
ABSTRACT 

KOHLWAY IV, WILLIAM HENRY. Mapping Phytophthora Root Rot Resistance in Fir 

Species through Genotyping by Sequencing. (Under the direction of ROSS WHETTEN). 

 

Root rot disease, primarily caused by the oomycete Phytophthora cinnamomi Rands, 

is a large problem for the Christmas tree industry in North Carolina, leading to more than 

$US 9 million in losses annually.  Fraser fir (Abies fraseri [Pursch] Poir.), one of the most 

desirable Christmas tree species in the United States, has no known innate resistance to this 

disease while some exotic fir species, such as Trojan (Abies bornmuelleriana Mattf.) and 

Turkish (Abies equi-trojani Aschers. et Sint) fir, display varying amounts of resistance.  

A large Phytophthora resistance screening study was completed using 1600 seedlings 

from 12 open pollinated Turkish and Trojan fir families with Fraser and momi fir (A. firma 

Sieb. et Zucc.) included as susceptible and resistant controls, respectively. Each family (or 

species) was inoculated with each of eight Phytophthora isolates, 6 P. cinnamomi and 2 P. 

cryptogea. The isolates were collected from a number of different diseased plant hosts within 

North Carolina. Mortality was assessed via percent shoot necrosis bi-weekly for 16 weeks 

with a final observation the following year after bud break.  

Overall, fir species resistance rankings confirmed previously reported results; momi 

fir was most resistant, followed by Turkish, Trojan and Fraser fir. P. cinnamomi isolates were 

generally more virulent on all fir species than P. crytopgea isolates. Additionally, the A1 

mating type of P. cinnamomi was shown to be much less virulent than its A2 counterparts. 

There was a significant interaction between host fir species and Phytophthora isolates 

although the relative resistance rankings of fir species was consistent across Phytophthora 

isolates. 



DNA was extracted from seedlings of one of the open pollinated Trojan fir families 

(n=161) screened for root rot resistance against a single P. cinnamomi isolate with an overall 

mortality of 71%. Libraries were prepared for Genotyping by Sequencing (GBS) to identify 

genetic marker loci. The DNA libraries were sequenced on 2 Illumina HiSeq lanes, returning 

342 million reads. The resulting sequence was filtered to 413,444 unique tags via the Tassel 

pipeline, 117,000 of which segregated within the selected Trojan fir family. The segregating 

tags were tested for association with the disease resistance phenotype, the significance level 

of which was determined using a permuted data set with randomized genotype-phenotype 

pairs. 205 tags were identified as significantly associated with root rot resistance. The 

significant tags were used to query the NCBI database to identify genes with known function. 

The 205 genetic markers identified as significantly associated with resistance will be 

useful in the identification of the genetic basis of the disease resistant phenotype. The 

understanding of the genetic basis of Phytophthora root rot resistance obtained from this 

study will guide future breeding efforts to develop resistant planting stock suitable for use on 

Phytophthora-infested land. 
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CHAPTER 1 

1.1 Christmas Tree Industry 

1.1.1 Brief history of Christmas tree industry 

 The use of evergreens as ornamental trees inside homes is a Germanic tradition 

originating in the early 16th century. Originally they were used for celebration of the winter 

solstice but later were adapted to the Christian holiday, Christmas (Chastagner and Benson 

2000). In the 1800s, German immigrants brought the traditional use of firs and pines as 

Christmas trees to America. Many families originally acquired their Christmas trees by 

walking in a forest, selecting a tree (usually an evergreen), chopping it down, and bringing it 

into their home to decorate. However, as the Christmas tree tradition spread to the cities, 

urban residents found acquiring one of these trees to be impractical. To take advantage of the 

emerging Christmas tree demand, the first Christmas tree market in the USA was formed in 

New York in 1851 by Mark Carr (Albers and Davis 1997). This first market was stocked 

with a mix of spruces and firs gathered from natural stands in the neighboring Catskill 

Mountains and shipped in by oxen-pulled cart. By the end of the 19th century, numerous 

businesses sprung up in northern parts of America and parts of Canada. These businesses 

harvested upwards of a million wild spruce and pine trees to be shipped around the country 

annually.  As the demand for Christmas trees grew, some savvy entrepreneurs turned to more 

agricultural methods for Christmas tree production.  

The first occurrence of a commercial farm in the United States specifically growing 

evergreens for use as Christmas trees was in 1901 when M. V. McGalliard planted 25,000 

Norway spruce in New Jersey, eventually selling the trees for one US dollar each six years 
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later (Albers and Davis 1997). Many farmers whose land bore little success with other crops 

quickly found a profitable crop in evergreens. New growing techniques were developed as 

plantations formed, increasing the number of competitors for Christmas tree sales. One such 

technique is shearing, or the cutting of growing shoot tips to slow vertical growth of the tree 

forcing denser, more desirable shoot branching. Consumers drove another shift in plantation 

management demanding trees with better needle retention. Transportation advances allowed 

for consumers to choose from different tree species for Christmas trees, and trees that shed 

less foliage or at least shed later were more desirable (Chastagner and Benson 2000). 

The current state of the Christmas tree industry includes over 15,000 farmers in 

multiple parts of the country who produce over 33.2 million trees annually, based on a 2013 

survey (NCTA 2013). 

 

1.1.2 North Carolina’s Christmas tree industry and Fraser fir 

 Localized to the western counties, Christmas tree production in North Carolina began 

in the early 1960s. Up until this point, most of the Christmas trees used by the southern states 

were made up of the native red cedar (Juniperus virginiana L.), and imported Scotch pine 

(Pinus sylvestris L.), balsam (Abies balsamea (L.) Mill) and Douglas (Pseudotsuga menziedii 

(Mirb.) firs cut and collected from natural stands. However, a superior tree was soon found 

and rapidly took over as the archetypal Christmas tree: Fraser fir (Abies fraseri [Pursch] 

Poir.). Farmers in the mountainous regions had been growing this native fir species since the 

1920s for use as shrubbery, but it was still a relatively unknown species. Unbeknownst to 

these original farmers, Fraser fir is uniquely suited as a Christmas tree for multiple reasons: 
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its naturally conical shape, its soft and fragrant foliage, and its high level of needle retention. 

As Fraser fir began to be sold as Christmas trees many consumers preferred this new species 

to other evergreens and its popularity spread quickly. By the 1970s, over half of the trees 

grown in North Carolina for Christmas trees were Fraser fir. (Chastagner and Benson 2000) 

Since then the Christmas tree industry has grown to be one of the most economically 

important crops for North Carolina, with yearly profit from Christmas trees totaling $US 100 

million (Chastagner and Benson 2000).   

 

1.1.3 Christmas trees and Phytophthora 

 There are many current problems affecting the production of natural Christmas trees 

including climate change, artificial trees, and a host of plant pathogens and insect pests 

(Chastagner and Benson 2000). One such plant pathogen is the family of water molds, 

Phytophthora. A number of different Phytophthora species can cause root rot on many of the 

commonly used fir, spruce, and pine Christmas tree species. Root rot of fir is characterized 

by the yellowing and eventual reddening of the foliage, blackening of both the stem and 

roots, and finally the death of the tree. The damage caused by Phytophthora has been 

estimated to be as much as $9 million (Chastagner and Benson 2000) in North Carolina alone. 

Phytophthora remains in the soil surrounding infested trees and can continue to infest any 

susceptible hosts planted the following seasons. The current means of control against 

Phytophthora are chemicals like metalaxyl (Benson and Grand, 2000) and grafting susceptible 

species to root rot resistant rootstock, but both are costly. A cheaper alternative method for the 

Christmas tree growers with Phytophthora problems would be to employ root rot resistant trees. 
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1.2 Phytophthora  

1.2.1 Phytophthora general information 

 The genus Phytophthora contains over 100 different species of fungus-like soil-born 

eukaryotes that can act as saprophytes or plant pathogens. Phytophthora are members of the 

“water mold” oomycota along with other plant pathogens such as Pythium. Phytophthora and 

most oomycetes display many fungus-like characteristics including hyphal growth and 

similar methods of nutrient acquisition (Hardham 2005). Due to these morphological 

similarities, oomycetes were at first mistakenly classified with true fungi, but upon cellular 

inspection, many differences between oomycetes and true fungi were found. The major 

differences include a cellulose rather than chitin based cell wall, the presence of two unique 

tubular flagella (mastigonemes) on the zoospore, lysine synthesis pathways, and a diploid 

somatic thallus. (Hardham 1994) DNA sequencing of a number of different chromosomal 

and mitochondrial sites and certain cellular characteristics has allowed for the clustering of 

the oomycetes with other heterokont algae in the recently formed Stramenopiles. (Figure 1.1) 

The same genetic markers are used to classify different Phytophthora species. 

The method through which Phytophthora infects hosts is not fully understood but 

there is some evidence to support attack of growing root tips by the motile zoospores. 

Zoospores with their characteristic bi-flagella are produced asexually from sporangia when 

favorable environmental conditions are met. Notably, sporangia are able to survive deep 

within the soil upwards of 6 years before producing zoospores to propagate (Zentmyer and 

Mircetich 1966). The motile zoospores then travel to the roots of susceptible plants, encyst, 

germinate, puncture the root, and parasitize the nutrients while reproducing (Hardham 2005). 
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The infected plant can display a variety of symptoms including stem die-back, root cankers, 

and even death of the tree resulting from nonfunctional root support (Chastagner and Benson 

2000).  

Phytophthora species have been spread world-wide through contaminated plant stock, 

but different regions have their own combinations of species suited to their specific climates 

and present hosts. Phytophthora are difficult to control due in part to their ability to survive 

deep in the soil; their cellulose based cell wall, which prevents many of the standard 

fungicides from being effective, and their ability to form thickly walled chlamydospores 

(Hardham 2005). 

 

1.2.2 Phytophthora cinnamomi  

 Originally identified in Perth, Australia, in 1922, Phytophthora cinnamomi Rands has 

caused numerous problems throughout the world both economically and ecologically, due to 

its large host range and the severity of the diseases it causes (Hardham 2005). The host range 

of P. cinnamomi contains approximately 950 species including firs, chestnuts, and many 

other herbaceous and woody plants (Zentmyer 1980). P. cinnamomi’s life cycle is similar to 

other Phytophthora species and is described in Figure 1.2. Under warm, rainy conditions P. 

cinnamomi spreads asexually with zoospores swimming through the wet soil towards 

susceptible plants or through water movement. Although P. cinnamomi is heterothallic, even 

in cases where both A1 and A2 mating types are present they prefer to grow asexually 

(Hardham 2005). Of the P. cinnamomi two mating types, A2 is the most prevalent in North 



 

6 

America and is currently the only mating type to have been isolated from Fraser fir 

Christmas trees in North Carolina (Grand and Benson 2000). 

 

1.3 Previous Research 

1.3.1 Phytophthora root rot resistance screens 

 Screens for resistance to Phytophthora root rot have identified a broad range of 

susceptibility and resistance amongst popularly used Christmas tree and related species. 

There are two major method for Phytophthora inoculations: by Phytophthora colonized rice 

grains inserted directly into individually containerized seedlings, or by media with equally 

distributed ground Phytophthora rice grain pellets (Holmes, et al 1994). Both conditions 

represent harsher inoculum loads than what would usually appear in the wild, ensuring that 

inoculated survivors are truly resistant. Another inoculation method is submerging roots in a 

zoospore suspension, though zoospore production is difficult. 

Fraser fir, the most desirable Christmas tree produced in North Carolina, is extremely 

susceptible to Phytophthora root rot and in many studies Fraser fir is included as the 

susceptible control. A native Japan species, momi fir (A. firma Sieb. et Zucc.) has 

consistently shown extremely high resistance to a number of Phytophthora species, but is not 

well suited for use as a Christmas tree due to its early bud break, suffering extensive frost 

damage most years. However, grafting susceptible fir species like Fraser fir onto momi fir 

rootstock grafts allows for the grafted seedling to be grown in Phytophthora infested sites. 

(Hinesley and Frampton 2002). A large-scale resistance screen of seedlings from 32 different 

Abies species led to the identification of a few fir species that displayed some levels of root 
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rot resistance (Frampton and Benson 2012). Two of the resistant species identified in the 

2012 study were then further studied in 2013. Both native to Turkey, Turkish (Abies 

bornmuelleriana Mattf) and Trojan fir (Abies equi-trojani Aschers. et Sint), have shown 

geographically based varying amounts of resistance to P. cinnamomi with the eastern-most 

Turkish fir families being the most resistant to root rot (Frampton, Isik, and Benson 2013). 

However, many of these studies have been carried out with only a single highly virulent 

isolate A2 isolate of P. cinnamomi, 23ss04. 

 

1.4 Research Goals 

 The major goal of this project is to lay the groundwork for the development of 

resistant fir planting stock suitable for use on Phytophthora-infested land. To achieve this 

goal, two major studies were completed: a large screen of various fir species for resistance to 

different Phytophthora isolates, and discovery of molecular markers associated with 

Phytophthora root rot resistance. 

 Expanding upon the fir Phytophthora resistance studies discussed above, the 

resistance screen described in Chapter 2 adds new insights into fir-Phytophthora interactions. 

First, rather than only using one isolate of P. cinnamomi, 6 different isolates collected from 

different hosts representing both mating types were used. Not only are there more P. 

cinnamomi isolates, but also 2 isolates from another Phytophthora species, cryptogea, were 

included for comparison. Additionally, there is some overlap of Turkish and Trojan fir 

families used in this study with those included in a previous Phytophthora resistance screen 
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(Frampton, Isik, and Benson 2013) which will allow the verification of familiar disease 

resistance phenotypes. 

 In the second half of the project, a new DNA marker technique, Genotyping by 

Sequencing, allowed for the generation of a large number of markers. The identification of 

markers associated with a Phytophthora root rot resistance phenotype in Trojan fir is made 

possible with a large abundance of genomic markers. These markers may be useful for 

screening subsequent Trojan fir families and will help identify genetic markers in other fir 

species. Markers close to genes can also be compared to candidate genes for Phytophthora 

resistance described in other plants. 

The understanding of the genetic basis of Phytophthora root rot resistance obtained 

from both of these studies will help guide future breeding efforts to develop resistant planting 

stock suitable for use on Phytophthora-infested land. 
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1.5 Figures 

 

  

Figure 1.1: Evolutionary Phylogeny of Oomycetes 

Phylogenetic tree of Eukaryotes showing oomycete similarity to heterokont algae rather than 

fungi. (Hardham 2005)  
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Figure 1.2 Life cycle of Phytophthora cinnamomi Rands 

Sexual and Asexual life cycle of Phytophthora cinnamomi Rands. Spread of P. cinnamomi is 

believed to be primarily asexual. (Hardham 2005) 
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CHAPTER 2 

2.1 Introduction 

 With over 10,000 hectares of tree plantations and a reported annual income of over 

$100 million (Chastagner and Benson 2000), the production and sale of various conifer 

species as Christmas trees is an economically important industry for the mountainous, 

western part of North Carolina. In North Carolina, Fraser fir is the most desirable species 

grown for use as Christmas trees due to its natural crown shape, fragrance and good post-

harvest needle retention. However, a persistent threat to fir growers has been a water mold, 

the oomycete Phytophthora. Phytophthora cinnamomi Rands and P. cryptogea Pethybr. & 

Laff. are specifically troublesome for North Carolina farmers because they cause a number of 

different diseases across a large number of diverse plants, one example of which is 

Phytophthora root rot of fir. Root rot of fir is often a fatal disease for a tree as the destruction 

of the root system by Phytophthora prevents the accumulation and transport of water and 

other essential nutrients to the tree. Unfortunately, Fraser fir displays little to no resistance to 

Phytophthora root rot, and a further problem is that once in an area, Phytophthora remains in 

the soil and can spread to other regions of a plantation through water movement. Chemical 

control of Phytophthora is ineffectual as it only transiently reduces Phytophthora, and is 

expensive and laborious to deploy.  Previous research has shown that other fir species 

including Turkish (Abies bornmuelleriana Mattf), Trojan (Abies equi-trojani Aschers. et 

Sint) and momi (A. firma Sieb. et Zucc) fir display varying amounts of resistance against 

Phytophthora root rot. (Frampton, Isik, and Benson 2012) Momi fir, the most Phytophthora 

resistant fir species, is not suited for use as a Christmas tree and has instead been used as root 
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stock for grafting Fraser fir. However, grafting is a difficult and expensive process for large 

scale plantations. With chemical treatment ruled out for plantation level use, the best option 

left is the deployment of desirable, root rot resistant alternative fir species. Turkish and 

Trojan fir, native to Turkey, are both aesthetically suited for use as Christmas trees, and so 

may be effective for the production of root rot resistant planting stock.  A screening 

experiment to evaluate resistance to Phytophthora root rot was conducted using seedlings of 

Fraser, Turkish, Trojan, and momi fir, inoculated with six different isolates of P. cinnamomi 

and two different isolates of P. cryptogea. Multiple open-pollinated families from different 

provenances of Turkish and Trojan fir were included to screen for genetic variation in root 

rot resistance within those species; single families of Fraser fir and momi fir were included as 

positive and negative controls for disease occurrence, respectively. 

 

2.2 Materials and Methods 

2.2.1 Fir seedlings 

 A total of 1,655 three-year-old seedlings from a mixture of 4 different Abies species, 

Fraser, momi, Turkish, and Trojan fir, were used for the Phytophthora resistance screen.  

Fraser fir seedlings were included as the completely susceptible control and momi fir was 

included as the resistant control. Turkish and Trojan fir seedlings were grown from seeds 

collected from natural stands across 6 different provenances of Turkey for a previous study 

(Frampton 2013).  The exact composition of seedlings included in the experiment and family 

height means at inoculation are detailed in Table 2.1.  
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2.2.2 Phytophthora isolates 

 Eight different Phytophthora isolates, 6 P. cinnamomi and 2 P. cryptogea, 

representing both mating types and a variety of different hosts from North Carolina were 

used for the root rot resistance screening (Table 2.2). Each culture was revived from cold 

storage and grown on ParPH medium (Jeffers and Martin 1986). Agar plugs from actively 

growing colonies of Phytophthora on ParPH were transferred to antibiotic-free V8 medium 

(Jeffers and Martin 1986) for use in producing the rice grain inoculum described below. 

 

2.2.3 Inoculation of fir species 

 Fir seedlings were inoculated in late July in 2013 via Phytophthora colonized rice 

grains following the Holmes et al. protocol (1994).  Agar plugs from actively growing 

Phytophthora cultures on V8 agar plates (Jeffers et al. 1986) were transferred to a flask of 

autoclaved rice grains. The seeded flasks were incubated at room temperature for 2 weeks 

with daily perturbation to ensure complete Phytophthora coverage of the rice grains. All but 

one family of seedlings, Kaz24, were sub-divided into 8 equal groups, one for each 

Phytophthora isolate, with a few seedlings removed to serve as controls (Table2.1). All 

seedlings of the Kaz 24 family were inoculated with the same isolate, 23ss04. Each fir 

seedling was inoculated with two infested grains of rice submerged in 2.5 cm deep divots 1.2 

cm away from base of the seedling. A 5 cm piece of plastic hose was fastened around the top 

of each seedling tube as splash guard, preventing cross-contamination of Phytophthora 

isolates when watered. The splash- guarded, inoculated seedling tubes were then placed in 

trays in an outdoor shadehouse using a completely randomized design. Non-inoculated, 



 

15 

control seedlings were placed in stacked trays away from the inoculated seedlings to prevent 

spread of Phytophthora to the controls. Mortality was assessed with a binary scale; where 

0=alive/resistant and 1=dead/susceptible, based on above-ground shoot necrosis bi-weekly 

for 16 weeks.  A follow-up assessment was made after 10 months, in the next season of 

growth, to confirm seedling survival. During the final observation a sample of dead seedlings 

(n=50) were checked for the presence of Phytophthora using Agdia ImmunoStrips. 

 

2.2.4 Statistical analysis 

Statistical analysis was performed using SAS 8.1 software. All statistical analyses 

were performed on only the 16-week mortality measurements. A general fixed-effect linear 

model with the following sources of variation was used, fir species and Phytophthora isolate. 

Analyses were performed on the species-isolate means of the binary data. The Tukey-Kramer 

multiple comparison test was used to calculate mean least square differences among fir 

species, Phytophthora isolate, and fir-Phytophthora interaction effects. Significance of 

Turkish and Trojan fir families with resistance to root rot was calculated with a mixed-effect 

linear general model excluding the other species, treating families as random effects nested 

within species.  

 

2.3 Results and Discussion 

2.3.1 Results of the Phytophthora root rot resistance screen 

  The overall mortality of each fir family from both the 16-week and subsequent year 

assessment are reported in Table 2.6. The seedlings began to show browning of foliage two 
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weeks post-inoculation and the average rate of mortality for each fir species is shown in 

Figure 2.1. It did not take long for susceptible seedlings to completely die, as after a week or 

two from when they began to show browning of bottom-most foliage, the rest of the shoot 

followed suit.  

Following statistical analysis in SAS, each fixed effect and their interaction were 

found significantly different for mortality. Fir species was significant at the p <0.0001 level, 

Phytophthora isolate at p <0.0001 and their interaction at 0.0005. The interactions with both 

the fir species and Phytophthora isolate were sliced separately. Only momi and Fraser fir did 

not have significant isolate differences (p < 0.05). This is understandable as momi fir is 

highly resistant to most Phytophthora isolates and Fraser for is generally highly susceptible 

to Phytophthora.  

In the mixed-model analysis, Turkish and Trojan fir family effects on Phytophthora 

resistance made up 41% of the total variance in mortality while the interaction between 

family and isolate was negligible. The variance estimate for family was 0.007126 with a 

standard error of 0.003964 while the residual estimate was 0.01017 with a 0.001812 standard 

error. This calculation did not include the Kaz24 family, because it was only inoculated with 

a single isolate and would have skewed the results. 

 

 

2.3.2 Variability in resistance against Phytophthora root rot 

There was a large range of Phytophthora root rot resistance amongst the inoculated 

families of fir. A pattern emerged as, on average, the Turkish fir families had a higher level 
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of root rot resistance than the Trojan fir families (Figure 2.1, Table 2.3). Momi fir was, as 

expected, the species with the highest resistance and Fraser fir the species with the lowest 

resistance (Table 2.3). Within each species there was additional variability in root rot 

resistance. Turkish fir families had mortalities ranging from 20% to 53%, and mortality in 

Trojan fir families ranged 49% to 69% (Table 2.6). These results are consistent with those 

found in a previous screen of Turkish and Trojan fir seedlings, with Turkish fir the more 

resistant of these two firs native to Turkey (Frampton, Isik, and Benson 2012). 

 

2.3.3 Difference in virulence of Phytophthora species 

 Each fir species inoculated with P. cinnamomi had a higher average mortality than 

those inoculated with P. cryptogea (Figure 2.2). Further, each separate fir family inoculated 

with P. cinnamomi also displayed much higher mortality than those inoculated with P. 

cryptogea isolates (Table 2.7). P. cinnamomi A2 isolates, were statistically more virulent 

than their P. cryptogea counterparts (Table 2.4). These results point to a difference in the 

virulence of the two Phytophthora species with P. cinnamomi being more virulent than P. 

cryptogea against fir species. P. cinnamomi is the most commonly associated Phytophthora 

species that causes fir root rot in North Carolina. However, in a recent survey of 

Phytophthora infested Christmas tree farms, P. cryptogea has risen to the second most 

prevalent Phytophthora species on Christmas tree (Pettersson 2015, unpublished). The high 

level of resistance that Turkish and Trojan fir display against the two P. cryptogea isolates, 

as well as their resistance to P. cinnamomi, makes their use as root rot resistant alternative 

Christmas trees promising.  
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2.3.4 Unequal virulence between Phytophthora cinnamomi mating types 

 There is a clear difference in the survival of fir seedlings inoculated with the two 

mating types of P. cinnamomi. Each family inoculated with the A1 mating type P. 

cinnamomi isolate, 2322, displayed a lower average mortality than the average of the A2 

cultures, 24.6% versus 62% respectively. In fact, mean mortality caused by isolate 2322 is 

not significantly different than P. cryptogea isolates (Table 2.4). Phytophthora can reproduce 

both sexually and asexually, but the spread of Phytophthora is thought to be primarily 

asexual with clonal propagation. All Phytophthora cultures isolated from symptomatic Fraser 

fir Christmas trees in North Carolina have been of the A2 mating type. The abundance of A2 

mating type, P. cinnamomi, in the wild corroborates the greater virulence of A2 mating type, 

suggesting that the more virulent the Phytophthora is, the better suited it is to reproduce and 

spread. Alternatively, A1 P. cinnamomi may not have been introduced to the Fraser fir 

production region yet. However, with only one representative of the A1 mating type, there is 

a chance that the discrepancy in virulence could be due to the specific A1 P. cinnamomi 

isolate, 2322, being a less virulent strain of P. cinnamomi. Further research will need to be 

done to confirm the difference in mating type virulence. 

 

2.3.5 Significant interaction between fir species and Phytophthora isolate 

 There is a significant interaction between specific isolates and fir species; Table 2.5 

describes the interaction. For instance, isolate 23ss11 is less virulent than 23ss04 in all but 

momi and Trojan fir. The two P. cryptogea isolates also have a range of differences of 



 

19 

virulence against each fir species, from a 40% difference in Trojan fir to 200% in Fraser fir. 

However, resistance to P. cinnamomi isolate 23ss04 or 23ss11 are still good predictors of 

overall Phytophthora resistance across all four of the fir species, and the nested families, 

tested. 

 

2.3.6 Additional mortality in following growth season 

 Close to a year (~10 months) after inoculation and a growth season later, there was an 

increase in mortality ranging from 5-10% for each family (Table 2.6). There are a number of 

different possible causes of these losses including Phytophthora derived damage and 

environmental stress. Due to the timing of the inoculation, seedlings may have gone dormant 

and not displayed any symptoms during the latter portion of the 16-week period, and so in 

the following year additional mortality would be likely to appear. Additionally, after the 16-

week assessment period, the seedlings were transferred from an outdoor shade covered 

shelter where they were watered twice daily to a containment box in the greenhouse and 

switched to a thrice weekly water cycle. Though each of the final dead seedlings tested 

positive for presence of Phytophthora, there is some evidence to support that mortality could 

have at least in part been due to environmental stress, as there was also an increase in the 

mortality of the non-inoculated controls (~12%) in the following year.  
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2.4 Tables 

 

Table 2.1: Fir Species and Families 

Total fir composition of Phytophthora resistance screen. Each family, except Kaz 24, was 

inoculated with each of the 8 Phytophthora isolates as equally as possible. Kaz 24 was 

inoculated with a single isolate, 23ss04. Average height was measured prior to inoculation. 

 

 

Species Provenance Family Inoculated Control  Avg 

Height 

(cm) 

Abies 

bornmuelleriana 

Akyazı 76 164 3 9.9 

78 88 2 10.7 

Bolu 90 120 2 9.9 

102 96 3 9.3 

Uludağ 7 169 3 11.5 

9 164 3 10.9 

Safronbolu 114 62 3 7.1 

Abies equi-

trojani  

Ҫan 53 75 3 9.2 

Kazdağı 22 137 3 9.3 

24* 158 3 9.1 

31 120 2 8.5 

33 114 3 8.7 

Abies fraseri NA 1 52 3 19.2 

Abies firma  NA 1 45 3 19.1 
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Table 2.2: Phytophthora Isolates  

Phytophthora isolates used for inoculation. Listed are the species, isolate mating type, and 

source of the isolate. All isolates were collected in North Carolina. 

 

Isolate Species Mating type Source 

2322 cinnamomi A1 Camellia 

2325 cinnamomi A2 Shore Juniper 

2327 cinnamomi A2 Cedar 

23ss04 cinnamomi A2 Fraser fir 

23ss11 cinnamomi A2 Fraser fir 

C161 cryptogea  A2 Fraser fir 

C198 cryptogea A2 Fraser fir  
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Table 2.3: Fir Species Mean Mortality 

Average mortality of each fir species 16 weeks post-inoculation. Means were calculated as 

least squares from a general linear model. Species with the same letters are not significantly 

different. 

 

Species Mean 

Standard 

Error 

LS 

group 

A. firma 0.0667 0.0463 A 

A. fraseri 0.899 0.0463 D 

A. bornmuelleriana 0.342 0.0175 C 

A. equi-trojani 0.501 0.0229 B 
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Table 2.4: Mean Mortality Caused by Phytophthora Isolate  

Average mortality of seedlings inoculated with different Phytophthora species 16 weeks 

post-inoculation. Means were calculated as least squares from a general linear model. Isolates 

with the same letters are not significantly different.  

 

Isolate Mean Standard Error LS group 

2322 0.244 0.0482 B,C 

2325 0.683 0.0482 A 

2327 0.408 0.0482 B 

2334 0.633 0.0482 A 

23ss04 0.719 0.0479 A 

23ss11 0.635 0.0482 A 

C161     0.300    0.0482 B,C 

C198    0.115    0.0482 C 
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Table 2.5: Mean Mortality of Specific Fir Species and Phytophthora Isolate Combinations 

Average mortalities of specific fir species and Phytophthora isolate combinations 16 weeks post-inoculation. Means were 

calculated as least squares from a general linear model. Least square groups with the same letters are not significantly different.  

 

Fir Species Phytophthora Isolate 

  2322 2325 2327 2334 23ss04 23ss11 C161 C198 

 Mean 0.000 0.000 0.000 0.000 0.167 0.200 0.167 0.000 

A. firma SE 0.131 0.131 0.131 0.131 0.131 0.131 0.131 0.131 

 LS Group C C C C B,C B,C B,C C 

 Mean 0.833 1.000 1.000 1.000 1.000 0.857 1.000 0.500 

A. fraseri SE 0.131 0.131 0.131 0.131 0.131 0.131 0.131 0.131 

 LS Group A,B A A A A A,B A A,B,C 

 Mean 0.045 0.603 0.177 0.591 0.656 0.604 0.056 0.008 

A. bornmuelleriana SE 0.049 0.049 0.049 0.049 0.049 0.049 0.049 0.049 

 LS Group C A,B,C B,C A,B,C A,B,C A,B,C C C 

 Mean 0.141 0.813 0.531 0.774 0.774 0.798 0.109 0.067 

A. equi-trojani SE 0.065 0.065 0.065 0.065 0.059 0.065 0.065 0.065 

 LS Group C A,B A,B,C A,B A,B A,B C C 
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Table 2.6: Mean Mortality of Each Family 

Average mortality of each fir species and family 16 weeks and 1 year post-inoculation. Means were calculated arithmetically. 

*Kazdağı family 24 was only inoculated with a single P. cinnamomi isolate, 23ss04. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species 

 

Provenance Family 

Mortality 

(16 weeks) 

Standard 

error 

Mortality 

(1year) 

Standard 

error 

A. firma NA NA 0.06 0.04 0.31 0.07 

A. fraseri NA NA 0.85 0.05 0.91 0.07 

A. bornmuelleriana 

Uludağ 7 0.35 0.04 0.47 0.04 

Uludağ 9 0.53 0.04 0.61 0.04 

Akyazı 76 0.36 0.04 0.42 0.04 

Akyazı 78 0.33 0.05 0.44 0.05 

Bolu 90 0.32 0.04 0.37 0.04 

Bolu 102 0.26 0.04 0.31 0.05 

Safronbolu 114 0.20 0.05 0.25 0.05 

A. equi-trojani 

Kazdağı 22 0.50 0.04 0.55 0.04 

Kazdağı 24 0.69 0.04 0.79 0.03 

Kazdağı 31 0.49 0.05 0.56 0.05 

Kazdağı 33 0.57 0.05 0.67 0.04 

Ҫan 53 0.50 0.06 0.59 0.06 
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Table 2.7: Mean Mortality of Each Family by Phytophthora Species 

Average mortality of each fir species and family for P. cinnamomi and P. cryotogea 16 weeks and 1 year post-inoculation. Means 

were calculated arithmetically. *Kazdağı family 24 was only inoculated with a single P. cinnamomi isolate 23ss04. 

 

Species Family Phytophthora 

species 

Mortality% Standard 

Error 

Mortality 

%(1year) 

Standard 

Error 

Fraser fir 1010 cinnamomi 95.65 3.04 100 0 

cryptogea  50.0 22.36 66.67 21.08 

control 0 0 0 0 

Momi fir  1000 cinnamomi 7.69 4.32 35.9 7.78 

cryptogea  0 0 16.67 16.67 

control 0 0 0 0 

Trojan fir 22 cinnamomi 57.14 4.56 63.87 4.42 

cryptogea  5.88 5.88 5.88 5.88 

control 0 0 0 0 
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Table 2.7 Continued 

 

Trojan fir 24* cinnamomi 70.59 3.7 80.39 3.22 

control 25.0 25.0 25.0 0 

Trojan fir 31 cinnamomi 56.31 4.91 63.11 4.78 

cryptogea  6.67 6.67 13.33 9.09 

control 0 0 0 0 

Trojan fir 33 cinnamomi 65.31 4.83 76.53 4.30 

cryptogea  14.29 9.71 14.29 9.71 

control 0 0 0 0 

Trojan fir 53 cinnamomi 50.0 6.3 59.38 6.19 

cryptogea  0 0 11.11 11.11 

control 0 0 0 0 

Turkish fir 7 cinnamomi 40.88 4.22 53.28 4.28 

cryptogea  0 0 5.26 5.26 

control 0 0 0 0 
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Table 2.7 Continued 

 

Turkish fir 9 cinnamomi 60.61 4.27 70.45 3.99 

cryptogea  5.26 5.26 5.26 5.26 

control 0 0 0 0 

Turkish fir 76 cinnamomi 42.25 4.16 49.3 4.21 

cryptogea  0 0 0 0 

control 0 0 0 0 

Turkish fir 78 cinnamomi 38.96 5.59 51.95 5.73 

cryptogea  0 0 0 0 

control 0 0 0 0 

Turkish fir 90 cinnamomi 37.14 4.74 42.86 4.85 

cryptogea  0 0 0 0 

control 0 0 0 0 

 

 

 

 



 

29 

Table 2.7 Continued 

 

Turkish fir 102 cinnamomi 30.95 5.07 36.9 5.30 

cryptogea  0 0 0 0 

control 0 0 0 0 

Turkish fir 114 cinnamomi 23.64 5.78 29.09 6.18 

cryptogea  0 0 0 0 

control 0 0 0 0 
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2.5 Figures 

 

 

Figure 2.1: Phytophthora Resistance Screen Mortality Curve 

Bi-weekly average mortality of each fir species over the 16-week assessment period.   
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Figure 2.2 Mortality curves of P. cinnamomi vs P. cryptogea 

Bi-weekly average mortalities for each Phytophthora species. P. cinnamomi isolates (left) were much more virulent than their P. 

cryptogea (right) counterparts.  
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CHAPTER 3 

3.1 Introduction 

 There has been previous research into the genetic basis of Phytophthora root rot 

resistance in a number of different crops including soybeans (Glycine max (L.) Merr.) (Han 

et al. 2007) and chestnut trees (Castanea spp.) (Serrazina et al. 2015).  In a Phytophthora 

sojae M.J.Kaufmann & J.W.Gerdemann root rot resistance study in soybean, microsatellite 

and random amplified polymorphic DNA bands (RAPDs) markers were used to construct a 

genetic map, and 3 QTL were identified as associated with Phytophthora root rot resistance 

(Han et al. 2007). In the chestnut study, four cDNA libraries were created from root tissue 

harvested from two Phytophthora cinnamomi Rands inoculated chestnut species: the resistant 

Castanea crenata Siebold & Zucc. and the susceptible C. sativa Mill. (Serrazina et al. 2015). 

Though they found upregulated expression of genes related to stimulus and defense response 

in both species, C. crenata had a more robust response with a larger number of upregulated 

genes than C. sativa (Serrazina et al. 2015). In a mapping study carried out in chestnut 

(Castanea spp.), five candidate genes associated with Phytophthora resistance were found 

(Olukolu et al. 2011).  However, the identification of genomic markers associated with 

resistance in fir species has not been reported before. 

 Conifer genomes are massive, with the 16.8 Gbp (2n=24 chromosomes) Fraser fir 

genome (Aucland et al. 2001) similar in size to genomes of other true fir species. They are 

also quite complex, with a high fraction of their genome made up of non-genic transposable 

elements, most of which are transcriptionally repressed via methylation. These non-genic, 

highly methylated regions of the genome are likely to be distinct from regions of the genome 
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that contain active genes, including those associated with disease resistance, and markers in 

these non-genic regions are unlikely to be useful for genetic analysis of resistance. Linkage 

disequilibrium (LD) is also low in conifers and decays rapidly (Brown et al, 2004), meaning 

markers that are associated with a phenotype in one family, may not be in another family. 

This makes genetic marker comparisons among different conifer populations problematic.  

 Wheat and barley have large and complex genomes with high portions of repeated 

genetic elements. Unlike most fir species, both wheat and barley have decent genetic maps, 

with described microsatellite and restriction fragment length polymorphism (RFLP) markers. 

However, high-throughput genotyping using RFLP and microsatellite markers is a labor-

intensive endeavor. To minimize costs and labor, an alternative high-throughput genotyping 

technique, 2-enzyme Genotyping-by-Sequencing (GBS), was employed by Poland et al 

(2012). The 2-enzyme GBS protocol employs methylation-sensitive restriction enzymes, 

effectively enriching fragments from regions of the genome that are transcriptionally active. 

The reduced pool of selectable fragments forms a reproducible set of markers that can be 

sequenced with less coverage required per individual, reducing the cost of genotyping per 

individual and increasing the throughput.  

 The difficulty of genomic marker based studies in conifers in an open-pollinated (OP) 

natural stand has been explored recently in white spruce (Picea glauca (Moench) Voss) 

(Beaulieu et al. 2014). The main problem when dealing with OP families is that there are a 

large number of paternal sources of DNA from pollen, and little if any information is 

typically available about the pool of possible pollen parents. The large number of random 

paternal haplotypes detected among the progeny confounds the population structure of the 
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family. Most offspring in an OP family are half-sibs, meaning on average the offspring share 

25% of the genome in common, but some pairs of offspring may not share any haplotypes in 

common with each other. Full siblings and other relatives can also occur in an OP 

population, if, for example, two or more individual offspring share the same paternal pollen 

parent. Depending on genetic diversity in the parental generation and the number of 

segregating alleles, there is likely to be a large range of genotypic and phenotypic 

combinations. With such a scrambled mixture of progeny genotypes, and without knowledge 

of the maternal genotype, it is hard to discern genetic markers that are significantly 

associated with a trait such as disease resistance. Beaulieu et al. (2014) were able to 

overcome these difficulties through the use of a genotyping chip that allowed for the rapid 

genotyping of 7338 single-nucleotide polymorphism (SNP) markers, which covered the 

entire genome of white spruce and included markers linked to a number of quantitative trait 

loci (QTL). Using markers mapped to a reference genome sequence, they were able to parse 

out the individual relatedness for use in the prediction of breeding values for genomic 

selection. However, in Trojan fir this method is not possible because there is no reference 

genome. 

 The main goal of this project is the exploration of the genetic architecture of 

Phytophthora root rot resistance in a Trojan fir OP family, with the long-term goal of 

developing genetic markers associated with Phytophthora root rot resistance. Development of 

such markers could allow numerous Trojan fir trees to be screened for Phytophthora 

resistance with a cheap, fast, and repeatable method, such as multiplex-PCR. This would help 
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in the identification and distribution of Phytophthora resistant Christmas trees to farmers 

with Phytophthora contaminated land. 

 

3.2 Materials and Methods 

3.2.1 Mapping population  

 A subset of the inoculated samples from the Phytophthora resistance screen (Chapter 

2) were selected to identify putative genetic markers linked to the Phytophthora root rot 

resistance phenotype. Prior to seedling inoculation with pathogen, foliage was collected from 

each seedling and stored at -80oC. A single Trojan fir family, Kaz24, with 158 individuals 

(155 inoculated, 3 control), represented the majority of the mapping population. Kaz24 was 

selected because in a previous Phytophthora inoculation study, Kaz24 seedlings showed 50% 

mortality, and abundant seed of the family were available in storage (Frampton, Isik, Benson 

2012). Kaz24 seedlings were only inoculated with the standard P. cinnamomi isolate 23ss04 

to limit differences in inoculum genotypes and their interactions with host genotypes. A 

selection of seven Fraser and seven momi fir seedlings were also included in the sequencing 

population as well as a random sample of nine other inoculated Turkish and Trojan fir 

seedlings for comparison of putative genetic markers among families, although these were 

not used in the current analysis. The Phytophthora root rot resistance phenotype was assessed 

by above-ground shoot necrosis on a binary scale of 0=alive/resistant and 

1=dead/susceptible. The measurements from the final 16th week assessment are used as 

seedling resistance phenotypes. 
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3.2.2 DNA extraction and sequence preparation 

 Three frozen needles were razor diced and ground in a Qiagen mixer mill to break up 

the tough foliage cuticle, followed by purification of DNA using a protocol modified from an 

insect DNA extraction protocol (Ivanova et al. 2006). Extracted DNA was quantified using a 

fluorescent-dye-binding assay (Life Technologies PicoGreen). The sequencing libraries were 

prepared following a procedure modified from that described by Poland et al. (2012). The 

GBS libraries were prepared using 700ng of extracted genomic DNA from each sample, to 

accommodate the larger conifer genomes. Ten random Kaz24 samples were replicated within 

the library preparation. The restriction endonucleases, Pst1-HF and Msp1, were used to 

fragment the genomic DNA and create ends to which 96 different barcoded adapters were 

ligated to identify samples within 96-well plates. Each of the two plates of 96 libraries were 

pooled and PCR amplified for 16 cycles with different indexed primers to identify the plates. 

Each amplified library was then combined in equimolar quantities and sent for sequencing on 

two lanes of an Illumina Hi-Seq 2000.  

 

3.2.3 Sequence analysis 

 The sequences were analyzed using several software programs. Flexbar (Dodt, et al 

2012) was used to separate reads from each individual based on the adapter barcodes, as well 

as trimming the barcodes.  The Tassel-4.0 standalone Genotyping by Sequencing pipeline 

(Glaubitz et al. 2014) converted the raw sequences into sequence-tagged loci, or tags, using 

the MergedTagsByTaxa plugin, with a read-count threshold of at least five reads per locus 
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required to declare a genotype. The resulting tags were imported into R to be filtered for tags 

segregating in the Kaz24 family.  

Association of segregating Kaz24 tags with the Phytophthora resistance phenotype 

was determined using the coin R package (Hothorn et al. 2008). The coin R package runs a 

contingency test that compares the presence/absence pattern of each marker across all the 

individuals compared to the survival/death phenotype. The significance level was determined 

by permutation, with 1000 permutations of randomized genotype-phenotype pairings, to 

preserve the correlation structure among tag genotypes but break any correlation between 

genotype and phenotype. Tag clustering was performed using the ‘cluster_fast’ command of 

USEARCH 7.0 (Edgar 2010) with level of homology set to 95%. Significantly associated 

tags were tested for similarity to known DNA sequences in the NCBI database using ‘blast’.  

 

3.3 Results 

3.3.1 DNA sequencing results 

 The sequenced libraries yielded 342 million paired-end reads from the two lanes of 

HiSeq sequencing. Of the paired-end reads only read one was actually used, as the programs 

used were designed to accept single-end sequencing reads. Only 169 million of the 342 

million sequences were of high enough quality for further processing. A summary of the 

sequence filtering process is presented in Figure 3.1. 
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3.3.2 Identification of segregating genetic markers in Kaz24 

 The filtered read-1 sequences were processed through the Tassel pipeline. The 

analysis resulted in 413,444 unique tags amongst all of the sequenced samples. Tags that 

were only present in samples outside of the Kaz24 family were removed, and the remaining 

185,814 tags were filtered to remove tags that were either present or absent in all individuals 

of the Kaz24 family, because the observed segregation of resistance to Phytophthora in this 

inoculation trial was roughly 30 resistant to 70 susceptible. The filtered set of segregating 

tags contained 117,345 sequences. 

 

3.3.3 Contingency test and clustering of tags 

 Based on contingency testing, 205 tags out of the 117,345 tags segregating within the 

Kaz24 family were significantly associated with the Phytophthora root rot resistance 

phenotype at an experiment-wide false discovery rate of 0.05, when compared to the 

permutated data. Clustering the 205 significant tags at 95% sequence identity threshold 

resulted in only one possible allele pair. Table 3.1 shows the sequences of the clustered reads 

with SNPs denoted by underlines for this allele. The two 64bp tags had 2 SNPs between 

them and were mutually exclusive in the Kaz24 family, ie the two tags were never both 

present within the same individual (Table 3.2).  
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3.4 Discussion 

3.4.1 Identification of segregating genetic markers in Kaz24 family 

 Due to the complex family structure of the Kaz24 Trojan fir family, the lack of 

maternal genotype information, and the high level of missing data, it is extremely difficult to 

identify useful markers. However the advantage of GBS data is the sheer number of markers 

it generates. Stringent filtering was able to overcome these drawbacks and identified 205 

promising markers significantly associated with Phytophthora root rot resistance phenotype, 

from the starting set of 117,345 candidate tags. It is difficult to determine how many different 

genomic locations the 205 markers correspond to, without a fully assembled sequenced 

genome to map to. Mapping of the 205 significant markers to the version 1.01 draft genome 

assembly of the related conifer loblolly pine (Pinus taeda L.) was non-informative as the 20 

mapped markers all mapped to different genomic scaffolds. This in turn makes it difficult to 

identify a candidate gene or genes that may be responsible for resistance to Phytophthora.  

The 71% mortality rate in the Kaz24 family suggests that multiple genes are required for 

resistance to the disease. If genetic resistance to Phytophthora was controlled by a single 

dominant gene at low frequency in the pollen population, there should be closer to 50% 

mortality within the family if the maternal parent is heterozygous for the allele conferring 

resistance. 

 Each of the 205 markers significantly associated with the Phytophthora resistant 

phenotype was tested for similarity to previously-published DNA sequences using the 

BLAST server on the NCBI website (http://www.ncbi.nlm.nih.gov/blast). Table 3.3 lists the 

205 markers’ top annotated match. The most notable of the annotated sequences is the 
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resistant-associated marker 67641, which aligns to the white spruce (Picea glauca (Moench) 

Voss) cinnamoyl-CoA reductase family protein gene. A family of proteins involved in lignin 

biosynthesis, cinnamoyl-CoA reductase 1 has been identified as a candidate gene for 

Phytophthora root rot resistance in chestnuts following a resistance mapping study (Olukolu 

et al. 2011). Cinnamoyl-CoA reductases have also been associated with defense signaling as 

effectors of the small GTPase Rac, which regulates the production of NADPH dependent 

reactive oxygen species (Kawasaki et al. 2006). This marker may be a useful amplicon for 

future resistance screenings of Trojan fir. 

  

3.4.2 Future work 

 The progress made in this study lays the foundation for continuing research into the 

genetic basis of Phytophthora root rot resistance in fir, but there is much that needs to be 

done.  

 First, a large sample of Kaz24 Trojan fir megagametophyte libraries could be 

prepared with the same GBS procedure and sequenced. Megagametophytes are maternally 

derived haploid tissue used as a nutrient source for developing embryos. With a large enough 

sample and deep enough sequencing, the maternal genotype could be determined, allowing 

the differentiation of segregating maternal alleles from the unknown number of paternal 

alleles in the diploid data set. Identification of the maternally derived alleles in the Kaz24 

dataset would help filter the 205 significantly associated markers further, removing the 

confounding paternal alleles. Second, the 205 markers, or a subset of the 205, could be used 

to design primers to test their association and predictive power for the Phytophthora root rot 
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resistance phenotype in a subsequent Kaz24 family inoculation screening. Third, the 

comparison of the significant Kaz24 markers can be compared to markers found in other 

Trojan fir families. However, this may not be as effective (as LD is quite low in conifers) and 

the association of some of the markers with root rot resistance in one family may be broken 

in another family.  

 Additionally, a parallel RNA-seq study is currently underway analyzing gene 

expression levels in the roots of Phytophthora inoculated seedlings. In this study, two-week-

old Kaz24 Trojan fir seedlings were inoculated with Phytophthora, incubated, and had their 

root tips harvested. RNA was extracted from the infested roots and prepared for sequencing. 

The 205 markers identified in this study may be useful in screening the Kaz24 seedlings in 

the RNA-seq experiment to validate the prediction of Phytophthora resistant phenotypes. 

Further, the RNA-seq may identify significant genes similar to those found in this study. 
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3.5 Tables 

 

Table 3.1: Putative Allelic Marker Sequence 

Sequence of the possibly allelic, clustered markers. SNPs are underlined.  

 

Marker Sequence  ID 

TGCAGCATGTAGAGTATTGCTCGCAGTCTCACCAGGTCTGGGTCCATCGCCATGTCACTCTCAA 166737 

TGCAGCATATAGAGTATTGCTCGCAGTCTCACCAAGTCTGGGTCCATCGCCATGTCACTCTCAA 161321 
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Table 3.2: Putative Allelic Marker Profile 

Presence/absence profiles of the two clustered reads across the Kaz24 individuals. Mortality 

phenotype profile is also listed for comparison: 1=susceptible/dead and 0=resistant/alive. 

 

Individual 166737 161321 Mortality 

1681 0 0 1 

1682 0 0 1 

1683 0 0 1 

1684 1 0 1 

1685 1 0 0 

1686 0 0 1 

1687 0 0 1 

1688 0 0 0 

1689 1 0 1 

1690 1 0 0 

1691 1 0 0 

1692 1 0 1 

1693 0 0 1 

1694 1 0 1 

1695 1 0 0 

1696 0 1 1 

1697 0 0 1 

1698 1 0 1 

1699 0 0 1 

1700 1 0 1 

1701 0 0 0 

1702 0 0 1 

1703 1 0 1 

1704 0 0 1 

1705 1 0 1 

1706 1 0 1 

1707 1 0 1 

1708 1 0 1 

1709 1 0 1 

1710 1 0 1 

1711 1 0 1 

1712 1 0 1 
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Table 3.2 Continued 

 

1713 1 0 0 

1714 1 0 1 

1715 1 0 1 

1716 0 1 0 

1717 0 0 0 

1718 0 0 1 

1719 0 0 0 

1720 1 0 1 

1721 1 0 0 

1722 1 0 1 

1723 0 0 0 

1724 1 0 1 

1725 1 0 1 

1726 1 0 1 

1727 0 1 1 

1728 1 0 1 

1729 1 0 1 

1730 0 0 1 

1731 0 0 1 

1732 0 1 1 

1733 1 0 1 

1734 1 0 1 

1735 0 0 0 

1736 1 0 1 

1737 0 0 1 

1738 0 0 0 

1739 0 1 1 

1740 0 0 1 

1741 1 0 1 

1742 1 0 1 

1743 0 1 1 

1744 1 0 1 

1745 1 0 0 

1746 0 0 1 

1747 0 0 1 

1748 0 0 1 
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Table 3.2 Continued 

 

1749 1 0 1 

1750 0 0 1 

1751 1 0 1 

1752 1 0 1 

1753 1 0 1 

1754 0 0 1 

1755 0 0 1 

1756 0 0 1 

1757 1 0 0 

1758 0 0 1 

1759 1 0 0 

1760 0 1 1 

1761 0 0 1 

1762 1 0 0 

1763 1 0 1 

1764 1 0 0 

1765 0 0 0 

1766 0 0 1 

1767 1 0 1 

1768 0 0 0 

1769 1 0 1 

1770 1 0 0 

1771 1 0 1 

1772 1 0 0 

1773 1 0 1 

1774 0 0 1 

1775 1 0 1 

1776 1 0 1 

1777 0 0 1 

1778 1 0 0 

1779 0 0 1 

1780 1 0 1 

1781 1 0 1 

1782 1 0 0 

1783 0 0 0 

1784 1 0 0 
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Table 3.2 Continued 

 

1785 1 0 0 

1786 0 0 1 

1787 1 0 1 

1789 0 0 1 

1790 1 0 0 

1791 1 0 1 

1792 1 0 1 

1793 1 0 0 

1794 1 0 1 

1795 1 0 1 

1797 1 0 1 

1798 1 0 0 

1799 1 0 1 

1800 1 0 0 

1801 1 0 1 

1802 1 0 1 

1803 1 0 1 

1804 0 0 1 

1805 1 0 0 

1806 1 0 0 

1807 1 0 1 

1808 1 0 1 

1809 0 0 1 

1810 1 0 0 

1811 1 0 1 

1812 1 0 0 

1813 1 0 0 

1814 0 0 1 

1815 1 0 1 

1816 1 0 1 

1817 0 0 1 

1818 0 1 1 

1819 0 0 0 

1820 0 0 0 

1821 1 0 1 

1822 1 0 0 
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Table 3.2 Continued 

 

1823 1 0 1 

1824 1 0 0 

1825 1 0 1 

1826 1 0 1 

1827 1 0 1 

1828 0 0 0 

1829 1 0 0 

1830 1 0 0 

1831 0 0 1 

1832 0 0 1 

1833 1 0 1 

1835 1 0 0 

1836 0 0 1 

1837 0 1 0 

1838 1 0 0 
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Table 3.3: Blast Results 

Annotation of significant marker sequences through sequence similarity via BLAST server 

on the NCBI website. 

 

 

Tag # Blast result E Score

20482 Picea glauca clone GQ03816_A20 mRNA sequence 7.00E-11

116349 PREDICTED: Vitis vinifera auxin-responsive protein IAA27-like (LOC100253148), mRNA 8.00E-10

67641 Picea glauca isolate D711043-86 cinnamoyl-CoA reductase family protein gene, partial sequence 6.00E-18

139925 Picea glauca clone GQ02807_A05 mRNA sequence 2.00E-16

120986 PREDICTED: Nicotiana tomentosiformis amino acid permease 6-like (LOC104118005), mRNA 5.00E-06

106235 PREDICTED: Beta vulgaris subsp. vulgaris probable protein phosphatase 2C 25 (LOC104899930), mRNA 1.00E-07

49756 Theobroma cacao Cysteine-rich RLK (RECEPTOR-like protein kinase) 8 (TCM_022223) mRNA, complete cds 6.00E-05

101812 Takakia lepidozioides voucher Qiu97126 clone 19 pentatricopeptide repeat protein (PPR) gene, partial cds 4.00E-07

20696 Picea glauca clone GQ03611_B11 mRNA sequence 2.00E-12

35246 Abies koreana chloroplast, complete genome 4.00E-20

3152 Picea sitchensis clone WS0283_P15 unknown mRNA2e-10 2.00E-10

11079 Theobroma cacao Serine/threonine protein kinase 2 isoform 2 (TCM_045572) mRNA, partial cds 4.00E-07

54524 Picea glauca clone GQ02829_K06 mRNA sequence 0.0002

161936 Larix occidentalis isolate 1 ATPase alpha subunit-like gene, partial sequence; mitochondrial 2.00E-23

65035 PREDICTED: Nicotiana sylvestris cytochrome P450 71A1-like (LOC104222085), mRNA 1.00E-08

106918 Picea glauca clone GQ03106_C22 mRNA sequence 6.00E-18

131163 Mycosphaerella graminicola IPO323 H(+)-exporting P2-type ATPase (MYCGRDRAFT_59052) mRNA, complete cds 5.00E-12

38774 Picea glauca clone GQ03809_I04 mRNA sequence 3.00E-08

140239 Amycolatopsis japonica strain MG417-CF17, complete genome 8.00E-10

22171 Phaseolus vulgaris hypothetical protein (PHAVU_006G011700g) mRNA, complete cds 2.00E-04

102239 PREDICTED: Phoenix dactylifera pentatricopeptide repeat-containing protein At3g24000, mitochondrial (LOC103695988), mRNA 4.00E-07

36468 Picea glauca clone GQ03801_E18 mRNA sequence 1.00E-13

20943 Picea glauca cultivar PG29 clone BAC PGB02 3-carene synthase gene, complete cds, complete sequence 7.00E-04

52324 Phaeosphaeria nodorum SN15 hypothetical protein partial mRNA 2.00E-05

57881 Picea engelmannii x Picea glauca class I chitinase (Chia1-2) mRNA, complete cds 1.00E-13

88663 Glomerella graminicola atr14 gene for putative ABC transporter, exons 1-3, isolate M2 2.00E-04

92650 Mycobacterium rhodesiae NBB3, complete genome 7.00E-04

97890 Pseudozyma hubeiensis SY62 cutinase G-box binding protein partial mRNA 2.00E-10

101290 Pinus echinata isolate Pec2m2 water-stress inducible protein 3 (lp3-3) gene, partial cds 1.00E-14

122047 Gossypium hirsutum clone NBRI_GE55442 microsatellite sequence 1.00E-07

147589 Picea sitchensis isolate RW400 glycosyl hydrolase-like protein mRNA, partial cds 3.00E-08

154929 Abies holophylla isolate Ab4025 microsatellite Ab4025 sequence 2.00E-04

169873 Malus x domestica mitchondrial complete genome, cultivar Golden delicious 2.00E-05

170350 Pinus radiata isolate 13484 hypothetical protein (0_192_01) gene, partial cds 2.00E-11

170648 Picea glauca clone GQ0073_C09 mRNA sequence 1.00E-13

62505 PREDICTED: Gossypium raimondii proton-coupled amino acid transporter 1 (LOC105787389), mRNA 0.032

3996 PREDICTED: Nelumbo nucifera pentatricopeptide repeat-containing protein At4g21065-like (LOC104598183), mRNA 0.032

26273 PREDICTED: Gossypium raimondii peroxidase 25-like (LOC105771164), mRNA 0.11

20707 Picea glauca clone GQ03412_I11 mRNA sequence 1.00E-13

10346 Picea glauca clone GQ04104_F22 mRNA sequence 1.00E-13

113084 PREDICTED: Zea mays pathogenesis-related genes transcriptional activator PTI6-like (LOC103649554), mRNA 0.11

111365 Picea sitchensis clone WS02730_D16 unknown mRNA 2.00E-16

1834 Picea glauca clone GQ02811_F21 mRNA sequence 6.00E-18

18960 Picea glauca clone GQ03807_O22 mRNA sequence 4.00E-07

175672 Pseudozyma hubeiensis SY62 hypothetical protein partial mRNA 1.00E-20

130757 Picea glauca isolate CHS3 chalcone synthase mRNA, partial cds 1.00E-13

142277 Pinus sylvestris putative spermine synthase mRNA, complete cds 3.00E-09

9066 Picea glauca clone GQ03111_J02 mRNA sequence 5.00E-12

77654 PREDICTED: Solanum lycopersicum transcription factor SPATULA (LOC101266791), transcript variant X2, mRNA 0.009

173427 PREDICTED: Populus euphratica small RNA degrading nuclease 5 (LOC105107563), transcript variant X2, mRNA 7.00E-04

2301 Pinus taeda isolate 4743 hypothetical protein (0_7557_01) gene, partial cds 1.00E-13

33455 Strongyloides stercoralis genome assembly S_stercoralis_PV0001, scaffold SSTP_scaffold0000011 7.00E-04

138471 Picea glauca clone GQ03235_A09 mRNA sequence 1.00E-08

43557 PREDICTED: Cucumis sativus protein SHORT-ROOT-like (LOC101206730), mRNA 0.009
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3.6 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Summary of Sequence Filtering 

Summary of the sequence filtering process resulting with the identification of the 205 

significant markers  
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