder 1996). Important non-native species include 

Populus nigra L. and Populus maximowiczii A. Henry. The species within this genus are 

generally wind-pollinated and dioecious, with male and female flowers in the form of 

pendant catkins (Eckenwalder 1996). One major feature of this genus is the cottony hairs 

on the seeds making them ideal for wind dispersal (Eckenwalder 1996). Poplars are 

deciduous, fast growing trees, that can spread clonally by suckering (Eckenwalder 1996). 

They are an important part of ecosystems as pioneer species on disturbed sites with many 

species in the genus growing in riparian areas (Eckenwalder 1996). Poplars are generally 

diploid with two sets of 19 chromosomes but can occasionally be triploid (Dickmann 

2001).  

Populus spp. are considered “model” organisms and consequently are highly 

researched (Dickmann 2001). This is partially due to the ease of clonal propagation and 

fast growth rate making them an ideal model tree species (Dickman 2001). Upon the 

completion of the genome sequence of P. trichocarpa (Tuskan et al. 2006), numerous 

studies have looked at the molecular mechanisms underlying different processes in this 

tree. Unlike the model plant Arabidopsis, P. trichocarpa is a dioecious woody tree 

species, allowing for different plant processes to be studied including flowering, 

senescence, wood formation, and sex determination (Jansson & Douglas 2007). 

Furthermore, there is genetic and phenotypic variation within P. trichocarpa facilitating 

research on adaptation and evolution (Jansson & Douglas 2007). 
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HYBRID POPLAR 

Species within the genus Populus are able to form intraspecific and interspecific 

hybrids as well as intersectional hybrids. Perhaps the most common of these are between 

the sections Aigeiros and Tacamahaca (Stettler et al. 1996). Species commonly used for 

hybrid crosses within the section Aigeiros include P. deltoides and P. nigra and within 

the section Tacamahaca include P. trichocarpa, P. balsamifera, and P. maximowiczii 

(Dickman 2001). In the north central and eastern United States, breeding programs 

commonly use P. nigra in interspecific crosses with P. deltoides (Riemenschneider et al. 

2001; Bisoffi and Gullberg 1996). Hybridization of Populus spp. allows breeders to 

combine desirable traits and exploit heterosis (i.e. hybrid vigor) typically associated with 

these trees (Bisoffi and Gullberg 1996).  

Within breeding programs, the steps for producing hybrids are: (i) evaluate 

available parents; (ii) conduct controlled crosses of parents in order to produce variable 

offspring; and (iii) evaluate the progeny for desirable characteristics (Riemenschneider et 

al. 2001). Common characteristics for selection include rooting ability, tree growth, cold 

hardiness, and resistance to frost crack and sunscald in colder regions. Selection for wood 

characteristics differs depending on end-use (Riemenschneider et al. 2001). Some of 

these uses include windbreaks, riparian buffer systems, lumber, paper, and carbon 

sequestration (Dickmann 2001). Another important selection criterion is resistance to 

diseases that may impact hybrid poplar growth (Riemenschneider et al. 2001). The U.S. 

Department of Energy considers hybrid poplars an important biomass crop that can be 

developed for use throughout the USA (DOE 2011). Populus hybrids are already 

considered a significant component of the biofuels and bioenergy feedstock supply in the 

USA (Riemenschneider et al. 2001).  

 

DISEASES OF POPLAR 

The major diseases of Populus spp. and their hybrids in North America include 

Melampsora rust, Marssonina leaf spot, Venturia leaf and shoot blight, and Septoria leaf 

spot and stem canker (Ostry & McNabb 1985; Ostry et al. 1989; Newcombe et al. 2001). 

Melampsora leaf rust is caused by species in the genus Melampsora (Newcombe et al. 
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2001). The rust urediniospores appear as yellowish-orange pustules on the leaves 

(Newcombe et al. 2001). This pathogen is a biotroph and damages poplars by reducing 

growth due to loss of photosynthetic area (Newcombe et al. 2001). Melampsora leaf rust 

is generally controlled by planting resistant cultivars (Newcombe et al. 2001). 

Marssonina leaf spot is caused by at least four Marssonina spp. It causes leaf spots and 

stem lesions on young shoots, and may result in premature defoliation (Ostry and 

McNabb 1985). Venturia leaf and shoot blight is caused by Venturia spp. and primarily 

infects P. tremuloides but can cause epidemics in some hybrid plantations where it causes 

defoliation and growth reduction (Ostry & McNabb 1985; Ostry et al. 1989; Newcombe 

et al. 2001). 

The most economically important pathogen and the major limiting factor to the 

production of Populus as a commercial crop for fiber and biofuel in North America is the 

fungus Sphaerulina musiva (Peck) Quaedvlieg, Verkley, and Crous (Syn. = Septoria 

musiva Peck). This pathogen causes Septoria leaf spot and stem canker (Ostry and 

McNabb 1985; Newcombe and Ostry 2001; Feau et al. 2010). The leaf-spot disease 

results in premature defoliation and a reduction in photosynthetic capacity of susceptible 

genotypes, potentially reducing yield (Bier 1939). The stem canker has the greatest 

impact on hybrid poplar production as girdling cankers weaken stems, increasing the risk 

of wind breakage or killing trees outright (Waterman 1954; Bier 1939; Ostry and 

McNabb 1985).  

 

SPHAERULINA MUSIVA 

History of Sphaerulina musiva 

Sphaerulina musiva is indigenous to North America and occurs as a leaf spot 

sympatrically with the native host species P. deltoides, east of the Rocky Mountains and 

was first described causing a leaf spot on Populus spp. and their hybrids (Bier 1939). The 

fungus was originally identified and described in Albany, New York on living leaves of 

P. deltoides (Peck 1884). The leaf spot caused by S. musiva may also occur on P. 

trichocarpa, P. balsamifera, and their hybrids (Newcombe et al. 2001; Feau et al. 2010). 

However, more frequently Sphaerulina populicola (Peck) Quaedvlieg, Verkley & Crous, 
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comb. nov. (Syn. = Septoria populicola Peck; M. populicola Thomps.), another leaf spot 

fungus, occurs on these two Populus spp. (Zalasky 1978; Newcombe et al. 2001; Feau et 

al. 2010).   

In the 1920’s and 30’s S. musiva was found to not only cause leaf spots, but also 

cause stem cankers on non-native Populus spp. and hybrids (Bier 1939). It is considered a 

threat to poplar producing regions around the world and has been found for the first time 

in the Pacific Northwest (Callan et al. 2007; Herath 2016), Brazil (Santos et al. 2010), 

Argentina (Ares and Gutierrez 1996), and in Asia (Teterevnikova-Babayan 1987). 

Symptoms and Signs   

Leaf spots caused by S. musiva (Fig. 1.1) appear as brown circular spots with 

narrow yellow borders varying in size with the species of poplar they infect (Thompson 

1941; Bier 1939). In general, the spots are circular, 1-15 mm in diameter with a whitish 

center containing small black pycnidia bearing conidia on both the adaxial and abaxial 

surfaces of the leaves (Thompson 1941; Bier 1939). During severe outbreaks of the 

disease, the leaf spots can lead to premature defoliation (Thompson 1941; Bier 1939; 

Feau et al. 2010).  

Sphaerulina musiva can cause cankers on some Populus spp. and their hybrids 

(Fig. 1.2) (Bier 1939; Waterman 1954). Cankers vary in size and shape depending on 

host reaction, generally beginning as tissue discoloration and becoming sunken necrotic 

lesions on young bark tissue (Waterman 1954; Bier 1939). The lesions become slightly 

raised concentric rings as the surrounding tissue matures, leading to stem deformities or 

girdling of the stem and tree mortality (Waterman 1954; Bier 1939; Feau et al. 2010). 

Species of Populus and their hybrids planted for commercial production can develop both 

leaf spots and stem cankers (Bier 1939).  

The mode of entry for leaf spot infection is thought to be through stomata (Luley 

et al. 1989). Potential infection courts in stem cankers include wounds, lenticels, stipule 

scars, and petioles scars (Bier 1939, Waterman 1954). Recently, a non-wound protocol 

and scanning electron microscopy found the mode of entry for S. musiva in stem tissue to 

be lenticels and small openings in the stem (Qin and LeBoldus 2014).  
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Disease Cycle  

The primary inoculum for this disease are ascospores produced by perithecia on 

overwintered leaves (Bier 1939). The leaf spots occur approximately three to four weeks 

after bud burst and sometimes contain small black pycnidia (Thompson 1941; Bier 1939). 

The pycnidia are produced throughout the growing season. They are somewhat globose 

with narrow to wide ostioles that have an average size of 80 x 78µm (Bier 1939; 

Thompson 1941). Conidia will then ooze out in long curled pink spore tendrils (Fig. 1.3) 

(Bier 1939; Thompson 1941; Waterman 1954). The conidia are hyaline, straight or 

curved, cylindrical, and 1-4 septate with an average length of 37µm and width of 3.5-

4µm. (Thompson 1941; Bier 1939). These spores, spread by rain splash, are the 

secondary inoculum and will infect the stems or leaves (Waterman 1954). The cankers 

will increase longitudinally throughout the growing season eventually girdling the branch 

or stem (Waterman 1954; Bier 1939). Both perithecia and pycnidia have been found in 

the spring on cankers from the previous year (Bier 1939).  

In the fall the sexual stage begins with the formation of a diploid thallus on fallen 

leaves (Thompson 1941; Bier 1939). In the spring these will produce pseudothecia, the 

sexual fruiting bodies (Thompson 1941; Bier 1939). Spermagonia have also been 

observed to occur on the leaf spots in the fall (late August-October). They appear as 

globose and are somewhat embedded in the infected tissue (Thompson 1941; Bier 1939). 

The spermatia are hyaline, unicellular, and somewhat oblong, and will ooze out of the 

spermogonia in small droplets (Thompson 1941; Bier 1939).  

Phylogeny 

The name Sphaerulina musiva was changed from Septoria musiva due to the “one 

fungus, one name” initiative, with the teleomorph name, Mycosphaerella populorum, 

being dropped completely (Quaedvlieg et al. 2013; Verkley et al. 2013). This change 

moves S. musiva into the Sphaerulina clade along with its related Populus infecting 

species to create a monophyletic group (Quaedvlieg et al. 2013; Verkley et al. 2013). 

This delineation is based on new DNA sequence data (Crous et al. 2007; Crous et al. 

2009; Crous et al. 2011). The genus Sphaerulina remains in the family 

Mycosphaerellaceae which is very diverse and incorporates mainly leaf infecting fungi 
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that have similar morphological characteristics (Crous et al. 2007; Crous et al. 2009; 

Crous et al. 2011).  

There are at least three closely related species of Sphaerulina that can cause leaf 

spots on poplar trees (Feau et al. 2010). The two most common species, endemic to North 

America, are S. musiva and S. populicola (Feau et al. 2010). The species that occurs in 

Eurasia is Sphaerulina frondicola (Fr.) Verkley, Quaedvlieg & Crous, comb. nov. (Syn. 

Septoria populi Desm. and M. populi J. Schrot) (Feau et al. 2010). Sphaerulina 

populicola causes a leaf spot on P. trichocarpa and P. balsamifera (Zalasky 1978; 

Newcombe et al. 2001; Feau et al. 2010). The distribution coincides approximately with 

its host ranges. For P. balsamifera, this is the northern part of North America and for P. 

trichocarpa, is the Pacific coast (Zalasky 1978; Newcombe et al. 2001; Feau et al. 2010). 

Sphaerulina frondicola is found in central Asia, South America, and Europe (Sivanesan 

1990). It was first described in Srinagar, India causing spots on leaves of its host, Populus 

alba Linn (Muthumary 1986).   

These three species can, to some extent, be identified by their conidial 

morphology (Sivanesan 1990). The Eurasian species, S. frondicola, has smaller conidia 

compared to the other two species (30-40 µm x 3-4 µm) and is generally one-septate 

(Feau et al. 2005). The size of the conidia of S. musiva overlaps with S. frondicola as well 

as S. populicola with medium-sized conidia (28-54 µm x 3.5-4 µm) and 1-4 septate while 

the conidia of S. populicola are the largest (45-80 µm x 3-4 µm) and are 2-5 septate (Feau 

et al. 2005). A PCR-based detection procedure was developed by Feau et al. (2005) 

because of the need to differentiate the species. The interspecific polymorphisms in the 

internal transcribed spacer of ribosomal DNA repeats were used to develop the three 

primer pairs (Feau et al 2005).  

 

POPLAR PRODUCTION IMPACTS 

The stem canker caused by S. musiva can have devastating impacts to hybrid 

poplar plantations. It was reported that annual biomass losses can be as high as 63% of 

total yield (Lo et al. 1995). In a region where 10,000 ha of a single susceptible genotype 

were planted, 74% were reported to have major stem damage with over 90% of trees 
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infected (Weiland and Stanosz 2003). In Michigan 86% of trees had cankers five years 

after planting, and two years later 69% had broken tops (Ostry and McNabb 1985). In 

one trial containing 56 P. balsamifera genotypes, seven years after planting, all trees had 

at least one stem canker per stem (LeBoldus et al. 2009). These damaging stem cankers 

can even result in plantation failure (Bier 1939; Waterman 1954; Ostry and McNabb 

1985; Mottet et al. 1991).  

 

MANAGING SEPTORIA CANKER 

The economic importance of S. musiva has led to several studies evaluating the 

efficacy of chemical and cultural control (Ostry 1987; Gyenis et al. 2003). Chemical 

control in hybrid poplar plantations was found to be too expensive over the long term 

given the expense of multiple applications per year over the length of a rotation (Ostry 

and McNabb 1983). Cultural control, to remove or bury infected leaf debris, has proven 

ineffective at reducing primary inoculum levels largely because the fungus is wind 

dispersed and typically found in nearby stands of native poplar trees (Ostry 1987; Gyenis 

et al. 2003). Biological controls have been effective in suppressing S. musiva in 

greenhouse environments as well as in small field trials; however, multiple applications 

would likely be cost prohibitive and not economically feasible in commercial poplar 

plantations (Yang et al. 1994; Gyenis et al. 2003). To date, the only economically feasible 

approach to managing S. musiva in poplar plantations is the development and deployment 

of disease resistant genotypes (Ostry and McNabb 1983; Ostry 1987).  

To this point, plantations have been largely uniform, even-aged clonal stands of 

trees, which increases the vulnerability of total economic loss from Septoria canker (Feau 

et al. 2010). The identification of resistant or tolerant genotypes requires the development 

of breeding programs and establishment of performance trials (Ostry 1994). However, 

without a better understanding of the resistance mechanisms underlying the interaction, it 

is unclear how this can be achieved.  
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HOST-PARASITE INTERACTIONS 

A successful breeding program to produce resistant genotypes requires an 

understanding of the genetic basis of the interactions between a pathogen and its host. 

The zig-zag model was developed to illustrate an evolutionary frame-work for 

understanding biotrophic host-pathogen interactions (Jones and Dangl 2006).  Initially, 

Pathogen Associated Molecular Patterns (PAMPS) are recognized by the host Pattern 

Recognition Receptors (PRR) resulting in PAMP triggered immunity (PTI) (Jones and 

Dangl 2006). Subsequently, the pathogen evolved effectors to block or interfere with PTI, 

this phenomenon is called effector triggered susceptibility (ETS). In turn, the host 

evolved receptors (R-genes) that recognize the pathogen effector molecules triggering a 

defense response known as effector triggered immunity (ETI). With necrotrophic 

pathogens the interaction has a different result. Effector recognition still leads to the 

hypersensitive response, but instead of stopping the pathogen, it results in susceptibility. 

Sphearulina musiva is considered a hemi-biotrophic pathogen. Pathogens with this more 

complicated lifestyle start as a biotroph while colonizing the host, and then at some point 

in their life cycle will switch to the necrotroph phase and kill and feed off dead host 

tissue. When studying the S. musiva-Populus pathosystem, aspects of both biotrophic and 

necrotrophic interactions need to be considered to understand mechanisms of 

resistance/susceptibility in this pathosystem. 

There is a new sequencing technology, known as RNA-seq, that is increasingly 

being used to study host-pathogen interactions (Petre et al. 2012; Liang et al. 2014). This 

pathosystem would be ideal for this approach, since the genome sequences of S. musiva 

and P. trichocarpa are available. Recently, RNA-seq was used to look at gene expression 

at the early stages of leaf colonization in the P. trichocarpa-Melampsora larici-populina 

Kleb. pathosystem (Petre et al. 2012). A recent study by Liang et al. (2014) used RNA-

seq in the S. musiva-Populus pathosystem to identify resistance genes in inoculated 

leaves of hybrid poplar (Liang et al. 2014). However, no studies have used RNA-seq to 

understand canker development in the S. musiva-P. trichocarpa pathosystem.  
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RESEARCH OBJECTIVES 

The overall goal of this research is to develop a better understanding of the 

interaction between S. musiva and Populus spp., which could lead to selection and 

deployment of resistant genotypes. 

Breeding programs use Populus nigra in inter-specific crosses with Populus 

deltoides in the north central and eastern United States (Riemenschneider et al. 2001; 

Bisoffi and Gullberg 1996). Populus deltoides is resistant to stem cankers; however, there 

is no information available on the resistance of P. nigra to Septoria canker. Given that P. 

nigra and S. musiva are not coevolved it is essential to determine if variation in resistance 

to Septoria canker exists in the population of P. nigra. To this end, the objectives of 

Chapter 2 were to: (i) characterize the variability in resistance of P. nigra among and 

within locations using the parameters cankers per centimeter and disease severity score; 

(ii) determine whether location, isolate, genotype, or their interactions significantly affect 

variation in these two parameters; and (iii) examine the correlation in disease severity 

score between single-isolate and bulk-isolate inoculations. This information will help 

identify P. nigra parents for use in breeding programs. 

It is also important to understand how selecting for resistance to cankers will 

impact the leaf spots, which are the primary source of inoculum. No studies have 

conducted an experiment to test this relationship, which could have important 

consequences for the long term durability of resistance in plantations. Therefore, the 

research objectives of Chapter 3 are: (i) determine if there is a correlation between 

resistance to stem infection and resistance to leaf infection; and (ii) determine if there are 

differences in susceptibility associated with leaf age. This will identify how selecting for 

stem canker resistance will impact leaf spot severity and better guide disease resistance 

breeding programs. 

The literature indicates that the use of resistant genotypes is the best approach to 

manage S. musiva. To develop a useful disease resistance breeding strategy it is 

imperative that we know more about the genetic basis of the interaction between the 

pathogen and its host. To facilitate this understanding, it would be possible to leverage 

the S. musiva and P. trichocarpa genome sequences to identify potential effectors 
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involved in canker formation. Therefore, the research objectives of Chapter 4 are: (i) use 

RNA-seq to identify potential S. musiva effectors that are involved in stem canker 

formation in P. trichocarpa; and (ii) test a method using protein expression and 

infiltration to validate putative necrotrophic effectors. This will provide new information 

on the genetic basis behind canker formation in the S. musiva-P. trichocarpa 

pathosystem. 
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Fig. 1.1. Leaf spots caused by Sphaerulina musiva on a Populus nigra leaf with a close-

up of a leaf spot containing pycnidia. 

 

 

 
 

Fig. 1.2. Stem canker containing pycnidia caused by Sphaerulina musiva on a Populus 

nigra stem. 
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Fig. 1.3. Sphaerulina musiva in culture on KV-8 medium. The pink spore tendrils of 

conidia are oozing out of the pycnidia. Photo credit: Achala Nepal 
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ABSTRACT 

Populus nigra, commonly used in hybrid poplar breeding programs in the north 

central United States, is susceptible to Septoria stem canker, caused by Sphaerulina 

musiva. In this study two experiments were conducted to: (i) characterize the variation in 

resistance of 47 genotypes of P. nigra collected from 7 locations in Europe in terms of 

cankers per cm and disease severity score; (ii) determine if location, isolate, genotype, or 

their interactions significantly affect cankers per cm and disease severity score; and (iii) 

examine the correlation of disease severity score between single isolate and bulk isolate 

inoculations. The majority of the variation in resistance to cankers per cm was explained 

by location (72%; P < 0.001) followed by genotype(location) (28%; P < 0.001). In 

contrast, the majority of the variation in disease severity score was explained by 

genotype(location) (51%; P < 0.001) followed by location (26%; P = 0.025). The disease 

severity score model also indicated the presence of a significant isolate effect (P = 0.034) 

and genotype(location)*isolate interaction (P = 0.004). The correlation coefficients for 

disease severity score indicated a significant range of correlations (r = 0.871 to r = 0.952) 

when comparing single isolate to bulk isolate inoculations.   

 

INTRODUCTION 

Populus spp. and their hybrids are commonly used for fiber production and have 

tremendous potential as a bioenergy feedstock in North America (Dickmann 2001). This 

potential is largely due to their rapid growth rate, ease of clonal propagation, and ability 

to grow across a range of environmental conditions (Bisoffi and Gullberg 1996). In 

addition, hybridization of Populus spp. allows breeders to combine desirable traits and 

exploit heterosis (i.e. hybrid vigor) typically associated with these trees (Bisoffi and 

Gullberg 1996). In the north central and eastern United States Populus nigra L. (black 

poplar), a native tree species of Eurasia, is an important parent used in hybrid poplar 

breeding programs (Dickmann 2001). This species has been used in inter-specific crosses 

with Populus deltoides Bartr. ex Marsh. in order to incorporate desirable traits, such as 

rootability and vigorous stump sprouting, in hybrid progeny (Dickmann 2001). However, 

growth and yield of these hybrids can be impacted by disease.  
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Septoria leaf spot and stem canker, caused by the fungus Sphaerulina musiva 

(Peck) Quaedvlieg, Verkley, and Crous (Syn. = Septoria musiva Peck), is the most 

economically important disease and the major limiting factor to the production of 

Populus as a commercial crop for fiber and biofuel (Feau et al. 2010; Newcombe and 

Ostry 2001; Ostry and McNabb 1985). The leaf-spot disease causes premature defoliation 

and a reduction in photosynthetic capacity of susceptible genotypes potentially reducing 

yield (Bier 1939). However, it is the stem canker which has the greatest impact on hybrid 

poplar production as girdling cankers weaken stems, increasing the risk of wind breakage 

or killing trees outright (Bier 1939; Ostry and McNabb 1985; Waterman 1954). Annual 

biomass losses due to Septoria infection can be as high as 63% of total yield (Lo et al. 

1995). In one region of the U.S. where 10,000 ha of a single susceptible variety were 

planted, a survey indicated that >90% of trees were infected and 74% had major stem 

damage (Weiland and Stanosz 2003). In Michigan, 5 years after planting, 86% of the 

trees had Septoria cankers and two years later 69% had broken tops (Ostry and McNabb 

1985). In a trial with 56 genotypes of P. balsamifera, all trees had at least one stem 

canker per stem seven years after planting (LeBoldus et al. 2009). Similar impacts have 

been observed in other studies. In addition, this pathogen, endemic to eastern and central 

North America (Feau et al. 2010), has been reported for the first time in the Pacific 

Northwest (Callan et al. 2007), Argentina (Ares and Gutierrez 1996), Brazil (Santos et al. 

2010), and in Asia (Teterevnikova-Babayan 1987) threatening poplar producing regions 

around the world.  

The economic importance of S. musiva has led to several studies evaluating the 

efficacy of chemical and cultural control; however, these measures were found to be only 

partially effective and not economically feasible in commercial plantations (Gyenis et al. 

2003; Ostry 1987). As a result, the only economically and ecologically viable approach is 

the development and deployment of disease resistant genotypes (Ostry 1987). Although 

P. nigra is used in hybrid poplar breeding programs in the United States (Bisoffi and 

Gullberg 1996), to these authors knowledge, there is no information available on its 

resistance to Septoria canker. Given that P. nigra and S. musiva have not coevolved 

together it is essential to determine if variation in resistance to Septoria canker exists in 
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P. nigra in order to develop a successful breeding program. To meet this goal, cuttings 

from 47 genotypes of P. nigra from several locations across its geographic range were 

collected and inoculated, under greenhouse conditions, with six isolates of S. musiva 

from the north central United States. The specific objectives of this study are to: (i) 

characterize the variability in resistance of P. nigra among and within locations using the 

parameters cankers per cm and disease severity score; (ii) determine if location, isolate, 

genotype, or their interactions significantly affect variation in these two parameters; and 

(iii) examine the correlation in disease severity score between single isolate and bulk 

isolate inoculations. 

 

MATERIALS AND METHODS 

Experiment 1 

Poplar Culture 

Through the cooperation of colleagues involved in breeding and gene 

conservation in Europe, open pollinated seed was obtained by sampling female P. nigra, 

from 15 different mother trees at seven locations (Fig. 2.1). Seeds were germinated and 

grown in the greenhouse and cuttings of 460 clones were planted at the Belle River 

archival plantation in Minnesota (45.97N, 95.19W) in 2009. Dormant P. nigra cuttings 

were collected from 47 randomly selected genotypes in late January 2013 from branches. 

These cuttings were cut into 10-cm lengths with a bud at the top of each cutting and 

stored at approximately 0°C until planting. Cuttings were soaked in water for 48-h at 

room temperature (DesRochers and Thomas 2003), planted in cone-tainers (Ray Leach 

SC10 Super Cone-tainers, Stuewe and Sons, Inc., Tangent, Oregon, USA) measuring 3.8-

cm in diameter and 21-cm deep filled with growing medium (SunGro Professional Mix 

#8; SunGro Horticulture Ltd., Agawam, MA) amended with 12 g of nutricote slow 

release fertilizer (15-9-12) (N-P-K) (7.0% NH3-N, 8.0% NO3-N, 9.0% P2O5, 12.0% 

K2O, 1.0% Mg, 2.3% S, 0.02% B, 0.05% Cu, 0.45% Fe, 0.23% chelated Fe, 0.06% Mn, 

0.02% Mo, 0.05% Zn; Scotts Osmocote Plus; Scotts Company Ltd., Marysville, OH). 

The cuttings were planted such that the top-most bud remained above the surface of the 

growing medium. There were 25 cone-tainers per rack. Plants were grown in a 
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greenhouse with a temperature regime of 20°C/16°C (day/ night) and an 18-h 

photoperiod supplemented with 600W high-pressure sodium lamps. Slow release 

fertilizer was enhanced weekly with 15-30-15 (N-P-K) Jack’s fertilizer (JR PETERS 

INC; Allentown, PA) at 200ppm for two months to promote root growth and 

subsequently fertilized with 20-20-20 (N-P-K) liquid fertilizer (Scotts® Peters 

Professional; Scotts Company Ltd., Marysville, OH) once a week. Plants were watered as 

needed. 

Pathogen Culture 

Sphaerulina musiva was isolated from individual branch cankers (MN-12, MN-

22, MN-14, MN-16, and MN-32) collected from a commercial fiber farm nursery near 

Belle River in Minnesota (45.97N, 95.19W) and the North Dakota State University 

campus (Nisk1). Cankers were soaked for 2 min in a 5% NaClO solution and rinsed twice 

with sterile distilled water. After removing the bark from the stem, a 5-mm sliver of 

tissue was excised from the margin between necrotic and healthy tissue. These slivers 

were placed on petri plates containing KV-8 medium (180 ml V-8 vegetable juice, 

Campbell Soup Company, Camden, NJ, USA; 2 g calcium carbonate; 20 g agar; and 820 

ml deionized water) (Stanosz and Stanosz 2002) amended with 240 mg liter–1 

chloramphenicol (Chloramphenicol USP, Amresco, OH, USA) and 100 mg liter–1 of 

streptomycin (Streptomycin Sulfate USP, Amresco, OH, USA). Petri plates were 

wrapped with parafilm, placed on a light bench, and grown under continuous light at 

room temperature (20°C). Seven days later the fungal colonies that were sporulating were 

transferred to new KV-8 petri plates. The fungus was identified based on its morphology 

(Sivanesan 1990) and species identity was confirmed by multilocus genotyping 

(LeBoldus et al. 2014). All isolates were stored in 2 ml cryotubes at -80°C as mycelial 

plugs suspended in a 50% glycerol solution. Approximately two weeks prior to 

inoculation six isolates were poured onto KV-8 petri plates. After 4 days each isolate was 

sub-cultured onto 20 plates by placing five, 5-mm masses of sporulating mycelium onto 

new KV-8 petri plates which were subsequently sealed with Parafilm.  
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Inoculation 

After S. musiva isolates were grown on K-V8 media for approximately 12 days 

under continuous light, a spore suspension was prepared by flooding each plate with 5 ml 

of distilled water, rubbing the surface with a sterile inoculation loop to dislodge the 

spores, and removing the resulting spore suspension with a micropipette. The spore 

suspensions from all plates for each isolate were combined and the concentration 

corrected to 1 x 106 conidia ml-1 (LeBoldus et al. 2010). Approximately 250 ml of each 

isolate was used to inoculate all 47 trees in each block. Prior to inoculation the height of 

the stem was measured. The entire tree was sprayed until runoff and each rack of trees 

was sealed in a separate black plastic bag for 48 h. The control trees were sprayed with 

distilled water in the same manner. Forty-eight hours after inoculation, the trees were 

removed from the bags and placed back into the greenhouse.  

Twenty-one days post-inoculation, the number of cankers (necrotic lesions) were 

counted and disease severity score was estimated using a 1-5 scale: 1 = no lesions; 2 = 

small necrotic lesions with swollen margins; 3 = small necrotic lesions; 4 = large necrotic 

lesions; 5 = stem girdled by lesions or sporulating lesions. This scale was adapted from 

LeBoldus et al. (2007). The cankers per cm were calculated by taking the number of stem 

lesions divided by the height of the tree at the time of inoculation. 

Experimental Design 

The experimental design was a randomized complete block design with four 

blocks. Seven treatments comprising the six different isolates and a distilled water control 

were used to inoculate 47 different P. nigra genotypes.  Trees were arranged such that the 

47 genotypes inoculated with each isolate were randomly arranged within two racks. 

Each rack was placed in a separate bag following inoculation. This design resulted in a 

total of 1316 plants for this experiment.  

Data Analysis 

A random effects model using the mixed procedure in SAS 9.3 (SAS Institute) 

was used to analyze the effect of treatment on cankers per cm and disease severity score 

(Littell et al. 2006). Statistical significance was assessed at α = 0.05. Model selection was 

conducted using the likelihood ratio chi-square test to determine the significance of each 
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of the parameters including: block, location, isolate, genotype(location), and 

genotype(location)*isolate. The order of testing was determined based on the magnitude 

of the default z-test; the parameter with the largest value was tested first. In each 

subsequent model non-significant parameters were removed. The final model was used to 

determine the proportion of the variance that each parameter contributed to the model. 

The same analysis was conducted for the two variables cankers per cm and disease 

severity score independently.  

The initial model for both parameters was  Yijkl = µ+ βi + Ij + Lk + Gl(Lk) + 

Ij*Gl(Lk) + ԑijkl where Yijkl is the disease severity score or cankers per cm value in the ith 

block, for the lth genotype nested within the kth location, inoculated with the jth isolate; µ 

is the overall mean; βi is the random effect of the ith block, i = 1-4; Ij is the random effect 

of the jth isolate, j = 1-6;  Lk is the random effect of the kth location, k = 1-7; Gl(Lk) is the 

random effect of the lth genotype nested within the kth location, l = 1-47; Ij x Gl(Lk) is the 

jth isolate by lth genotype nested within the kth location interaction; and ԑijkl is the residual 

error. Location means were compared using the best linear unbiased predictors (BLUPs) 

and the 95% prediction intervals that were generated by the estimate statement in SAS 

9.3 (Littell et al. 2006). 

Experiment 2 

Thirteen genotypes, exhibiting a range of disease severities (1-5) in experiment 1, 

were selected for the second experiment. Ten trees of each genotype were planted in 2 

gallon pots filled with growing medium (SunGro Professional Mix #8; SunGro 

Horticulture Ltd., Agawam, MA) amended with 38 g Osmocote nutricote slow release 

fertilizer (15-9-12). When the plants reached a height of 30 cm they were inoculated as 

described above with the sole exception that inoculations were conducted with a bulk 

spore suspension of all 6 isolates rather than single isolates. The bulk spore suspension 

was made by adjusting the spore concentration of each isolate and then combining equal 

volumes of each spore suspension (LeBoldus et al. 2010). The experimental design was a 

randomized complete block design with 10 blocks. Each genotype occurred once per 

block. The tenth block was a control and sprayed with distilled water. After 3 weeks 

disease severity score and cankers per cm were recorded and the data was analyzed in the 
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same manner as the first experiment. In addition, the CORR procedure in SAS was used 

to compare the cankers per cm and disease severity score values between the two 

experiments. To determine if the average disease severity score of a genotype, when 

inoculated with a single isolate, was correlated to the average disease severity of the same 

genotype when inoculated with a bulk spore suspension, the CORR procedure in SAS 

was used. At the end of the experiment 5 cankers were collected and S. musiva was re-

isolated from the stems.  

 

RESULTS 

Dark brown necrotic lesions were observed between 2 and 3 weeks post-

inoculation. Lesions first appeared as sunken discolored areas on the stem which varied 

in size and shape, but were mainly elliptical becoming dark brown in color. More 

resistant genotypes had necrotic lesions with swollen margins, while more susceptible 

genotypes had rapidly expanding lesions usually lacking swollen margins. Most of the 

necrotic lesions appeared on the lower third of the stem, centered around lenticels or 

stipule scars. No symptoms occurred on any controls used in the experiments and the 

controls were not included in any statistical analysis. Sphaerulina musiva was 

successfully re-isolated from the stem cankers.  

Experiment 1 

Cankers per cm  

The final model for cankers per cm included the random effects of: block (P = 

0.121), location (P < 0.001), and genotype(location) (P < 0.001) (Table 2.1). The 

majority of the variation was explained by location (72%), followed by 

genotype(location) (28%) (Table 2.1). The cankers per cm values ranged from 0.010 to 

0.108. A comparison of the BLUPs for locations indicated that Austria and Hungary had 

significantly greater cankers per cm values then the remaining locations (Fig. 2.2). 

Disease Severity Score  

The final model for disease severity score included all random factors; block (P < 

0.001), isolate (P = 0.034), location (P = 0.025), genotype(location) (P < 0.001), and the 

(P = 0.004) interaction (Table 2.1). The majority of the variation was explained by 
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genotype(location) (51%) followed by location (26%) (Table 2.1). The significant 

genotype(location)*isolate interaction explained 15% of the variability and the isolate 

effect explained 3.2% of the variability (Table 2.1). The average disease severity score 

ranged from 1.303 to 3.087.  A comparison of the BLUPs for disease severity score 

among locations indicates that Austria had a significantly greater disease severity score 

than France, IT-OS, and IT-SB but was similar to Croatia, Hungary, and IT-CM (Fig. 

2.3). 

Experiment 2  

The average cankers per cm ranged from 0.012 to 0.254 and the average disease 

severity score ranged from 1.556 to 4.667. The Pearson correlation coefficients indicated 

a significant correlation between the two experiments for both cankers per cm (r = 0.89) 

and disease severity score (r = 0.93) when averaged across all isolates. The correlations 

between each isolate in experiment 1 and bulk isolate inoculations from experiment 2 

ranged from 0.871 to 0.952 (Table 2.2) and exhibited similar trends to that depicted in 

(Fig. 2.4).  

 

DISCUSSION 

This is the first study describing the variation in resistance to S. musiva in a 

population of P. nigra, a commonly used parent in hybrid poplar breeding programs in 

the north central United States. Lesions that developed in the current study were similar 

to previous reports in the literature in terms of their appearance and location (LeBoldus et 

al. 2010; Long et al. 1986; Qin et al. 2014; Zalasky 1978). The majority of studies 

evaluating disease resistance in other Populus spp. and hybrids, artificially inoculated 

with S. musiva, have either reported differences among genotypes in terms of canker 

severity (similar to disease severity score) (LeBoldus et al. 2007; LeBoldus et al. 2008; 

LeBoldus et al. 2009; Ward and Ostry 2005) or infection frequency (cankers per cm) 

(LeBoldus et al. 2010), with the sole exception of Qin et al. (2014) who reported both. 

Typically, this division is based on the type of inoculation procedure used. In the case of 

wound inoculations, disease severity score is frequently used to compare host responses 

to pathogen development following inoculation (LeBoldus et al. 2007; Weiland et al. 
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2003); whereas, when whole trees are inoculated with a spore suspension cankers per cm 

is typically reported (LeBoldus et al. 2010). Both of these measures have provided useful 

information; however, Qin et al. (2014) demonstrated that in order to accurately predict 

long-term survival in the field: (i) an estimate of infection frequency; and (ii) a measure 

of disease severity are essential. To this end, resistance was evaluated both in terms of 

cankers per cm and disease severity score in this study. 

Separate analyses of the data using the different response variables revealed 

several interesting patterns in terms of which factors significantly contributed to the 

variation and how that variation was partitioned among sources (Table 2.1). For example, 

in both models location and genotype(location) were significant sources of variation 

(Table 1). However, in the cankers per cm model the majority of the variation was 

explained by the location (72%) effect with genotype(location) (28%) explaining less. In 

contrast, in the disease severity score model the majority of the variation was explained 

by genotype(location) (51%) rather than location (26%) (Table 2.1). One possible 

explanation for these differences may be that cankers per cm and disease severity score 

are measuring resistance at different stages in the infection process. The cankers per cm 

parameter estimates infection frequency, by counting lesion number, whereas the disease 

severity score parameter is evaluating disease severity or pathogen development 

following infection, based on lesion size.  

A second possible explanation for the differences in the models may be related to 

the infection court used by the pathogen. Qin and LeBoldus (2014) demonstrated that S. 

musiva penetrates host tissue via lenticels, stipule scars, and other natural openings. 

When considering the pattern of variation described above it is possible that lenticel 

frequency and morphology, both important for successful infection of Populus by S. 

musiva, have greater variation among populations compared to within populations. A 

similar pattern was observed in a study looking at evolutionary trade-offs of stomatal trait 

variation in P. trichocarpa (Mckown et al. 2014), which found that the variation, in terms 

of adaxial stomata number, was highly correlated to increased susceptibility to 

Melampsora rust. It is important to note that a study examining the frequency and 

morphology of lenticels would need to be conducted to test this hypothesis. 
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A comparison of the disease severity score and cankers per cm models indicated 

that there was a significant isolate effect when the data was analyzed using disease 

severity score as the response variable (Table 2.1). The significance of this effect may 

have implications for disease resistance breeding and greenhouse screening in terms of 

which isolates and how many are used to screen for resistance. For example, several 

authors have suggested (LeBoldus et al. 2008; Qin et al. 2014; Ward and Ostry 2005) that 

a single highly virulent isolate would be sufficient to identify the most resistant and 

susceptible genotypes. Although this study focuses on a small geographically restricted 

pathogen population, the strong correlations observed when comparing the disease 

severity score values from experiment 1 (single isolate inoculations) to the disease 

severity score values in experiment 2 (bulk isolate inoculations), and when comparing the 

cankers per cm across both experiments supports this idea. However, it is important to 

note that Feau et al. (2005) detected evidence for sexual reproduction and genetic 

differentiation at the regional level among isolates of S. musiva. This genetic analysis 

combined with the small but significant genotype(location)*isolate interaction, detected 

when disease severity score was used as a response variable (Table 2.1), suggest that the 

potential exists for shifts in virulence in the isolate population over time. 

The study described above clearly demonstrates that P. nigra is susceptible to S. 

musiva and that variation within the host population exists (Table 2.1). In order to 

effectively exploit the variation in resistance to S. musiva characterized by this study, a 

better understanding of the genetics of susceptibility and how that susceptibility is 

inherited in hybrid progeny is essential. However, until this is achieved, the best strategy 

for breeding programs is to identify and use the most resistant genotypes as parents when 

producing hybrid progeny. In general, the susceptibility of P. nigra described above 

highlights the importance of preventing the introduction of S. musiva into Europe where 

stands of P. nigra are a valuable riparian habitat in need of conservation. 
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Fig. 2.1. Map of open pollinated Populus nigra seed collection locations in Europe including Austria (n = 8); Croatia (n = 3); 

France (n = 8); Hungary (n = 5); and three separate locations in Italy: Italy-CM (n = 3), Italy-OS (n = 16), and Italy-SB (n = 4). 

The genotype number (n) represents the number of genotypes, collected as dormant hardwood cuttings, from the Belle River 

Archival plantation in Minnesota. 
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Fig. 2.2. Disease severity as measured by the average cankers per cm of all genotypes for 

each location. Locations with different letters are significantly different based on their 

95% prediction intervals. Locations beginning in IT are distinct locations within Italy. 
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Fig. 2.3. Disease severity as measured by the average disease severity score (1-5) for all 

the genotypes from each location. Locations with different letters are significantly 

different based on their 95% prediction intervals. Locations beginning in IT are distinct 

locations within Italy. 
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Fig. 2.4. The correlation of isolate 4 in experiment 1 and the bulk spore suspension of all 

isolates in experiment 2 for the average disease severity score.  Each dot represents a 

different genotype. The “r” value represents the Pearson correlation coefficient.  
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Table 2.1. The final models for cankers per cm and disease severity score. Source of variation, degrees of freedom (df), variance 

estimates, P-values (P), and proportion of explained variation for disease severity score and cankers per cm for each random 

variable tested in each model.  
 

 

 

 

 

 

aGen = Genotype 

 

 

  

Cankers per cm  Disease Severity Score  

source of variation df estimate P proportion estimate P proportion 

Block 3 0.000 0.121 0.45 0.024 <0.001 5.56 

Isolate 5 - 0.157 - 0.014 0.034 3.20 

Location 6 0.002 <0.001 71.89 0.110 0.025 25.85 

Gena(Location) 322 0.001 <0.001 27.66 0.215 <0.001 50.58 

Isolate*Gena(Location) 1610 - 0.999 - 0.063 0.004 14.80 

Error 5950 0.010 - - 1.180 - - 

Total 7896     100     100 
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Table 2.2. The Pearson correlation coefficient comparing the single spore inoculations to 

the bulk inoculations. The correlations were calculated based on the average disease 

severity score for each isolate (1-6) from experiment 1 compared to the bulk isolates from 

experiment 2.  

 

Isolate Pearson 

1 0.871 

2 0.913 

3 0.952 

4 0.916 

5 0.921 

6 0.918 
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Chapter 3. The Correlation between Leaf Spot Resistance and Stem 

Canker Resistance 

 

ABSTRACT 

Sphaerulina musiva is an important fungal pathogen that causes a leaf-spot and 

stem canker disease of hybrid poplar. Stem cankers are widely regarded to be the greatest 

threat to hybrid poplar plantations because of their ability to cause mortality. As a result, 

breeding programs have been focused on resistance to stem cankers largely ignoring 

resistance to leaf spots. Two experiments were conducted to determine whether or not 

there is a correlation between resistance to stem infection and resistance to leaf infection 

and to determine if there are differences in susceptibility associated with leaf age. The 

results indicated no correlation between leaf spot severity and stem canker severity (r = 

0.452; P = 0.068). However, there was significantly lower disease severity on older 

compared to younger leaves (leaf 1 and 2 vs. leaf 4 and 5) when averaged across all 

genotypes in both experiments. The lack of a consistent correlation across leaves may 

have implications for disease management and deployment of resistant genotypes. To 

these authors’ knowledge, this is the first study specifically designed to test for a 

correlation between stem canker resistance and leaf spot resistance by inoculating whole 

trees with a spore suspension in a controlled environment.  

 

INTRODUCTION 

Short rotation, intensively cultured plantations of hybrid poplar are used for wood 

and fiber production due to their fast growth rates and ease of clonal propagation 

(Dickmann 2001; Bisoffi and Gullberg 1996). However, the use of hybrid poplar 

plantations in the eastern and central United States are hindered by the fungal pathogen, 

Sphaerulina musiva (Peck) Quaedvlieg, Verkley, and Crous (Syn. = Septoria musiva 

Peck). This pathogen causes a leaf-spot and stem canker disease of hybrid poplar (Bier 

1939; Waterman 1954). Both leaf spots and stem cankers can impact the sustainability of 

hybrid poplar plantations. For example, Septoria leaf spot can result in a reduction in 

photosynthetic area leading to premature defoliation and reductions in yield (Thompson 

1941; Krupinksy 1989; Ostry and McNabb 1985). Septoria stem canker can girdle the 
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stem, killing trees or increasing the risk of stem breakage, potentially leading to 

plantation failure (Waterman 1954; Bier 1939; Ostry and McNabb 1985).  

The primary inoculum for this disease are ascospores produced in perithecia 

found on leaf litter (Bier 1939). Ascospore production peaks in early spring as buds 

swell, infecting newly emerging leaves and shoots (Ostry 1987; Luley and Mcnabb 

1989). Three to four weeks following infection, lesions appear on leaf and stem tissue 

followed shortly by the production of pycnidia (Bier 1939). For the remainder of the 

growing season, when environmental conditions are suitable, conidia are produced, 

increasing the severity of both leaf spots and stem cankers (Ostry 1987; Waterman 1954). 

Although these diseases have documented impacts on yield, stem cankers are widely 

regarded as the greatest threat to commercial poplar plantations (Feau et al. 2010; 

Waterman 1954). The focus of hybrid poplar breeding on stem canker resistance is based 

on the potential for a single infection to cause tree mortality (Ostry 1987; Ostry and 

McNabb 1985; Newcombe and Ostry 2001).  

Attempts to manage Septoria canker with cultural controls have proven 

ineffective. Chemical controls are too expensive due to the need for repeated yearly 

applications for the length of the rotation (Ostry and McNabb 1983; Ostry 1987; Gyenis 

et al. 2003). As a result, disease resistance is widely regarded as the best management 

option (Ostry 1987; Ostry and McNabb 1985; Newcombe and Ostry 2001). Several 

studies have indicated that there are significant differences among genotypes in terms of 

resistance to both leaf spots and stem cankers (LeBoldus et al. 2010; Krupinksy 1989; 

Ostry and McNabb 1985; Weiland et al. 2003; Dunnell et al. 2016). However, it is 

unclear how selecting for stem canker resistance, a major criterion in hybrid poplar 

breeding programs, will impact resistance to leaf spot.  

Three separate studies have reported contradictory results with regards to 

correlations between leaf spot and stem canker resistance. Ward and Ostry (2005) 

reported a significant correlation (r = 0.775; r = 0.606) between the necrotic area of 

inoculated leaf discs and the necrotic area of wound-inoculated stems in two experiments. 

Herath et al. (2016) also reported a significant correlation (spearman rank correlation = 

0.53; P < 0.05) when comparing the incidence of foliar infections with the abundance of 
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cankers in plantations. In contrast, a field trial examining the inheritance of resistance in a 

three-generation P. trichocarpa x P. deltoides pedigree noted no significant correlation (r 

= 0.22) (Newcombe and Ostry 2001). To these authors’ knowledge no study has 

explicitly tested non-wounded trees under controlled conditions to examine this 

correlation. The objective of this study was to determine if there is a correlation between 

resistance to stem infection and resistance to leaf infection and to determine if there are 

differences in susceptibility associated with leaf age in order to better guide disease 

resistance breeding programs. 

 

MATERIALS AND METHODS 

Pathogen Propagation 

Isolations of S. musiva were made from individual branch cankers that were 

collected during the winter of 2011 from a commercial hybrid poplar plantation near 

Belle River, Minnesota (45.97N, 95.19W). Cankers were rinsed twice with sterile 

distilled water after soaking in a 5% NaClO solution for 2 min. The bark was removed 

from the stem and a 5-mm piece of wood was excised from the margin between healthy 

and necrotic tissue. These pieces were placed on petri plates with KV-8 medium (180 ml 

V-8 vegetable juice, Campbell Soup Company, Camden, NJ, USA; 2 g calcium 

carbonate; 20 g agar; and 820 ml deionized water) (Stanosz and Stanosz 2002) and 

amended with 100 mg liter–1 of streptomycin (Streptomycin Sulfate USP, Amresco, OH, 

USA) and 240 mg liter–1 chloramphenicol (Chloramphenicol USP, Amresco, OH, USA). 

Parafilm was wrapped around the petri plates and the cultures were incubated at room 

temperature (20°C) under continuous light for seven days. Subsequently, sporulating 

fungal colonies were transferred to new KV-8 petri plates. Species identity was 

confirmed by fungal morphology (Sivanesan 1990) and multilocus genotyping (LeBoldus 

et al. 2014). Isolates were stored as mycelial plugs suspended in a 50% glycerol solution 

at -80°C in 2 ml cryotubes.  

Host Propagation 

Dormant branches from 17 hybrid poplar genotypes were collected from the Belle 

River archival plantation in Minnesota (45.97N, 95.19W). Branches were cut into 10-cm 
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lengths, and planted in cone-tainers (Ray Leach SC10 Super Cone-tainers, Stuewe and 

Sons, Inc., Tangent, Oregon, USA) measuring 3.8-cm in diameter and 21-cm deep filled 

with growing medium (SunGro Professional Mix #8; SunGro Horticulture Ltd., Agawam, 

MA) amended with 12 g of Osmocote fertilizer (15-9-12) (N-P-K) (7.0% NH3-N, 8.0% 

NO3-N, 9.0% P2O5, 12.0% K2O, 1.0% Mg, 2.3% S, 0.02% B, 0.05% Cu, 0.45% Fe, 

0.23% chelated Fe, 0.06% Mn, 0.02% Mo, 0.05% Zn; Scotts Osmocote Plus; Scotts 

Company Ltd., Marysville, OH) after soaking in water for 48-h. Plants were then 

transplanted into 2 gallon pots filled with growing medium amended with 38 g Osmocote 

slow release fertilizer (15-9-12) (N-P-K) (DesRochers and Thomas 2003). Trees were 

grown in the greenhouse with an 18-h photoperiod supplemented with 600W high-

pressure sodium lamps and a temperature regime of 20°C/16°C (day/ night). Plants were 

watered as needed and slow release fertilizer was supplemented on a weekly basis with 

20-20-20 (N-P-K) liquid fertilizer (Scotts® Peters Professional; Scotts Company Ltd., 

Marysville, OH).  

Inoculation 

Cryotubes containing two isolates of S. musiva (MN-14 and MN-5) were poured 

onto K-V8 plates and grown under continuous light for 5 days. Each isolate was then sub-

cultured onto 13 new K-V8 plates and grown for 7 days, at which point sporulation 

occurred. A spore suspension was prepared by adding approximately 5 ml of distilled 

water to each plate and dislodging the spores by rubbing the surface with a sterile 

inoculation loop. A separate spore suspension for each isolate was made and adjusted to a 

concentration of 1 x 106 conidia ml-1 (LeBoldus et al. 2010). Subsequently, equal 

volumes of each isolate were combined to create a bulk spore suspension.  

To conduct inoculations trees were removed from the greenhouse and their 

heights were measured. The leaves and stems were then inoculated with the bulk spore 

suspension by spraying them until run-off occurred. Approximately 500 ml of spore 

suspension spray was used per block. Inoculated trees were incubated at room 

temperature in black plastic bags for 48 h. Control trees were treated in an identical 

manner with the sole exception that sterile distilled water was used rather than the bulk 
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spore suspension. Following removal from the bags trees were returned to the 

greenhouse. 

Experimental Design 

The experimental design was a randomized complete block design with five 

blocks. Four of the blocks were inoculated and one block was a mock-inoculated control. 

Within each block were two trees of each of the 17 genotypes. Both trees had both leaves 

and stems inoculated. One of the two trees was used to measure leaf spot severity 

(treatment 1) and the second tree was used to measure stem canker severity (treatment 2). 

A total of 170 trees were used in the experiment (17 genotypes x 2 treatments x 5 blocks). 

Twenty-one days post-inoculation stems and leaves were harvested. For treatment 1, five 

leaves were selected for analysis. Leaves were selected by counting the total number of 

leaves at the time of inoculation and dividing this number by two to determine the mid-

leaf number. Subsequently, the mid-leaf and two leaves above and below were collected.  

The collected leaves were numbered 1-5 with the lowest leaf collected on the 

stem (oldest) numbered 1 and highest leaf collected on the stem (youngest) numbered 5. 

This was done in order to have an equal number of leaves for all genotypes. After 

collection leaves were pressed in a plant press, digitally scanned, and analyzed with 

Assess 2.0 software (Lamari 2008) to estimate the percent necrotic area of each leaf (leaf 

spot severity). The leaf spot severity was calculated by measuring the total necrotic area 

and dividing it by the total leaf area. For treatment 2, all stems were rated for stem canker 

severity by counting the cankers and dividing the count by the height (cm) at the time of 

inoculation. The experiment was repeated. 

Data Analysis 

A linear model using the mixed procedure in SAS 9.4 (SAS Institute) was used to 

analyze the effect of block, genotype, and leaf number nested within genotype 

(leaf(genotype)) on leaf spot severity. The initial model for leaf spot severity was: 

Yijk = µ+ βi + Gj + Lk(Gj) + ԑijk 

where Yijk is the value in the ith block, for the jth genotype, for the kth leaf number nested 

within the jth genotype; µ is the overall mean; βi is the random effect of the ith block, i = 
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1-4; Gj is the fixed effect of the jth genotype, j = 1-17; Lk (Gj) is the fixed effect of the kth 

leaf number nested within the jth genotype, k = 1-5; and ԑijk is the residual error.  

A linear model was also used to analyze the effect of genotype on cankers per cm 

(stem canker severity). The initial model for stem canker severity was:  

Yijk = µ+ βi + Gj + ԑij  

where Yij is the value in the ith block, for the jth genotype; µ is the overall mean; βi is the 

random effect of the ith block, i = 1-4; Gj is the fixed effect of the jth genotype, j = 1-17; 

and ԑijk is the residual error.  

Statistical significance was assessed at α = 0.05. Initially, to determine if the 

experiments could be analyzed together, homogeneity of variances between the two 

experiment was tested. Next, a two-step process was used to test significance of both 

fixed and random effects. In the leaf spot severity model, the significance of the random 

effect, block, was tested using the likelihood ratio chi-square test. Subsequently, an F-test 

was used to evaluate the significance of the fixed effects, genotype and leaf(genotype). A 

similar procedure was used to pick the final model for stem canker severity. When 

necessary, unequal variances were modeled using the repeated statement in SAS.  

Following model selection genotype means were estimated and compared using 

the best linear unbiased estimates (BLUEs) (Littell et al. 2006). The individual estimates 

from each genotype for leaf spot and stem canker severity were averaged across both 

experiments and used to test for a significant correlation (Proc CORR). The same 

procedure was used to test for correlations between each individual leaf and stem canker 

severity for each experiment separately and for both experiments averaged together. 

Finally, the LSMEANS statement was used in SAS with a Tukey’s correction for 

multiple comparisons among leaf number for leaf spot severity. 

 

RESULTS 

Both cankers and leaf spots were similar to descriptions in the literature (Bier 

1939; Thompson 1941). Cankers appeared between two and three weeks post-

inoculation. They were dark brown expanding lesions that tended to be longer than they 

were wide. Leaf spots appeared circular and brown sometimes with narrow yellow 
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borders and lighter centers. Leaf spots frequently contained small black pycnidia and 

stem cankers sporulated occasionally.  

Due to unequal variances the two experiments were analyzed separately (P < 

0.001). The final leaf spot severity model for experiment 1 and experiment 2 included 

block (Pexp1 = 0.174; Pexp2 = 0.074), genotype (Pexp1 < 0.001; Pexp2 < 0.001), and 

leaf(genotype) (Pexp1 = 0.007; Pexp = 0.060) (Table 3.1). The final stem canker severity 

model for experiment 1 and experiment 2 included block (Pexp1 = 0.180; Pexp2 = 1.000) 

and genotype (Pexp1 = 0.006; Pexp2 = 0.014) (Table 3.1).  

Correlation analysis indicated that there were no significant correlations between 

the leaf spot severity and stem canker severity when all five leaves were averaged for 

each genotype (Fig. 3.1). Correlations, summarized in Table 3.1, indicated only two 

significant correlations. The percent necrotic area of leaf 5 was correlated to cankers per 

cm in experiment 1, and the leaf spot severity of leaf 5 was correlated to stem canker 

severity when the values of experiment 1 and 2 were averaged together. No other disease 

severity for any single leaf number was correlated with stem canker severity (Table 3.1). 

In general, there were significantly lower disease severities on older compared to younger 

leaves (leaf 1 vs. leaf 5) when averaged across all genotypes. In experiment 1, leaf 1 was 

significantly different than leaf 3, 4, and 5 (P = 0.014; P = 0.001; P < 0.001) and leaf 2 

was significantly different than leaf 5 (P = 0.022). In experiment 2, leaf 1 was 

significantly different than leaf 4 and 5 (P = 0.004; P < 0.001) and leaf 2 was 

significantly different than leaf 4 and 5 (P = 0.043; P = 0.001). 

 

DISCUSSION 

The results from the experiments described above (Fig. 3.1; r = 0.452; P = 0.068) 

indicate no correlation between resistance to leaf spot and resistance to stem canker in P. 

deltoides x P. nigra hybrids when whole trees are inoculated under controlled conditions. 

This is consistent with a previous report by Newcombe and Ostry (2001) which found 

that canker and leaf spot severity, rated on a 1 to 3 scale, were not correlated (r = 0.22) 

under field conditions. These findings have important implications for disease resistance 

breeding. Shifts in the frequency of virulence/avirulence alleles in pathogen populations, 
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following the deployment of resistance genes, is well documented in agriculture 

(McIntosh et al. 1983; Samborski 1985; Martens & Dyck 1989; Hulbert et al. 1991; 

Johnson 1992; Kolmer 1992). In the S. musiva – Populus pathosystem the majority of the 

inoculum is produced by leaf spots, either as ascospores in the spring or conidia during 

the growing season (Bier 1939; Thompson 1941). As a result, understanding how 

selection and deployment of genotypes with resistance to stem canker may impact the 

pathogen population producing that inoculum is extremely important.  

For example, if a genotype is equally resistant to leaf spot and stem canker, then 

selecting resistance to stem canker will also select for resistance to leaf spot. This may 

result in a strong selection pressure on the pathogen population, potentially impacting the 

durability of stem canker resistance over the course of a rotation. On the other hand, the 

absence of a correlation between stem canker and leaf spot resistance suggests that this 

selection pressure may not exist, and that the durability of stem canker resistance may be 

independent of leaf spot resistance. An example of this can be seen in populations of 

Populus deltoides which are susceptible to leaf spot but not stem canker and; 

consequently, lack a correlation between these two symptom types (Newcombe 1998; 

Ostry 1987; Newcombe et al. 2001).  

Two possible explanations for the lack of a significant correlation in the two 

experiments described above are: (i) the greater variation in resistance to leaf spot 

compared to resistance to stem canker in the tested trees (Fig. 3.2; Fig. 3.3); and/or (ii) 

that genotypes which were the most resistant to stem canker infection were not the most 

resistant to leaf spot infection (Fig. 3.2; Fig. 3.3). These patterns suggest that there may 

be different mechanisms conferring resistance in the different plant tissues. Newcombe 

and Ostry (2001) suggested that resistance to stem canker was recessive, and governed by 

a single major gene. In contrast the closely related Sphaerulina populicola - Populus 

interaction identified three dominant QTLs that were inherited from P. deltoides which 

conferred resistance to leaf-spot disease (Newcombe and Bradshaw 1996). These two 

studies suggest differences in the resistance mechanisms between stem canker and leaf 

spot, although it is important to note that the latter is using a different, but closely related 

leaf-spot pathogen. The lack of both a correlation and constant ranking of genotypes for 
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both symptom types supports the hypothesis that resistance to stem canker and leaf spot 

may be governed by different mechanisms.  

In contrast to the Newcombe and Ostry (2001) field trial and the results described 

above, both Ward and Ostry (2005) and Herath et al. (2016) reported a significant 

correlation between leaf-spot and stem canker disease. Ward and Ostry (2005) used 

single spore isolates to inoculate wounded stems and leaf disks of five genotypes of 

hybrid poplar. The results from their two experiments demonstrated the presence of a 

significant positive correlation between necrotic area on the leaf disks and necrotic area 

on the stems (r = 0.775; r = 0.606) when averaged across genotypes (Ward and Ostry 

2005). In addition, there was a significant negative correlation in one of two experiments 

(r = -0.907) when using the means of isolates. More recently, Herath et al. (2016) 

reported a correlation (r = 0.53) between S. musiva incidence on the leaves and 

abundance of cankers in plantations. The differences in terms of Populus species and/or 

hybrids tested, isolate populations that the trees were exposed to, disease parameters that 

were measured, and locations make it extremely difficult to determine the cause of the 

differing results between the study described here and that of Ward and Ostry (2005) and 

Herath et al. (2016). However, it is important to note that the study described above used 

non-wounded whole trees inoculated under controlled conditions in order to specifically 

evaluate the correlation between resistance to leaf spot and stem canker. This protocol 

has been shown to be a reliable way to predict resistance and susceptibility in the field 

(Qin et al. 2014). 

In this study, trees were inoculated with a bulked spore suspension rather than 

individual isolates in order to simulate natural infection. Although this approach was able 

to detect significant differences among genotypes, in terms of their relative levels of 

resistance to leaf spot and stem canker, no information on specific genotype by isolate 

interactions was collected. Most studies indicate that genotypic differences explain the 

majority of variation in this system rather than genotype*isolate interactions or isolate 

effects (Dunnell et al. 2016; LeBoldus et al. 2008; Krupinksy 1989; Weiland et al. 2003). 

However, the possibility exists that differences among isolates may play an important 

role in the epidemiology of this disease. For example, it is likely that some isolates 
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sporulate more profusely than others; alternatively, there may be differences in the ability 

of isolates to sporulate on woody tissue versus leaf tissue. Further evidence that tissue 

specific responses may play an important epidemiological role in this pathosystem is 

illustrated by the significant leaf(genotype) effect (Table 3.1) and the signiciant leaf age 

differences.   

There are other aspects of pathogen biology which should be taken into account 

when deploying resistant genotypes. For example, when considering the durability of 

resistance, what is the frequency and extent of sexual reproduction in the pathogen 

population? Feau et al. (2005), using Random Amplified Polymorphic DNA markers, 

provided evidence that S. musiva was able to reproduce sexually (Sakalidis et al. 2016). 

This ability to generate novel genetic diversity may be more important in terms of the 

durability of resistance to stem canker than the lack of a correlation in resistance. This is 

perhaps illustrated by the loss of resistance to stem canker in a plantation of the genotype 

NM6, previously considered resistant to the disease (Weiland et al. 2003). Although the 

cause was not determined, it could be a result of recombination in the pathogen 

population leading to changes in virulence. Another potential consideration is the 

polycyclic nature of the disease. In these experiments the inoculation of leaves and stems 

occurred once followed by disease severity ratings three weeks later. This is unlikely to 

be the case in a plantation setting where multiple cycles of infection and sporulation may 

occur in one growing season and/or across multiple years (Ostry 1987; Waterman 1954).  

In conclusion, the lack of a consistent correlation across leaves may have 

implications for disease management and deployment of resistant genotypes. Stem canker 

resistance may be more durable as a result of the pathogen’s ability to infect the leaves 

regardless of resistance to stem infection. The lack of correlation also provides evidence 

that there may be different mechanisms controlling resistance in the stem compared to the 

leaves. Overall, this study is an important first step in understanding the interaction 

between the two different facets of this important fungal pathogen. 
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Fig. 3.1. The leaf spot severity (percent necrotic area) of all Populus hybrid leaves 

inoculated with Sphaerulina musiva averaged for each genotype correlated to the stem 

canker severity (average cankers per cm) with each point representing a different 

genotype, the Pearson correlation coefficient (r = 0.452), and significance of the 

correlation (P = 0.068). 
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Figure 3.2. The mean cankers per cm for each Populus hybrid genotype inoculated with Sphaerulina musiva averaged across both 

experiments. Significant differences are included in Table 3.3. 
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Figure 3.3. The mean percent necrotic area of Sphaeurlina musiva inoculated leaves for each Populus hybrid averaged across both 

experiments. Significant differences are included in Table 3.3. 
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Table 3.1. Pearson correlations coefficients (r) of Populus hybrids inoculated with 

Sphaerulina musiva correlating percent necrotic area for each Populus hybrid leaf and 

cankers per cm for experiment 1, experiment 2, and the average across both experiments.  

 
  Experiment 1 Experiment 2 Average Experiment 

  r P-value r P-value r P-value 

Leaf1 0.221 0.395 0.075 0.775 0.258 0.318 

Leaf2 0.303 0.238 0.206 0.427 0.279 0.277 

Leaf3 0.414 0.098 0.072 0.785 0.361 0.154 

Leaf4 0.418 0.095 0.348 0.171 0.481 0.051 

Leaf5 0.498a 0.042 0.257 0.320 0.520 0.032 

aBolded values are statistically significant correlations. 

 

 

 

 

 

 

 

Table 3.2. Analysis of variance table with P-values for each parameter in the leaf spot 

severity and stem canker severity models of Populus hybrids inoculated with Sphaerulina 

musiva for experiment 1 and experiment 2. 

 

Leaf Spot Model 

 

Exp 1 Exp2 

  df P-value P -value 

Block  3 0.174 0.074 

Clone 16 <.001a <.001 

LeafNumber(Clone) 68 0.007 0.060 

Residual 253 - - 

Total 340 - - 

Stem Canker Model 

 

Exp 1 Exp2 

  df p-value p-value 

Block  3 0.180 1.000 

Clone 16 0.006 0.014 

Residual 49 - - 

Total 68 - - 
aBolded values are statistically significant correlations. 
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Table 3.3. The best linear unbiased estimates (BLUE), range of the data, and maximum 

likelihood confidence limit (CL) for Sphaerulina musiva leaf spot severity (percent 

necrotic area) and stem canker severity (cankers per cm) for each Populus hybrid 

genotype in experiment 1 and experiment 2.  

 
Experiment 1 Leaf Spot Severity (% necrotic area) Stem Canker Severity (cankers per cm)

Genotype BLUE Range CL Comparisons
a

BLUE Range CL Comparisons

NNRI-1 0.74 0.18-1.67 0.22-1.25 abcdefb 0.10 0.05-0.20 -0.10-0.29 a

NNRI-2 1.97 0.13-7.30 1.46-2.49 cdefghi 0.60 0.41-0.86 0.40-0.80 b

NNRI-3 2.40 0.41-9.13 1.88-2.91 efghi 0.56 0.32-0.81 0.36-0.76 a

NNRI-4 1.91 0.16-4.09 1.36-2.46 bcdefghi 0.49 0.32-0.67 0.30-0.69 a

NNRI-5 1.21 0.05-3.23 0.69-1.72 abcdefgh 0.68 0.44-0.79 0.49-0.88 b

NNRI-6 0.17 0.06-0.43 -0.35-0.68 abcde 0.48 0.22-1.14 0.28-0.67 a

NNRI-7 0.17 0.01-0.40 -0.35-0.69 abcde 0.46 0.35-0.67 0.26-0.66 a

NNRI-8 0.34 0.03-1.15 -0.18-0.86 abcde 0.25 0.19-0.29 0.05-0.45 a

NNRI-9 2.63 0.15-8.05 2.11-3.15 fghi 0.37 0.28-0.52 0.17-0.56 a

NNRI-10 0.41 0.13-1.49 -0.11-0.93 abcde 0.26 0.03-0.42 0.07-0.46 a

NNRI-11 0.60 0.10-1.95 0.08-1.11 abcde 0.37 0.21-0.46 0.18-0.57 a

NNRI-12 0.75 0.17-2.03 0.24-1.27 abcdef 0.38 0.06-0.62 0.18-0.58 a

NNRI-13 0.53 0.12-1.36 0.01-1.04 abcde 0.33 0.17-0.47 0.13-0.52 a

NNRI-14 0.77 0.09-3.13 0.25-1.28 abcdef 0.44 0.31-0.57 0.25-0.64 a

NNRI-15 1.23 0.09-5.19 0.72-1.75 abcdefgh 0.35 0.12-0.61 0.15-0.55 a

DN5 1.04 0.07-2.36 0.52-1.56 abcdefg 0.53 0.25-0.77 0.33-0.72 a

NM6 2.05 0.18-9.68 1.53-2.57 defghi 0.61 0.43-0.77 0.42-0.81 b

Experiment 2 Leaf Spot Severity (% necrotic area) Stem Canker Severity (cankers per cm)

Genotype BLUE Range CL Comparisons BLUE Range CL Comparisons

NNRI-1 0.47 0.05-0.96 0.27-0.68 abcdef 0.04 0.02-0.07 0.00-0.07 a

NNRI-2 1.04 0.19-2.87 0.84-1.25 defg 0.35 0.28-0.39 0.28-0.43 b

NNRI-3 1.10 0.05-3.97 0.90-1.31 defg 0.37 0.07-0.58 -0.01-0.75 ab

NNRI-4 0.79 0.06-2.67 0.59-1.00 cdefg 0.23 0.12-0.34 0.08-0.38 ab

NNRI-5 0.33 0.01-1.93 0.13-0.54 abcdef 0.16 0.05-0.25 0.02-0.31 ab

NNRI-6 0.05 0.01-0.11 -0.15-0.26 abc 0.41 0.16-0.85 -0.08-0.90 ab

NNRI-7 0.08 0.01-0.48 -0.13-0.28 abc 0.37 0.23-0.53 0.15-0.58 ab

NNRI-8 0.08 0.02-0.32 -0.13-0.28 abc 0.11 0.06-0.16 0.03-0.20 a

NNRI-9 0.73 0.12-2.18 0.53-0.93 cdefg 0.31 0.18-0.53 0.07-0.56 ab

NNRI-10 0.12 0.02-0.45 -0.08-0.33 abcd 0.07 0.00-0.18 -0.06-0.20 a

NNRI-11 0.30 0.02-0.58 0.10-0.51 abcdef 0.27 0.01-0.46 -0.05-0.60 ab

NNRI-12 0.61 0.09-3.14 0.40-0.81 bcdefg 0.13 0.06-0.21 -0.06-0.32 ab

NNRI-13 0.20 0.02-0.49 -0.01-0.40 abcde 0.25 0.13-0.41 0.06-0.44 ab

NNRI-14 0.45 0.09-0.97 0.24-0.65 abcdef 0.10 0.00-0.17 -0.03-0.22 a

NNRI-15 0.33 0.05-1.54 0.12-0.53 abcdef 0.20 0.13-0.31 0.09-0.32 ab

DN5 0.37 0.03-1.41 0.17-0.58 abcdef 0.13 0.05-0.22 0.02-0.24 a

NM6 0.45 0.09-3.00 0.25-0.66 abcdef 0.41 0.16-0.65 0.05-0.78 ab  
aComparisons calculated using Tukey’s honestly significant differences.  
bThe letters indicate which genotypes are significantly different. 
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Chapter 4. Identifying a putative necrotrophic effector in the 

Sphaerulina musiva-Populus trichocarpa pathosystem using RNA-seq,  

in vitro expression, and infiltration 

 

ABSTRACT 

Sphaerulina musiva causes stem cankers on Populus spp. in North America. 

Breeding genotypes resistant to this disease requires an understanding of the genetic basis 

of the interaction between the pathogen and its host. RNA-seq was used to identify 

potential S. musiva effectors involved in stem canker formation at 2 and 3 weeks post-

inoculation. Approximately 20% of the total reads were aligned to the S. musiva 

reference genome and the remaining reads were aligned to P. trichocarpa. Analysis of 

the fungal reads identified 70 genes at 2 weeks post-inoculation and 110 genes at 3 weeks 

post-inoculation that were differentially expressed between the inoculated trees and the 

control. Of the 70 genes identified at 2 weeks post-inoculation and 110 at 3 weeks post-

inoculation, 48 and 74, respectively, contained a predicted secretion cleavage site. The 

most highly expressed gene at 2 weeks (497 RPKM) and second at 3 weeks (1056 

RPKM) had homology to Extracellular protein 2 (Ecp2) produced by Cladosporium 

fulvum. The candidate gene was selected for transformation and protein expression. 

Sphaerulina musiva Ecp2 (SmEcp2) was infiltrated into P. trichocarpa leaves and 

induced necrosis on some susceptible genotypes.  

 

INTRODUCTION 

Sphaerulina musiva (Peck) Verkeley, Quaedvlieg, & Crous (syn. Septoria 

musiva Peck) the cause of Septoria leaf spot and stem canker, is one of the most 

important pathogens of Populus spp. in North America (Bier 1939). Cankers caused by S. 

musiva can weaken poplar stems, increasing the risk of wind breakage, impacting the 

sustainability of commercial poplar plantations (Bier 1939; Waterman 1954; Ostry and 

McNabb 1983; Ostry 1987). Chemical and cultural control of this disease, although 

attempted in the past, has proven to be expensive and largely ineffective (Ostry 1987). As 

a result, the best strategy for minimizing the impact of S. musiva is to plant resistant 
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genotypes (Ostry 1987; Ostry and McNabb 1985; Newcombe and Ostry 2001). In order 

to have a successful breeding program to produce resistant genotypes, an understanding 

of the genetic basis of the interaction between a pathogen and its host is essential. The 

genome sequences of S. musiva and Populus trichocarpa Torr. & A. Gray are publicly 

available along with an abundance of molecular tools (Wullschleger et al. 2002), making 

this an ideal pathosystem for studying host-parasite interactions.  

New sequencing technologies are valuable tools for use in transcriptome analyses 

and are increasingly used to study host-pathogen interactions (Petre et al. 2012; Liang et 

al. 2014). Petre et al. (2012) used RNA-seq to examine early stages of leaf colonization in 

P. trichocarpa by the biotrophic pathogen Melampsora larici-populina Kleb. At 48-h 

post-inoculation they identified 19 transcripts representing candidate effectors from the 

pathogen that were differentially expressed (Petre et al. 2012). Recently, RNA-seq has 

been used in the Populus- S. musiva pathosystem in order to identify resistance genes in 

inoculated leaves of hybrid poplar (Liang et al. 2014). The results identified genes in the 

pathogen involved in response to oxidative stress, lipid transport and metabolism, and 

carbohydrate transport and metabolism. They did not; however, generate enough reads 

from pathogen-inoculated leaves to conduct a differential gene expression analysis or to 

identify transcripts with low abundance (Liang et al 2014).  

The first objective of this study is to use RNA-seq to identify potential S. musiva 

effectors involved in stem canker formation in P. trichocarpa. The results from the first 

objective will identify putative effectors for further analysis. The second objective will 

demonstrate that using protein expression and infiltration to identify and validate 

potential effectors is viable in this pathosystem. 

 

MATERIALS AND METHODS 

Pathogen Culture 

Isolations of S. musiva were made from individual branch cankers collected from 

a commercial nursery near Belle River in Minnesota (45.97N, 95.19W). Cankers were 

rinsed twice with sterile distilled water after soaking in a 5% NaClO solution for 2 min. 

The bark was removed from the stem and a 5-mm piece of wood was excised from the 
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margin between the healthy and necrotic tissue. The excised pieces were placed on petri 

plates of KV-8 medium (180 ml V-8 vegetable juice, Campbell Soup Company, Camden, 

NJ, USA; 2 g calcium carbonate; 20 g agar; and 820 ml deionized water) (Stanosz and 

Stanosz 2002); amended with 100 mg liter–1 of streptomycin (Streptomycin Sulfate USP, 

Amresco, OH, USA) and 240 mg liter–1 chloramphenicol (Chloramphenicol USP, 

Amresco, OH, USA). Petri plates were grown at room temperature (20°C) under 

continuous light after being wrapped with parafilm. In seven days, sporulating fungal 

colonies were transferred to new KV-8 petri plates. The species identity of fungal 

colonies appearing to be S. musiva were confirmed by morphology (Sivanesan 1990) and 

multilocus genotyping (LeBoldus et al. 2014). Isolates were stored as mycelial plugs 

suspended in a 50% glycerol solution at -80°C in 2 ml cryotubes.  

Host Propagation 

Dormant cuttings of P. trichocarpa were collected from Oregon State University 

Research Farm near Corvallis, Oregon (44°35'18.4"N 123°11'37.1"W). Dormant cuttings 

were cut into 10-cm lengths and planted in Cone-tainers (Ray Leach SC10 Super Cone-

tainers, Stuewe and Sons, Inc., Tangent, Oregon, USA) measuring 3.8-cm in diameter 

and 21-cm deep, filled with growing medium (SunGro Professional Mix #8; SunGro 

Horticulture Ltd., Agawam, MA). The medium was amended with 38 g Osmocote slow 

release fertilizer (15-9-12) (N-P-K) (7.0% NH3-N, 8.0% NO3-N, 9.0% P2O5, 12.0% 

K2O, 1.0% Mg, 2.3% S, 0.02% B, 0.05% Cu, 0.45% Fe, 0.23% chelated Fe, 0.06% Mn, 

0.02% Mo, 0.05% Zn; Scotts Osmocote Plus; Scotts Company Ltd., Marysville, OH) 

after soaking in water for 48 h (DesRochers and Thomas 2003). Plants were grown in the 

greenhouse with an 18-h photoperiod supplemented with 600W high-pressure sodium 

lamps and a temperature regime of 20°C/16°C (day/ night). Plants were watered as 

needed and fertilized weekly with 20-20-20 (N-P-K) liquid fertilizer (Scotts® Peters 

Professional; Scotts Company Ltd., Marysville, OH).  

Inoculations, mRNA Isolation, and Library Preparation for RNA-seq 

Prior to the RNA-seq experiment, six trees of P. trichocarpa (genotype GW 

10998) were transplanted into 2 gallon pots filled with growing medium and 38g 

Osmocote slow release fertilizer as described above. Experimental design included three 
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biological replicates (3 trees) at each time point: 2 weeks post-inoculation (wpi) and 3 

wpi. Three biological replicates (3 cultures) were also included for the control samples of 

the pathogen grown in culture. The trees were point inoculated with an isolate (MN-14) 

of S. musiva by placing a 5-mm plug of sporulating mycelium over a lenticel, 

approximately 15-cm from the soil surface. The three biological replicates were collected 

at 2 and 3 wpi. Approximately 100mg of symptomatic tissue from each inoculation point 

was harvested, placed in a MP Biomedicals Lysing Matrix tube, and flash frozen in liquid 

nitrogen. As a control, three fungal cultures of the same isolate were grown in liquid KV-

8 media at room temperature on an orbital shaker and wrapped in aluminum foil. After 

one week of growth, the cultures were collected, flash frozen in liquid nitrogen, and 

placed in lysing matrix tubes. The cultures were used as an in vitro control. The frozen 

tubes were placed in a bead beater homogenizer and the stem tissue was ground to a fine 

powder while still frozen. 

The mRNA from each sample was extracted using the Dynabeads mRNA 

DIRECT Kit from Ambion. The manufacturer’s protocol was followed; however, in 

order to remove contaminants such as polyphenolics and polysaccharides that occur in 

high levels in P. trichocarpa, the Plant RNA Isolation Aid from Ambion, containing 

polyvinylpyrrolidon, was added to the lysing buffer. A chloroform cleanup step was also 

included before adding the supernatant to the Oligo Dynabeads. The concentration and 

the quality of the mRNA was examined on an Agilent 2100 Bioanalyzer (Agilent 

Technologies, Santa Clara, CA). The three biological replicates from each time point 

were added together in equal concentrations, digested using RNase III, and the cDNA 

sequencing library was generated using the Ion Total RNA-Seq Kit v2 from Ion Torrent. 

Three separate chips, one for each time point, were run on the Ion Torrent Personal 

Genomics Machine (ThermoFisher, Waltham, MA), in the Department of Plant 

Pathology at North Dakota State University.  

Data Analysis 

The S. musiva genome (Ohm et al. 2012; Dhillon et al. 2015) and the P. 

trichocarpoa genome (Tuskan et al. 2006) were used as a references for mapping RNA-

seq reads to their respective organisms. Expression level was estimated using the reads 



59 

 

per kilobase per million (RPKM) calculation in the CLC Genomics workbench (Quiagen, 

NL). Comparisons were made between the 2 and 3 wpi treatments and the in vitro 

control. In order to identify a putative effector for transformation and downstream 

validation four criteria were used: (i) loci exhibiting differential expression with respect 

to the control were subjected to a blastx search (blast.ncbi.nlm.nih.gov) to examine 

sequence homology; (ii) each sequence was examined for a predicted secretion signal 

cleavage site using the SignalP 4.1 Server algorithm (www.cbs.dtu.dk/services/SignalP); 

(iii) the presence of the transcript at both 2 wpi and 3 wpi; and (iv) the translated protein 

is predicted to be < 20 KDa in size (Fig. 4.1; Fig. 4.2). To test the feasibility of this 

approach one gene was selected for transformation and subsequent protein expression. 

Transformation and Protein Expression 

New cDNA was synthesized from undigested mRNA from 2 and 3 wpi samples 

using the GoScript Reverse Transcription System (First Strand cDNA synthesis). The 

cDNA was used to amplify the candidate effector by PCR using Q5 Hot Start High-

Fidelity DNA Polymerase. Primers were: Ecp2F1 

(5’ATAGAATTCATGCAGCTCAACAACGCCCTCCTC3’); and Ecp2R1 

(5’ATAGGGCCCCAAGTCGGATCTCTGGACCCACCAG3’). Reaction conditions 

were as follows: 1 min at 98°C, 35 cycles of 30 sec at 98°C, 30 sec at 66°C, 1 min at 

72°C, and final extension of 10 min at 72°C. 

  The PCR product was sent to GenScript USA Inc. to verify the sequence of the 

amplicon. Following confirmation, the PCR product was digested using ApaI and EcoRI 

(New England Biolabs Inc., Ipswich, MA), ligated into the pGAPZ A Expression Vector 

using T4 DNA Ligase (New England Biolabs Inc., Ipswich, MA), and transformed into 

DH5α competent cells. The cells were grown and plasmid DNA was extracted using a 

QIAprep Spin Miniprep Kit. In order to confirm that the transformation was successful 

and that the candidate gene was ‘in-frame,’ the construct was sequenced. Subsequently, 

the plasmid was linearized using AvrII (New England Biolabs Inc., Ipswich, MA) and 

then transformed into the Pichia pastoris expression vector using the Pichia EasyComp 

Transformation Kit (ThermoFisher, Waltham, MA). Successful transformation was 

confirmed by PCR.  
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Protein expression was conducted by growing the transformant at 30°C for 72-h 

in a shaking incubator at 200rpm. The expressed protein was purified by first filtering the 

liquid culture through a Millipore Express PLUS Membrane Filter (45µm) and 

processing through the HisPrepFF16/10 column (GE Healthcare, Fairfield, CT). Protein 

quality and quantity was assessed by visualization on a gel and using the NanoDrop ND-

1000 UV-Vis Spectrophotometer (Fig. 4.3).  

Infiltration Experiments 

Two infiltrations experiments were conducted using the purified protein. In the 

first experiment, dormant cuttings of P. trichocarpa trees were collected and planted at 

the North Dakota State University agricultural research greenhouse. The experimental 

design was a randomized complete block design with 7 genotypes and 4 blocks (7 

genotypes x 4 blocks = 28 total trees). Trees were selected from a list of known resistant 

and susceptible genotypes used in a previous phentoyping experiment (BESC 184, BESC 

234, GW 11024, HARA 26-2, HARC 26-5, HOMA 21-5, and SLMC 28-2). The second 

infiltration experiment was conducted at Oregon State University in an Enconair growth 

chamber with 16-h photoperiod using 60W soft white incandescent bulbs and 

4100K fluorescent bulbs (Philips, Somerset, NJ). The temperature in the chamber was 

21°C when infiltrations were conducted. The experimental design was a randomized 

complete block design with 6 genotypes and 4 blocks (6 genotypes x 4 blocks = 24 total 

trees). Genotypes used were BESC 184, BESC 22, BESC 234, BESC 801, GW 9805, and 

HARC 26-5. The purified protein (550ng/µl) was infiltrated into the underside of the top-

most fully expanded leaf of each tree. An empty vector and sterile distilled water control 

were used and infiltrated into the same leaves on the opposite side of the mid-vein (Fig. 

4.4). After 15 days the leaves were removed and examined for necrosis. 

 

RESULTS 

Transcriptome Analysis 

Water-soaked lesions first appeared at 2 wpi around lenticels and became necrotic 

by 3 wpi (Fig. 4.5). The total reads sequenced by the Ion Torrent PGM platform were: 

4,198,267, 4,915,453, and 3,125,004 for 2 wpi, 3 wpi, and the control respectively (Table 
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4.1). Approximately 20% of the total reads for 2 wpi and 3 wpi aligned to the S. musiva 

reference genome and the remaining reads were aligned to the P. trichocarpa reference 

genome. Analysis of the fungal reads identified a total of 70 genes at 2 wpi and 110 genes 

at 3 wpi that were upregulated in the inoculated trees compared to the control (Table 4.1; 

Appendix). The majority of the differentially expressed genes were hypothetical proteins, 

lacking known function (83% at 2 wpi; 80% at 3 wpi) (Table 4.1). Thirty-four of these 

genes were present in both 2 and 3 wpi. Signal peptide cleavage sites were present in 

69% (2 wpi) and 67% (3 wpi) of sequences (Table 4.1). 

Using the four criteria described above, the gene with the largest number of 

transcripts at 2 wpi (496.77 RPKM) and second greatest at 3 wpi (1055.71 RPKM) was 

selected for transformation (Fig. 4.1). This gene was annotated as a hypothetical protein, 

contained a secretion signal, and its translated protein was 19 kDa. In addition, this gene 

has a Homolog of C. fulvum Ecp2 effector with a Hce2 conserved domain, corresponding 

to the mature part of Ecp2 from the tomato pathogen Cladosporium fulvum Cooke (Syn. 

Passalora fulva). In addition to C. fulvum (Ecp2; 33% homology), S. musiva Ecp2 

(SmEcp2) has homology to the Ecp2 effector found in Mycosphaerella fijiensis M. 

Morelet (MfEcp2; 35% homology) and Dothistroma septosporum (Dorog.) Morelet 

(DsEcp2; 33% homology), all of which have the Hce2 conserved domain (Fig. 4.6). Ecp2 

has been identified as an effector protein that triggers hypersensitive reponse (HR) in the 

tomato-C. fulvum pathosystem (Laugé et al. 1997; De Witt et al. 2012). 

Infiltrations 

Symptom development (necrosis) following the SmEcp2 infiltrations varied 

among genotypes (Table 4.2). In both experiments necrosis developed 7 – 14 days 

following infiltration. In all cases infiltrations with the water control and the empty vector 

did not produce symptoms. When the same genotype of P. trichocarpa was included in 

both experiments the infiltration results were consistent. 

 

DISCUSSION 

The purified SmEcp2 protein induced necrosis in some genotypes of P. 

trichocarpa (Table 4.2). Ecp2 was first isolated and characterized by Guido et al. (1992) 
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in the model Cladosporium fulvum–tomato interaction. It was demonstrated to be both 

necessary for virulence (Laugé et al. 1997) and to lead to Cf-Ecp2 mediated HR when 

recognized by a tomato line carrying the cognate Cf-Ecp2 resistance gene (Laugé et al. 

1998). More recently, a large number of fungi in the Dothideomycete group of pathogens 

have been sequenced and a comparative genomics analysis has identified homologous 

Ecp2-like genes in a large number of these organisms including: C. fulvum, M. fijiensis, 

D. septosporum, and S. musiva. In the case of MfEcp2, in vitro assays transiently 

expressing this protein induce HR in tomato lines carrying the Cf-Ecp2 resistance locus 

demonstrating the conserved function of this protein across fungal species and their hosts 

(Stergiopoulos et al. 2013). Although the Cf-Ecp2 locus has not been identified and the 

function of this protein has not been determined, it and its analogs are apparently 

involved in many host-parasite interactions. Nicotiana paniculata, N. sylvestris, N. 

tabacum, and N. undulata responded with HR when infiltrated with Ecp2 (Laugé et al. 

2000; De Kock et al. 2004).  

  The literature suggests that S. musiva is a hemi-biotroph (Dhillon et al. 2015). In 

general, with this group of organisms, fungal hyphae first grow in the intercellular spaces 

between mesophyll cells, and obtain nutrients from the host apoplast (Lepoivre et al. 

2003). Following this initial colonization, the pathogen switches to a necrotrophic life 

habitat, killing the host cells in the colonized tissue in order to reproduce (Lepoivre et al. 

2003). Consequently, the symptom development observed on the stem, water soaked 

lesions by 2 wpi and necrosis at 3 wpi, is consistent with this life history. Stergiopoulous 

et al. (2010) and Goodwin et al. (2001) have suggested that Ecp2, in these diverse 

pathogen species, are phylogenetically related and that Ecp2 is a core fungal effector with 

an intrinsic function in several host-pathogen interactions. In fact, phylogenetic analysis 

between M. fijiensis and C. fulvum and between D. septosporum and C. fulvum suggested 

that Ecp2 evolved from a common ancestor (Stergiopoulos et al. 2010; Goodwin et al. 

2001). The blast results indicate that SmEcp2 has the greatest homology to MfEcp2 in M. 

fijiensis (Fig. 4.6). 

 The role of SmEcp2 and the necrosis it induces in Populus is unclear. If SmEcp2 

is involved in the biotrophic phase of the S. musiva life-cycle then it is possible that the 
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protein is being recognized by a receptor in the host leading to necrosis, resulting in 

resistance. Alternatively, if SmEcp2 is involved in the necrotrophic phase of the S. 

musiva life-cycle then the necrosis which it induces would likely result in susceptibility. 

SmEcp2 does not induce necrosis on any resistant genotypes; however, it induces 

necrosis on some but not all susceptible genotypes (Table 4.2). This would suggest that it 

has a role in the necrotrophic phase of the hemi-biotrophic lifestyle. One possible 

explanation for the infiltrations causing necrosis on only some susceptible genotypes is 

the genetic diversity present in the P. trichocarpa genotypes used in the infiltration 

assays. These genotypes were collected as part of the development of a re-sequenced P. 

trichocarpa population used in association mapping studies and are intended to represent 

the range of diversity within the species (Evans et al. 2014). As such, SmEcp2 may be an 

important effector in a portion of the genotypes tested and not in others. Regardless, the 

infiltration assay described above could be used to search for the as-yet-unidentified 

receptor of SmEcp2 by conducting infiltrations in the larger association mapping 

population of P. trichocarpa (Slavov et al. 2012; Evans et al. 2014).  

 A second important consideration when interpreting the results of the infiltration 

experiments is that SmEcp2 was identified using inoculated stem tissue rather than 

inoculated leaf tissue. As a result, infiltrations into leaves may not be the best method to 

validate putative effectors involved in stem canker development. However, it is 

interesting to note that there appears to be a correlation between leaf spot and stem 

canker severity in P. trichocarpa. In general, the genotypes that were more resistant to 

leaf spot were also resistant to stem canker (Table 4.2). This result contrasts what was 

observed in Chapter 3 where no significant correlation between leaf spot and stem canker 

severity was observed.   

 Following infiltration, necrosis developed more rapidly on the underside of the 

leaves. This is likely a result of the infiltrations being conducted on the abaxial leaf 

surface and the leaves internal morphology. The upper surface of the leaf consists of a 

double layer of densely packed palisade parenchyma whereas the underside of the leaf 

consists of a loosely packed layer of spongy mesophyll. This anatomy prevented 

infiltration into the adaxial leaf surface and may have inhibited the movement of the 
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protein in the leaf tissue following infiltration into the underside of the leaf. A second 

important consideration when conducting infiltrations is light intensity. In several other 

pathosystems the importance of light intensity to a strong HR has been demonstrated 

(Friesen et al. 2007; Manning and Ciuffetti 2005; Keon et al. 2007; Montillet et al. 2005). 

This appears to be the case in the S. musiva – P. trichocarpa interaction. A third 

infiltration experiment (results not shown) was conducted in the greenhouse at Oregon 

State University with lower light intensity, and although the phenotypic responses were 

consistent with experiment 1 and 2, necrosis was delayed and weaker. 

In order to begin elucidating the genetics behind the interactions in the S. musiva–

P. trichocarpa pathosystem, RNA-seq was completed to identify potential effectors. In 

many host-pathogen interactions toxins/necrotrophic effectors are produced when the 

pathogen is grown in liquid culture and the culture filtrates are infiltrated into the host, 

for example, ToxA in the Stagonospora nodorum-wheat pathosystem (Friesen and Faris 

2008; Manning and Ciuffetti 2005). In other pathosystems, effectors/toxins are only 

produced in planta (Mirzadi Gohari 2014). Initial experiments using S. musiva culture 

filtrates and leaf infiltrations did not induce necrosis. As a result, RNA-seq was 

conducted to identify potential necrotrophic effectors involved in canker formation in 

host tissue. This study provides a novel look into the interactions occurring in the S. 

musiva–P. trichocarpa pathosystem and is the first time a putative effector has been 

identified for this pathogen. 
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Fig. 4.1. Each Sphaerulina musiva gene represented by RPKM (reads per kilobase per million) present during canker development 

on Populus trichocarpa containing a signal peptide cleavage site at 2 and 3 weeks post-inoculation. The gene ID is the JGI feature 

ID number, hp = hypothetical protein, hyd = alpha/beta-hydrolase, NAD = NAD(P)-binding protein, rfA = replication factor A 

protein 3, and Rpp = RNase_P_Rpp14-domain-containing protein. 
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Fig. 4.2. Each Sphaerulina musiva gene represented by RPKM (reads per kilobase per million) present during canker development 

on Populus trichocarpa with no signal peptide cleavage site 2 and 3 weeks post-inoculation. Gene ID is the JGI feature ID number, 

hp = hypothetical protein, cyt = P450 oxidoreductas, and PR1 = PR-1-like protein. 
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Fig. 4.3. SDS-PAGE gel showing a band from the purified Sphaerulina musiva 

Extracellular protein 2 (SmEcp2) in lane 4 between 20kD and 25kD. The first lane is the 

protein ladder and lane 2 is the purified pGAPZ A empty vector control. 
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Fig. 4.4. Populus trichocarpa genotype BESC 234 (A and B) infiltrated with Sphaerulina 

musiva Extracellular protein 2 (SmEcp2), empty vector control, and water control. HARC 

26-5 (C and D) infiltrated with SmEcp2, empty vector control, and water control. Abaxial 

surface of the leaves (A and C) and adaxial surface of the leaves (B and D). 
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Fig. 4.5. Cankers on P. trichocarpa inoculated with Sphaerulina musiva at 3 weeks post-

inoculation. 
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Figure 4.6. Amino acid sequences of Sphaerulina musiva (SmEcp2), Mycosphaerella 

fijiensis, (MfEcp2), Dothistroma septosporum (DsEcp2), and Cladosporium fulvum 

(Ecp2) that were blasted using NCBI blastx function and the amino acid sequences 

compared using the IBIVU Centre for Integrative Bioinformatics VU PRALINE multiple 

sequence alignment (www.ibi.vu.nl/programs/pralinewww/). Colors indicate degree of 

conservation among amino acid sequences with red being the most conserved to blue 

being the least conserved. 
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Table 4.1. The number of Sphaerulina musiva genes during canker formation in Populus 

trichocarpa for each predicted protein type (hypothetical proteins, proteins with known 

function, secreted proteins, and non-secreted proteins) at 2 and 3 weeks post-inoculation. 

 

Predicted Protein Type 2 weeks 3 weeks 

Hypothetical proteins 58 88 

Known function proteins 12 22 

Secreted proteins 48 74 

Non-secreted proteins 22 36 

Total 70 110 

 

 

 

 

 

 

 

Table 4.2. Infiltration results from both experiments showing each Populus trichocarpa 

genotype and the response (+ = necrosis; - = no necrosis) from infiltrations of the 

Sphaerlina musiva Extracellular protein 2 (SmEcp2). Grey boxes indicate genotypes that 

were not used in each experiment. 

 

Genotype Experiment 1 Experiment 2 Cankers per cma % necrotic areab 

BESC 184 - - 0.845 14.722 

BESC 22   - 0.037 4.663 

BESC 234 + + 0.700 11.227 

BESC 801   - 0.514 10.446 

GW 9805   + 0.402 8.233 

GW 11024 +   0.583 15.307 

HARA 26-2 -   0.000 N/Ac 

HARC 26-5 - - 0.300 14.067 

HOMA 21-5 -   0.634 6.487 

SLMC 28-2 -   0.000 7.612 

 
aCankers per cm was calculated from a previous experiment by counting the numbers of 

cankers on the stem and dividing it by the height (cm) at time of inoculation.  

bPercent necrotic area was calculated from a previous experiment by measuring the total 

necrotic area on each leaf and dividing by the total area of the leaf. 
cN/A = no data was available for that genotype. 
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Chapter 5. Conclusion 

 

SUMMARY 

In this thesis several experiments were conducted to gain a better understanding 

of the interaction between Sphaerulina musiva and Populus spp. The first study 

demonstrated that P. nigra is susceptible to S. musiva and that variation within the host 

population exists. In the cankers per cm model the majority of the variation was 

explained by location (72%; P < 0.001) while in the disease severity score model the 

majority of the variation was explained by genotype(location) (28%; P < 0.001). The 

cankers per cm parameter estimates infection frequency by counting lesion number while 

disease severity score evaluates pathogen development following infection, based on 

lesion size. The cankers per cm model indicates that the majority of the variation was 

explained by location. This is consistent with variation in morphology and lenticel 

frequency, which are important factors for infection. This study also demonstrated that a 

single isolate can be used for inoculations; however, the genotype(location)*isolate 

interaction in the disease severity score model suggests that the potential exists for shifts 

in virulence in the pathogen population over time.  

The second study concluded that, in general, there is no correlation between 

resistance to leaf spot and resistance to stem canker, which may have implications for 

disease management and deployment of resistant genotypes. Stem canker resistance may 

be more durable as a result of the pathogen’s ability to infect the leaves regardless of 

resistance to stem infection. Due to the lack of correlation there may be different 

mechanisms controlling resistance in the stem compared to the leaves. This study also 

demonstrated that leaf age plays a role in leaf spot severity. The third study used RNA-

seq to identify potential S. musiva effectors involved in stem canker formation at 2 and 3 

weeks post-inoculation in P. trichocarpa. One gene was selected for transformation and 

protein expression. This gene was identified to be homologous to Ecp2 in Cladosporium 

fulvum. Infiltrations resulted in necrosis on leaves of some susceptible genotypes of P. 

trichocarpa.  
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IMPLICATIONS FOR MANAGEMENT 

The best approach for managing stem cankers caused by S. musiva is the 

development and utilization of disease resistant genotypes (Ostry and McNabb 1983; 

Ostry 1987). However, essential knowledge of the mechanisms behind resistance is 

lacking.  

In order to identify and use resistant genotypes in breeding programs, disease 

resistance screening needs to be conducted. When conducting screening a single virulent 

isolate would be sufficient in order to identify resistant genotypes (Chapter 2). Hybrid 

poplar plantations have, in the past, consisted of large areas of one resistant genotype 

which may have led to shifts in virulence in the pathogen population. It would be 

beneficial for breeding programs to make use of the diverse population of P. nigra and 

use an array of different resistant genotypes since there is variation in resistance among 

genotypes and among locations in that population (Chapter 2). 

In general, leaf spot and stem canker resistance is not correlated in Populus 

hybrids (Chapter 3). This may have important implications for deployment of genes for 

stem canker resistance. Since the pathogen would still be able to infect the leaves, there 

may not be a strong selection pressure on the pathogen population resulting in more 

durable resistance to stem cankers. However, due to sexual recombination, the polycyclic 

nature of the pathogen, and possible shifts in pathogen population due to the small 

genotype(location)*isolate effect seen in the disease severity model could ultimately lead 

to loss in resistance, especially if only one resistant genotype is used in a poplar 

plantation (Chapter 2).  

Understanding the genetic basis of the interaction in this pathosystem is essential 

for a successful breeding program. Chapter 4 consisted of the first study to use RNA-seq 

to identify putative effectors during canker formation in the S. musiva-P. trichocarpa 

pathosystem. The putative effector, SmEcp2, caused necrosis in some susceptible 

genotypes indicating that it may be involved in the necrotrophic phase of the pathogen’s 

life-cycle.  
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FUTURE RESEARCH 

The mechanisms behind resistance in P. nigra is still not known. One study 

indicated that resistance was recessive in crosses of P. deltoides and P. trichocarpa 

(Newcombe and Ostry 2001) and another study looking at resistance to leaf spot cause by 

S. populicola found three dominant quantitative trait loci conferring resistance 

(Newcombe and Bradshaw 1996). However, there could be different mechanisms in P. 

nigra given that S. musiva and P. nigra did not coevolve. In order to successfully find 

and deploy resistance genes in Populus hybrids, it is essential to understand how 

resistance is inherited in Populus spp. Future studies need to address this gap in 

knowledge. 

Since the study conducted in Chapter 3 focused on hybrids, it is not known 

whether a correlation between leaf spot and stem canker resistance exists in species of 

Populus (i.e. non-hybrids). There was a correlation between leaf spot severity and stem 

canker severity in P. trichocarpa (Chapter 4); however, that experiment was not 

specifically used to test for a correlation. Conversely, Populus deltoides, is susceptible to 

leaf spot but not stem canker and; consequently, lacks a correlation between resistance to 

leaf spot and stem canker. Testing species of Populus to determine if a correlation exists 

would give a better understanding of how selecting for resistance to stem canker would 

affect virulence in the pathogen population. 

The study conducted in Chapter 4 provides the first experiment to use RNA-seq to 

identify putative effectors in the S. musiva-P. trichocarpa pathosystem. RNA-seq 

identified an array of genes being expressed by the pathogen during canker development 

in the host. The new protocol developed for transformation, protein expression, and 

infiltration can be used to test other putative effectors from the RNA-seq results. The new 

protocol developed for mRNA isolation is a fast and easy method for isolating mRNA 

from P. trichocarpa stem tissue. This method can be applied for use in other hard-to-

extract woody plant tissues. RNA-seq and subsequent infiltrations of SmEcp2 resulted in 

necrosis in some susceptible genotypes. In order to identify possible receptors of SmEcp2 

in the host, infiltrations would need to be conducted in the larger association mapping 

population of P. trichocarpa.  
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  The research in this thesis contributes to the understanding of the interactions in 

the S. musiva-P. trichocarpa pathosystem leading to better management strategies to 

minimize losses due to the stem canker disease caused by S. musiva. 
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Appendix 1. Each Sphaerulina musiva gene present during canker development in Populus trichocarpa at 2 and 3 weeks post-

inoculation with expression values in RPKM (reads per kilobase per million), the gene ID is the JGI feature ID number, the gene 

length is number of base pairs of that gene, protein length is predicted number of amino acids, gene reads are the raw count of the 

number of reads that align to that sequence, blast description is from the blastx search (blast.ncbi.nlm.nih.gov), identity (Ident) is 

the percent identity to the closest genbank match, and accession is the genbank accession. 

 

2-week 
Gene 

length 

Protein 

Length 

Expression 

values  

Gene 

reads Blast Description Ident Accession Feature ID 

jgi|Sepmu1|146667|estExt_fgenesh1_kg.C_1_t30152 549 183 496.77 64 hypothetical protein SEPMUDRAFT_146583 [Sphaerulina musiva SO2202] 100% EMF17606.1 

jgi|Sepmu1|113924|gm1.1579_g 744 248 246.29 43 hypothetical protein SEPMUDRAFT_113840 [Sphaerulina musiva SO2202] 100% EMF17864.1 

jgi|Sepmu1|119192|gm1.6847_g 396 132 215.22 20 hypothetical protein SEPMUDRAFT_119108 [Sphaerulina musiva SO2202] 100% EMF10567.1 

jgi|Sepmu1|149959|estExt_fgenesh1_kg.C_6_t10348 510 170 108.62 13 hypothetical protein SEPMUDRAFT_149875 [Sphaerulina musiva SO2202] 100% EMF12113.1 

jgi|Sepmu1|151186|estExt_fgenesh1_kg.C_90217 357 119 83.56 7 hypothetical protein SEPMUDRAFT_151102 [Sphaerulina musiva SO2202] 100% EMF10038.1 

jgi|Sepmu1|164736|estExt_fgenesh1_pm.C_7_t10068 240 80 71.02 4 hypothetical protein [Brevibacterium massiliense] 38% WP019174184.1 

jgi|Sepmu1|110593|fgenesh1_pg.9_#_308 366 122 69.86 6 hypothetical protein SEPMUDRAFT_110509 [Sphaerulina musiva SO2202] 100% EMF10118.1 

jgi|Sepmu1|108569|fgenesh1_pg.6_#_17 489 163 61 7 hypothetical protein SEPMUDRAFT_108485 [Sphaerulina musiva SO2202] 100% EMF11620.1 

jgi|Sepmu1|120458|gm1.8113_g 381 127 55.92 5 hypothetical protein SEPMUDRAFT_120374 [Sphaerulina musiva SO2202] 100% EMF09526.1 

jgi|Sepmu1|50487|e_gw1.9.515.1 543 181 54.94 7 PR-1-like protein [Sphaerulina musiva SO2202] 100% EMF09890.1 

jgi|Sepmu1|150591|estExt_fgenesh1_kg.C_80021 462 154 36.9 4 hypothetical protein SEPMUDRAFT_150507 [Sphaerulina musiva SO2202] 100% EMF10358.1 

jgi|Sepmu1|91364|estExt_Genewise1.C_9_t20353 579 193 29.44 4 hypothetical protein SEPMUDRAFT_91280 [Sphaerulina musiva SO2202] 100% EMF10163.1 

jgi|Sepmu1|112581|gm1.236_g 363 121 23.48 2 hypothetical protein SEPMUDRAFT_112497 [Sphaerulina musiva SO2202] 100% EMF16448.1 

jgi|Sepmu1|148510|estExt_fgenesh1_kg.C_3_t20127 390 130 21.85 2 hypothetical protein SEPMUDRAFT_148426 [Sphaerulina musiva SO2202] 100% EMF14848.1 

jgi|Sepmu1|149264|estExt_fgenesh1_kg.C_5_t10124 195 65 21.85 1 hypothetical protein SEPMUDRAFT_125703 [Sphaerulina musiva SO2202] 100% EMF12535.1 

jgi|Sepmu1|114329|gm1.1984_g 396 132 21.52 2 hypothetical protein SEPMUDRAFT_114245 [Sphaerulina musiva SO2202] 100% EMF15121.1 

jgi|Sepmu1|107241|fgenesh1_pg.4_#_38 438 146 19.46 2 hypothetical protein SEPMUDRAFT_107157 [Sphaerulina musiva SO2202] 100% EMF13091.1 

jgi|Sepmu1|149954|estExt_fgenesh1_kg.C_6_t10343 222 74 19.2 1 hypothetical protein SEPMUDRAFT_149870 [Sphaerulina musiva SO2202] 100% EMF12098.1 

jgi|Sepmu1|167299|estExt_fgenesh1_pm.C_130191 222 74 19.2 1 hypothetical protein SEPMUDRAFT_167215 [Sphaerulina musiva SO2202] 100% EMF08158.1 

jgi|Sepmu1|8372|gw1.8.75.1 225 75 18.94 1 hypothetical protein SEPMUDRAFT_8288 [Sphaerulina musiva SO2202] 100% EMF10714.1 

jgi|Sepmu1|114205|gm1.1860_g 240 80 17.76 1 hypothetical protein SEPMUDRAFT_114121 [Sphaerulina musiva SO2202] 100% EMF14992.1 

jgi|Sepmu1|19464|gw1.4.1040.1 261 87 16.33 1 hypothetical protein SEPMUDRAFT_19380 [Sphaerulina musiva SO2202] 100% EMF13490.1 

jgi|Sepmu1|127652|fgenesh1_kg.9_#_34_#_isotig09546 285 95 14.95 1 hypothetical protein SEPMUDRAFT_127568 [Sphaerulina musiva SO2202] 100% EMF09789.1 

jgi|Sepmu1|152519|estExt_fgenesh1_kg.C_130175 297 99 14.35 1 hypothetical protein SEPMUDRAFT_152435 [Sphaerulina musiva SO2202] 100% EMF08168.1 

jgi|Sepmu1|124634|fgenesh1_kg.3_#_283_#_isotig10294 315 105 13.53 1 hypothetical protein SEPMUDRAFT_124550 [Sphaerulina musiva SO2202] 100% EMF14367.1 
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jgi|Sepmu1|60560|estExt_Genewise1Plus.C_2_t40105 330 110 12.91 1 replication factor A protein 3 [Sphaerulina musiva SO2202] 100% EMF15533.1 

jgi|Sepmu1|119648|gm1.7303_g 360 120 11.84 1 hypothetical protein SEPMUDRAFT_119564 [Sphaerulina musiva SO2202] 100% EMF09823.1 

jgi|Sepmu1|118016|gm1.5671_g 363 121 11.74 1 hypothetical protein SEPMUDRAFT_117932 [Sphaerulina musiva SO2202] 100% EMF11981.1 

jgi|Sepmu1|152013|estExt_fgenesh1_kg.C_110287 369 123 11.55 1 hypothetical protein SEPMUDRAFT_151929 [Sphaerulina musiva SO2202] 100% EMF09093.1 

jgi|Sepmu1|152251|estExt_fgenesh1_kg.C_120214 369 123 11.55 1 hypothetical protein SEPMUDRAFT_152167 [Sphaerulina musiva SO2202] 100% EMF08530.1 

jgi|Sepmu1|104290|fgenesh1_pg.1_#_589 378 126 11.27 1 hypothetical protein SEPMUDRAFT_104206 [Sphaerulina musiva SO2202] 100% EMF16879.1 

jgi|Sepmu1|105183|fgenesh1_pg.1_#_1482 387 129 11.01 1 hypothetical protein SEPMUDRAFT_105099 [Sphaerulina musiva SO2202] 100% EMF17921.1 

jgi|Sepmu1|152477|estExt_fgenesh1_kg.C_130130 411 137 10.37 1 hypothetical protein SEPMUDRAFT_152393 [Sphaerulina musiva SO2202] 100% EMF08111.1 

jgi|Sepmu1|111472|fgenesh1_pg.11_#_210 414 138 10.29 1 hypothetical protein SEPMUDRAFT_111388 [Sphaerulina musiva SO2202] 100% EMF08903.1 

jgi|Sepmu1|126509|fgenesh1_kg.6_#_335_#_isotig09403 423 141 10.07 1 hypothetical protein SEPMUDRAFT_126425 [Sphaerulina musiva SO2202] 100% EMF12086.1 

jgi|Sepmu1|48810|e_gw1.8.690.1 876 292 9.73 2 NAD(P)-binding protein [Sphaerulina musiva SO2202] 100% EMF10375.1 

jgi|Sepmu1|149837|estExt_fgenesh1_kg.C_6_t10214 450 150 9.47 1 hypothetical protein SEPMUDRAFT_149753 [Sphaerulina musiva SO2202] 100% EMF11915.1 

jgi|Sepmu1|111579|fgenesh1_pg.11_#_317 465 155 9.16 1 hypothetical protein SEPMUDRAFT_111495 [Sphaerulina musiva SO2202] 100% EMF09019.1 

jgi|Sepmu1|17278|gw1.10.508.1 477 159 8.93 1 RNase_P_Rpp14-domain-containing protein [Sphaerulina musiva SO2202] 100% EMF09720.1 

jgi|Sepmu1|103789|fgenesh1_pg.1_#_88 489 163 8.71 1 hypothetical protein SEPMUDRAFT_103705 [Sphaerulina musiva SO2202] 100% EMF16308.1 

jgi|Sepmu1|125117|fgenesh1_kg.4_#_135_#_isotig09006 512 170.67 8.32 1 hypothetical protein SEPMUDRAFT_125033 [Sphaerulina musiva SO2202] 100% EMF13180.1 

jgi|Sepmu1|110730|fgenesh1_pg.9_#_445 513 171 8.31 1 hypothetical protein SEPMUDRAFT_110646 [Sphaerulina musiva SO2202] 100% EMF10269.1 

jgi|Sepmu1|133535|estExt_Genemark1.C_5_t10407 513 171 8.31 1 hypothetical protein SEPMUDRAFT_133451 [Sphaerulina musiva SO2202] 100% EMF12807.1 

jgi|Sepmu1|150466|estExt_fgenesh1_kg.C_70382 516 172 8.26 1 hypothetical protein SEPMUDRAFT_150382 [Sphaerulina musiva SO2202] 100% EMF11447.1 

jgi|Sepmu1|152862|estExt_fgenesh1_pg.C_1_t10343 591 197 7.21 1 hypothetical protein SEPMUDRAFT_152778 [Sphaerulina musiva SO2202] 100% EMF16596.1 

jgi|Sepmu1|144156|fgenesh1_pm.10_#_39 642 214 6.64 1 hypothetical protein SEPMUDRAFT_144072 [Sphaerulina musiva SO2202] 100% EMF09214.1 

jgi|Sepmu1|119646|gm1.7301_g 645 215 6.61 1 hypothetical protein SEPMUDRAFT_119562 [Sphaerulina musiva SO2202] 100% EMF09821.1 

jgi|Sepmu1|119651|gm1.7306_g 645 215 6.61 1 hypothetical protein SEPMUDRAFT_119567 [Sphaerulina musiva SO2202] 100% EMF09826.1 

jgi|Sepmu1|70120|estExt_Genewise1Plus.C_8_t20324 651 217 6.55 1 hypothetical protein SEPMUDRAFT_70036 [Sphaerulina musiva SO2202] 100% EMF10680.1 

jgi|Sepmu1|50352|e_gw1.9.136.1 654 218 6.52 1 hypothetical protein SEPMUDRAFT_50268 [Sphaerulina musiva SO2202] 100% EMF09844.1 

jgi|Sepmu1|159286|estExt_fgenesh1_pg.C_120015 666 222 6.4 1 glutathione S-transferase [Sphaerulina musiva SO2202] 100% EMF08261.1 

jgi|Sepmu1|160919|estExt_fgenesh1_pm.C_1_t30270 666 222 6.4 1 hypothetical protein SEPMUDRAFT_160835 [Sphaerulina musiva SO2202] 100% EMF17608.1 

jgi|Sepmu1|106994|fgenesh1_pg.3_#_569 678 226 6.29 1 hypothetical protein SEPMUDRAFT_106910 [Sphaerulina musiva SO2202] 100% EMF14618.1 

jgi|Sepmu1|148640|estExt_fgenesh1_kg.C_4_t10137 693 231 6.15 1 hypothetical protein SEPMUDRAFT_148556 [Sphaerulina musiva SO2202] 100% EMF13184.1 

jgi|Sepmu1|112876|gm1.531_g 726 242 5.87 1 hypothetical protein SEPMUDRAFT_112792 [Sphaerulina musiva SO2202] 100% EMF16762.1 

jgi|Sepmu1|165883|estExt_fgenesh1_pm.C_90300 756 252 5.64 1 hypothetical protein SEPMUDRAFT_165799 [Sphaerulina musiva SO2202] 100% EMF10117.1 

jgi|Sepmu1|8820|gw1.1.287.1 807 269 5.28 1 hypothetical protein SEPMUDRAFT_8736 [Sphaerulina musiva SO2202] 100% EMF16393.1 

jgi|Sepmu1|140160|fgenesh1_pm.3_#_281 915 305 4.66 1 NAD(P)-binding protein [Sphaerulina musiva SO2202] 100% EMF14292.1 

jgi|Sepmu1|107202|fgenesh1_pg.3_#_777 1011 337 4.22 1 hypothetical protein SEPMUDRAFT_107118 [Sphaerulina musiva SO2202] 100% EMF14855.1 
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jgi|Sepmu1|152562|estExt_fgenesh1_kg.C_160001 1029 343 4.14 1 hypothetical protein SEPMUDRAFT_152478 [Sphaerulina musiva SO2202] 100% EMF07917.1 

jgi|Sepmu1|10270|gw1.8.205.1 1038 346 4.11 1 hypothetical protein SEPMUDRAFT_10186 [Sphaerulina musiva SO2202] 100% EMF10838.1 

jgi|Sepmu1|159600|estExt_fgenesh1_pg.C_130020 1038 346 4.11 1 NADP-dependent alcohol dehydrogenase [Sphaerulina musiva SO2202] 100% EMF07945.1 

jgi|Sepmu1|120390|gm1.8045_g 1119 373 3.81 1 alpha/beta-hydrolase [Sphaerulina musiva SO2202] 100% EMF09451.1 

jgi|Sepmu1|115403|gm1.3058_g 1533 511 2.78 1 cytochrome P450 [Sphaerulina musiva SO2202] 100% EMF14026.1 

jgi|Sepmu1|155536|estExt_fgenesh1_pg.C_3_t20256 1551 517 2.75 1 hypothetical protein SEPMUDRAFT_155452 [Sphaerulina musiva SO2202] 100% EMF14832.1 

jgi|Sepmu1|108075|fgenesh1_pg.5_#_102 1569 523 2.72 1 hypothetical protein SEPMUDRAFT_107991 [Sphaerulina musiva SO2202] 100% EMF12476.1 

jgi|Sepmu1|133432|estExt_Genemark1.C_5_t10273 1707 569 2.5 1 hypothetical protein SEPMUDRAFT_133348 [Sphaerulina musiva SO2202] 100% EMF12665.1 

jgi|Sepmu1|115401|gm1.3056_g 1725 575 2.47 1 cytochrome P450 oxidoreductase [Sphaerulina musiva SO2202] 100% EMF14024.1 

jgi|Sepmu1|60012|estExt_Genewise1Plus.C_2_t20486 1776 592 2.4 1 alpha/beta-hydrolase [Sphaerulina musiva SO2202] 100% EMF15284.1 

jgi|Sepmu1|52625|e_gw1.11.195.1 1878 626 2.27 1 FAD/NAD(P)-binding domain-containing protein [Sphaerulina musiva SO2202] 100% EMF09142.1 
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jgi|Sepmu1|116379|gm1.4034_g 204 68 3817.72 301 hypothetical protein SEPMUDRAFT_116295 [Sphaerulina musiva SO2202] 100% EMF13237.1 

jgi|Sepmu1|146667|estExt_fgenesh1_kg.C_1_t30152 549 183 1055.71 224 hypothetical protein SEPMUDRAFT_146583 [Sphaerulina musiva SO2202] 100% EMF17606.1 

jgi|Sepmu1|121765|gm1.9420_g 213 71 692.41 57 hypothetical protein SEPMUDRAFT_121681 [Sphaerulina musiva SO2202] 100% EMF08192.1 

jgi|Sepmu1|120458|gm1.8113_g 381 127 604.41 89 hypothetical protein SEPMUDRAFT_120374 [Sphaerulina musiva SO2202] 100% EMF09526.1 

jgi|Sepmu1|149959|estExt_fgenesh1_kg.C_6_t10348 510 170 344.99 68 hypothetical protein SEPMUDRAFT_149875 [Sphaerulina musiva SO2202] 100% EMF12113.1 

jgi|Sepmu1|148510|estExt_fgenesh1_kg.C_3_t20127 390 130 145.96 22 hypothetical protein SEPMUDRAFT_148426 [Sphaerulina musiva SO2202] 100% EMF14848.1 

jgi|Sepmu1|142421|fgenesh1_pm.6_#_471 1113 371 79.04 34 extracellular dioxygenase [Sphaerulina musiva SO2202] 100% EMF12172.1 

jgi|Sepmu1|150591|estExt_fgenesh1_kg.C_80021 462 154 78.41 14 hypothetical protein SEPMUDRAFT_150507 [Sphaerulina musiva SO2202] 100% EMF10358.1 

jgi|Sepmu1|113924|gm1.1579_g 744 248 76.51 22 hypothetical protein SEPMUDRAFT_113840 [Sphaerulina musiva SO2202] 100% EMF17864.1 

jgi|Sepmu1|111347|fgenesh1_pg.11_#_85 570 190 72.63 16 hypothetical protein SEPMUDRAFT_111263 [Sphaerulina musiva SO2202] 100% EMF08760.1 

jgi|Sepmu1|109641|fgenesh1_pg.7_#_443 309 103 58.61 7 hypothetical protein SEPMUDRAFT_109557 [Sphaerulina musiva SO2202] 100% EMF11492.1 

jgi|Sepmu1|149837|estExt_fgenesh1_kg.C_6_t10214 450 150 57.5 10 hypothetical protein SEPMUDRAFT_149753 [Sphaerulina musiva SO2202] 100% EMF11915.1 

jgi|Sepmu1|164736|estExt_fgenesh1_pm.C_7_t10068 240 80 53.9 5 hypothetical protein [Brevibacterium massiliense] 38% WP019174184.1 

jgi|Sepmu1|158886|estExt_fgenesh1_pg.C_100448 483 161 53.57 10 hypothetical protein SEPMUDRAFT_158802 [Sphaerulina musiva SO2202] 100% EMF09697.1 

jgi|Sepmu1|106994|fgenesh1_pg.3_#_569 678 226 45.8 12 hypothetical protein SEPMUDRAFT_106910 [Sphaerulina musiva SO2202] 100% EMF14618.1 

jgi|Sepmu1|120391|gm1.8046_g 237 79 43.67 4 hypothetical protein SEPMUDRAFT_120307 [Sphaerulina musiva SO2202] 100% EMF09452.1 

jgi|Sepmu1|91364|estExt_Genewise1.C_9_t20353 579 193 40.22 9 hypothetical protein SEPMUDRAFT_91280 [Sphaerulina musiva SO2202] 100% EMF10163.1 

jgi|Sepmu1|119192|gm1.6847_g 396 132 39.2 6 hypothetical protein SEPMUDRAFT_119108 [Sphaerulina musiva SO2202] 100% EMF10567.1 

jgi|Sepmu1|104550|fgenesh1_pg.1_#_849 552 184 32.81 7 DUF1772-domain-containing protein [Sphaerulina musiva SO2202] 100% EMF17170.1 

jgi|Sepmu1|115483|gm1.3138_g 357 119 28.99 4 hypothetical protein SEPMUDRAFT_115399 [Sphaerulina musiva SO2202] 100% EMF14105.1 

jgi|Sepmu1|50487|e_gw1.9.515.1 543 181 28.59 6 PR-1-like protein [Sphaerulina musiva SO2202] 100% EMF09890.1 
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jgi|Sepmu1|60560|estExt_Genewise1Plus.C_2_t40105 330 110 23.52 3 replication factor A protein 3 [Sphaerulina musiva SO2202] 100% EMF15533.1 

jgi|Sepmu1|114205|gm1.1860_g 240 80 21.56 2 hypothetical protein SEPMUDRAFT_114121 [Sphaerulina musiva SO2202] 100% EMF14992.1 

jgi|Sepmu1|110137|fgenesh1_pg.8_#_401 366 122 21.21 3 hypothetical protein SEPMUDRAFT_110053 [Sphaerulina musiva SO2202] 100% EMF10795.1 

jgi|Sepmu1|108569|fgenesh1_pg.6_#_17 489 163 21.17 4 hypothetical protein SEPMUDRAFT_108485 [Sphaerulina musiva SO2202] 100% EMF11620.1 

jgi|Sepmu1|127652|fgenesh1_kg.9_#_34_#_isotig09546 285 95 18.16 2 hypothetical protein SEPMUDRAFT_127568 [Sphaerulina musiva SO2202] 100% EMF09789.1 

jgi|Sepmu1|150386|estExt_fgenesh1_kg.C_70298 459 153 16.91 3 hypothetical protein SEPMUDRAFT_150302 [Sphaerulina musiva SO2202] 100% EMF11344.1 

jgi|Sepmu1|127096|fgenesh1_kg.7_#_404_#_isotig10153 156 52 16.59 1 hypothetical protein SEPMUDRAFT_127012 [Sphaerulina musiva SO2202] 100% EMF11485.1 

jgi|Sepmu1|128279|fgenesh1_kg.10_#_248_#_isotig09446 156 52 16.59 1 hypothetical protein SEPMUDRAFT_128195 [Sphaerulina musiva SO2202] 100% EMF09556.1 

jgi|Sepmu1|145977|estExt_fgenesh1_kg.C_1_t10398 318 106 16.27 2 hypothetical protein SEPMUDRAFT_145893 [Sphaerulina musiva SO2202] 100% EMF16709.1 

jgi|Sepmu1|36818|e_gw1.2.3279.1 165 55 15.68 1 hypothetical protein SEPMUDRAFT_36734 [Sphaerulina musiva SO2202] 100% EMF14964.1 

jgi|Sepmu1|147864|estExt_fgenesh1_kg.C_2_t20428 174 58 14.87 1 hypothetical protein SEPMUDRAFT_147780 [Sphaerulina musiva SO2202] 100% EMF16125.1 

jgi|Sepmu1|49015|e_gw1.8.1037.1 177 59 14.62 1 hypothetical protein SEPMUDRAFT_48931 [Sphaerulina musiva SO2202] 100% EMF10397.1 

jgi|Sepmu1|151186|estExt_fgenesh1_kg.C_90217 357 119 14.5 2 hypothetical protein SEPMUDRAFT_151102 [Sphaerulina musiva SO2202] 100% EMF10038.1 

jgi|Sepmu1|150673|estExt_fgenesh1_kg.C_80107 180 60 14.37 1 hypothetical protein SEPMUDRAFT_150589 [Sphaerulina musiva SO2202] 100% EMF10496.1 

jgi|Sepmu1|31658|gw1.3.2126.1 186 62 13.91 1 hypothetical protein SEPMUDRAFT_31574 [Sphaerulina musiva SO2202] 100% EMF14010.1 

jgi|Sepmu1|117141|gm1.4796_g 750 250 13.8 4 hypothetical protein SEPMUDRAFT_117057 [Sphaerulina musiva SO2202] 100% EMF12469.1 

jgi|Sepmu1|121659|gm1.9314_g 381 127 13.58 2 hypothetical protein SEPMUDRAFT_121575 [Sphaerulina musiva SO2202] 100% EMF08071.1 

jgi|Sepmu1|149264|estExt_fgenesh1_kg.C_5_t10124 195 65 13.27 1 hypothetical protein SEPMUDRAFT_125703 [Sphaerulina musiva SO2202] 100% EMF12535.1 

jgi|Sepmu1|111472|fgenesh1_pg.11_#_210 414 138 12.5 2 hypothetical protein SEPMUDRAFT_111388 [Sphaerulina musiva SO2202] 100% EMF08903.1 

jgi|Sepmu1|126509|fgenesh1_kg.6_#_335_#_isotig09403 423 141 12.23 2 hypothetical protein SEPMUDRAFT_126425 [Sphaerulina musiva SO2202] 100% EMF12086.1 

jgi|Sepmu1|152229|estExt_fgenesh1_kg.C_120190 219 73 11.81 1 DUF1242-domain-containing protein [Sphaerulina musiva SO2202] 100% EMF08497.1 

jgi|Sepmu1|152286|estExt_fgenesh1_kg.C_120249 225 75 11.5 1 hypothetical protein SEPMUDRAFT_152202 [Sphaerulina musiva SO2202] 100% EMF08578.1 

jgi|Sepmu1|53212|e_gw1.11.1151.1 684 228 11.35 3 glycoside hydrolase family 11 protein [Sphaerulina musiva SO2202] 100% EMF09157.1 

jgi|Sepmu1|140760|fgenesh1_pm.4_#_139 231 77 11.2 1 hypothetical protein SEPMUDRAFT_140676 [Sphaerulina musiva SO2202] 100% EMF13210.1 

jgi|Sepmu1|149415|estExt_fgenesh1_kg.C_5_t10283 249 83 10.39 1 hypothetical protein SEPMUDRAFT_149331 [Sphaerulina musiva SO2202] 100% EMF12774.1 

jgi|Sepmu1|105649|fgenesh1_pg.2_#_371 501 167 10.33 2 hypothetical protein SEPMUDRAFT_105565 [Sphaerulina musiva SO2202] 100% EMF15281.1 

jgi|Sepmu1|25379|gw1.3.1579.1 252 84 10.27 1 hypothetical protein SEPMUDRAFT_25295 [Sphaerulina musiva SO2202] 100% EMF14310.1 

jgi|Sepmu1|151111|estExt_fgenesh1_kg.C_90135 255 85 10.15 1 hypothetical protein SEPMUDRAFT_151027 [Sphaerulina musiva SO2202] 100% EMF09933.1 

jgi|Sepmu1|69166|estExt_Genewise1Plus.C_7_t30052 258 86 10.03 1 hypothetical protein SEPMUDRAFT_69082 [Sphaerulina musiva SO2202] 100% EMF11446.1 

jgi|Sepmu1|60012|estExt_Genewise1Plus.C_2_t20486 1776 592 8.74 6 alpha/beta-hydrolase [Sphaerulina musiva SO2202] 100% EMF15284.1 

jgi|Sepmu1|148500|estExt_fgenesh1_kg.C_3_t20117 297 99 8.71 1 hypothetical protein SEPMUDRAFT_148416 [Sphaerulina musiva SO2202] 100% EMF14833.1 

jgi|Sepmu1|148269|estExt_fgenesh1_kg.C_3_t10375 303 101 8.54 1 hypothetical protein SEPMUDRAFT_148185 [Sphaerulina musiva SO2202] 100% EMF14488.1 

jgi|Sepmu1|161985|estExt_fgenesh1_pm.C_2_t20303 306 102 8.46 1 hypothetical protein SEPMUDRAFT_161901 [Sphaerulina musiva SO2202] 100% EMF15789.1 

jgi|Sepmu1|155551|estExt_fgenesh1_pg.C_3_t20277 621 207 8.33 2 hypothetical protein SEPMUDRAFT_155467 [Sphaerulina musiva SO2202] 100% EMF14856.1 
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jgi|Sepmu1|76566|estExt_Genewise1.C_1_t40143 1557 519 8.31 5 MFS general substrate transporter [Sphaerulina musiva SO2202] 100% EMF16861.1 

jgi|Sepmu1|70120|estExt_Genewise1Plus.C_8_t20324 651 217 7.95 2 hypothetical protein SEPMUDRAFT_70036 [Sphaerulina musiva SO2202] 100% EMF10680.1 

jgi|Sepmu1|108090|fgenesh1_pg.5_#_117 714 238 7.25 2 hypothetical protein SEPMUDRAFT_108006 [Sphaerulina musiva SO2202] 100% EMF12492.1 

jgi|Sepmu1|108500|fgenesh1_pg.5_#_527 360 120 7.19 1 hypothetical protein SEPMUDRAFT_108416 [Sphaerulina musiva SO2202] 100% EMF12988.1 

jgi|Sepmu1|119648|gm1.7303_g 360 120 7.19 1 hypothetical protein SEPMUDRAFT_119564 [Sphaerulina musiva SO2202] 100% EMF09823.1 

jgi|Sepmu1|66604|estExt_Genewise1Plus.C_5_t30389 720 240 7.19 2 2-haloalkanoic acid dehalogenase [Sphaerulina musiva SO2202] 100% EMF12960.1 

jgi|Sepmu1|112581|gm1.236_g 363 121 7.13 1 hypothetical protein SEPMUDRAFT_112497 [Sphaerulina musiva SO2202] 100% EMF16448.1 

jgi|Sepmu1|108532|fgenesh1_pg.5_#_559 378 126 6.85 1 hypothetical protein SEPMUDRAFT_108448 [Sphaerulina musiva SO2202] 100% EMF13027.1 

jgi|Sepmu1|155049|estExt_fgenesh1_pg.C_3_t10176 384 128 6.74 1 hypothetical protein SEPMUDRAFT_154965 [Sphaerulina musiva SO2202] 100% EMF14154.1 

jgi|Sepmu1|105183|fgenesh1_pg.1_#_1482 387 129 6.69 1 hypothetical protein SEPMUDRAFT_105099 [Sphaerulina musiva SO2202] 100% EMF17921.1 

jgi|Sepmu1|121817|gm1.9472_g 387 129 6.69 1 hypothetical protein SEPMUDRAFT_121733 [Sphaerulina musiva SO2202] 100% EMF07916.1 

jgi|Sepmu1|84700|estExt_Genewise1.C_4_t30277 387 129 6.69 1 hypothetical protein SEPMUDRAFT_84616 [Sphaerulina musiva SO2202] 100% EMF13607.1 

jgi|Sepmu1|38526|e_gw1.2.1598.1 393 131 6.58 1 hypothetical protein SEPMUDRAFT_38442 [Sphaerulina musiva SO2202] 100% EMF14867.1 

jgi|Sepmu1|8820|gw1.1.287.1 807 269 6.41 2 hypothetical protein SEPMUDRAFT_8736 [Sphaerulina musiva SO2202] 100% EMF16393.1 

jgi|Sepmu1|52679|e_gw1.11.822.1 1215 405 6.39 3 branched-chain amino acid aminotransferase II [Sphaerulina musiva SO2202] 100% EMF08746.1 

jgi|Sepmu1|117790|gm1.5445_g 414 138 6.25 1 hypothetical protein SEPMUDRAFT_117706 [Sphaerulina musiva SO2202] 100% EMF11732.1 

jgi|Sepmu1|120129|gm1.7784_g 417 139 6.2 1 nucleic acid-binding protein [Sphaerulina musiva SO2202] 100% EMF09174.1 

jgi|Sepmu1|48810|e_gw1.8.690.1 876 292 5.91 2 NAD(P)-binding protein [Sphaerulina musiva SO2202] 100% EMF10375.1 

jgi|Sepmu1|154572|estExt_fgenesh1_pg.C_2_t20259 459 153 5.64 1 hypothetical protein SEPMUDRAFT_154488 [Sphaerulina musiva SO2202] 100% EMF15740.1 

jgi|Sepmu1|113592|gm1.1247_g 939 313 5.51 2 citrinin biosynthesis oxydoreductase CtnB [Sphaerulina musiva SO2202] 100% EMF17517.1 

jgi|Sepmu1|111040|fgenesh1_pg.10_#_264 477 159 5.42 1 hypothetical protein SEPMUDRAFT_110956 [Sphaerulina musiva SO2202] 100% EMF09479.1 

jgi|Sepmu1|17278|gw1.10.508.1 477 159 5.42 1 RNase_P_Rpp14-domain-containing protein [Sphaerulina musiva SO2202] 100% EMF09720.1 

jgi|Sepmu1|148609|estExt_fgenesh1_kg.C_4_t10105 504 168 5.13 1 hypothetical protein SEPMUDRAFT_148525 [Sphaerulina musiva SO2202] 100% EMF13146.1 

jgi|Sepmu1|125117|fgenesh1_kg.4_#_135_#_isotig09006 512 170.67 5.05 1 hypothetical protein SEPMUDRAFT_125033 [Sphaerulina musiva SO2202] 100% EMF13180.1 

jgi|Sepmu1|110730|fgenesh1_pg.9_#_445 513 171 5.04 1 hypothetical protein SEPMUDRAFT_110646 [Sphaerulina musiva SO2202] 100% EMF10269.1 

jgi|Sepmu1|133535|estExt_Genemark1.C_5_t10407 513 171 5.04 1 hypothetical protein SEPMUDRAFT_133451 [Sphaerulina musiva SO2202] 100% EMF12807.1 

jgi|Sepmu1|117481|gm1.5136_g 519 173 4.99 1 hypothetical protein SEPMUDRAFT_117397 [Sphaerulina musiva SO2202] 100% EMF12849.1 

jgi|Sepmu1|10009|gw1.9.164.1 522 174 4.96 1 hypothetical protein SEPMUDRAFT_9925 [Sphaerulina musiva SO2202] 100% EMF09876.1 

jgi|Sepmu1|148983|estExt_fgenesh1_kg.C_4_t20001 522 174 4.96 1 hypothetical protein SEPMUDRAFT_148899 [Sphaerulina musiva SO2202] 100% EMF13679.1 

jgi|Sepmu1|157787|estExt_fgenesh1_pg.C_8_t10143 1053 351 4.91 2 hypothetical protein SEPMUDRAFT_157703 [Sphaerulina musiva SO2202] 100% EMF10491.1 

jgi|Sepmu1|132006|estExt_Genemark1.C_3_t10244 546 182 4.74 1 hypothetical protein SEPMUDRAFT_131922 [Sphaerulina musiva SO2202] 100% EMF14203.1 

jgi|Sepmu1|151563|estExt_fgenesh1_kg.C_100196 591 197 4.38 1 hypothetical protein SEPMUDRAFT_151479 [Sphaerulina musiva SO2202] 100% EMF09474.1 

jgi|Sepmu1|23722|gw1.13.427.1 612 204 4.23 1 Clavaminate synthase-like protein [Sphaerulina musiva SO2202] 100% EMF08105.1 

jgi|Sepmu1|144156|fgenesh1_pm.10_#_39 642 214 4.03 1 hypothetical protein SEPMUDRAFT_144072 [Sphaerulina musiva SO2202] 100% EMF09214.1 
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jgi|Sepmu1|120534|gm1.8189_g 651 217 3.97 1 hypothetical protein SEPMUDRAFT_120450 [Sphaerulina musiva SO2202] 100% EMF09612.1 

jgi|Sepmu1|159715|estExt_fgenesh1_pg.C_130162 684 228 3.78 1 hypothetical protein SEPMUDRAFT_159631 [Sphaerulina musiva SO2202] 100% EMF08113.1 

jgi|Sepmu1|148414|estExt_fgenesh1_kg.C_3_t20028 1374 458 3.77 2 hypothetical protein SEPMUDRAFT_148330 [Sphaerulina musiva SO2202] 100% EMF14695.1 

jgi|Sepmu1|115404|gm1.3059_g 1488 496 3.48 2 cytochrome P450 [Sphaerulina musiva SO2202] 100% EMF14027.1 

jgi|Sepmu1|132208|estExt_Genemark1.C_3_t10499 783 261 3.3 1 hypothetical protein SEPMUDRAFT_132124 [Sphaerulina musiva SO2202] 100% EMF14471.1 

jgi|Sepmu1|9077|gw1.11.62.1 789 263 3.28 1 hypothetical protein SEPMUDRAFT_8993 [Sphaerulina musiva SO2202] 100% EMF09153.1 

jgi|Sepmu1|113977|gm1.1632_g 816 272 3.17 1 hypothetical protein SEPMUDRAFT_113893 [Sphaerulina musiva SO2202] 100% EMF17920.1 

jgi|Sepmu1|116161|gm1.3816_g 828 276 3.12 1 hypothetical protein SEPMUDRAFT_116077 [Sphaerulina musiva SO2202] 100% EMF14819.1 

jgi|Sepmu1|107117|fgenesh1_pg.3_#_692 852 284 3.04 1 hypothetical protein SEPMUDRAFT_107033 [Sphaerulina musiva SO2202] 100% EMF14754.1 

jgi|Sepmu1|111580|fgenesh1_pg.11_#_318 870 290 2.97 1 hypothetical protein SEPMUDRAFT_111496 [Sphaerulina musiva SO2202] 100% EMF09021.1 

jgi|Sepmu1|68041|estExt_Genewise1Plus.C_6_t30452 909 303 2.85 1 glycoside hydrolase family 16 protein [Sphaerulina musiva SO2202] 100% EMF12244.1 

jgi|Sepmu1|140160|fgenesh1_pm.3_#_281 915 305 2.83 1 NAD(P)-binding protein [Sphaerulina musiva SO2202] 100% EMF14292.1 

jgi|Sepmu1|38416|e_gw1.2.565.1 960 320 2.7 1 alpha/beta-hydrolase [Sphaerulina musiva SO2202] 100% EMF15861.1 

jgi|Sepmu1|145212|fgenesh1_pm.12_#_223 1080 360 2.4 1 hypothetical protein SEPMUDRAFT_145128 [Sphaerulina musiva SO2202] 100% EMF08517.1 

jgi|Sepmu1|40010|e_gw1.3.1017.1 1167 389 2.22 1 cytochrome P450 [Sphaerulina musiva SO2202] 100% EMF14029.1 

jgi|Sepmu1|108279|fgenesh1_pg.5_#_306 1188 396 2.18 1 hypothetical protein SEPMUDRAFT_108195 [Sphaerulina musiva SO2202] 100% EMF12723.1 

jgi|Sepmu1|146820|estExt_fgenesh1_kg.C_1_t30323 1368 456 1.89 1 hypothetical protein AC578_422 [Mycosphaerella eumusae] 63% KXT07348.1 

jgi|Sepmu1|29116|gw1.1.4058.1 1437 479 1.8 1 DUF1613-domain-containing protein [Sphaerulina musiva SO2202] 100% EMF16468.1 

jgi|Sepmu1|115401|gm1.3056_g 1725 575 1.5 1 cytochrome P450 oxidoreductase [Sphaerulina musiva SO2202] 100% EMF14024.1 

jgi|Sepmu1|118672|gm1.6327_g 1788 596 1.45 1 hypothetical protein SEPMUDRAFT_118588 [Sphaerulina musiva SO2202] 100% EMF11290.1 

jgi|Sepmu1|120486|gm1.8141_g 1977 659 1.31 1 hypothetical protein SEPMUDRAFT_120402 [Sphaerulina musiva SO2202] 100% EMF09553.1 

 

 


