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ABSTRACT 
 
 
 

ACTIVATION OF DISEASE RESISTANCE AND DEFENSE GENE EXPRESSION IN 
AGROSTIS STOLONIFERA AND NICOTIANA BENTHAMIANA BY A COPPER-

CONTAINING PIGMENT AND A BENZOTHIADIAZOLE DERIVATIVE  
 
 
 

Brady Nash       Advisors: 
University of Guelph, 2011     Professor T. Hsiang 
        Professor P. H. Goodwin 
 
 
 

Soil application of a known activator of Systemic Acquired Resistance (SAR), 

benzo(1,2,3)thiadiazole-7-carbothioic acid-S-methyl ester (BTH), and Harmonizer, a 

polychlorinated copper (II) phthalocyanine pigment, reduced severity of Colletotrichum 

orbiculare in Nicotiana benthamiana by 99% and 38%, respectively. BTH induced 

expression of nine SAR/progammed cell death-related genes and primed expression of 

two Induced Systemic Resistance (ISR)-related genes, while Harmonizer induced 

expression of only one SAR-related gene. Soil application of Harmonizer also reduced 

severity of Sclerotinia homoeocarpa in Agrostis stolonifera up to 39%, whereas BTH 

was ineffective. Next generation sequencing identified over 1000 genes in A. stolonifera 

with two-fold or higher increased expression following Harmonizer treatment relative to 

a water control, and induced expression of three defense-related genes was confirmed by 

relative RT-PCR. These results demonstrate that Harmonizer can activate systemic 

resistance in a dicot and a monocot, but changes in expression of genes indicated that it 

differed from BTH-activated SAR. 
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Chapter 1 Literature Review 

1.1 Introduction  

Plants are sessile organisms that are susceptible to many different pathogens and 

herbivores and because they cannot escape their predators, they have a need for defense 

mechanisms. Chemical compounds such as fungicides, bactericides, and insecticides are 

commonly used for the control of various plant pests on commercially important plant 

species, and can be quite effective. The problem is that many of these chemicals, or their 

degradation products, can be detrimental to both the environment and human health 

(Dalvie and London, 2009). This has generated a need for other effective, yet safe, 

compounds for control of plant diseases. Research on activation of plant immunity has 

played a large role in being able to identify different compounds which can be applied to 

plants for activation of plant immunity, over chemicals which are directly toxic to 

microorganisms (Kuc, 2001).  

Plants are able to defend themselves against potential attackers through inducible 

defense responses, such as cell wall strengthening, oxidative bursts, induction of novel 

defense gene expression, production of antimicrobial compounds, or programmed cell 

death (van Loon et al., 2006). Activation of these responses can occur following 

recognition of a pathogen by the plant. One method plants have to detect pathogens 

involves the recognition of conserved microbial features, referred to as pathogen-

associated molecular patterns (PAMP). PAMPs can be associated with both pathogenic 

and non-pathogenic microorganisms, and are recognized in the plant through membrane-

bound pattern recognition receptors (PRR). This type of resistance can be referred to as 
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PAMP-triggered immunity (PTI) and is a form of basal resistance (Jones and Dangl, 

2006; Pieterse et al., 2009). 

Although PTI can be quite effective, many pathogens have been able to suppress 

or overcome this type of defense in their host plant. They accomplish this through the use 

of effector molecules, which are believed to mimic or inhibit cellular functions in the 

plant (Pieterse et al., 2009). Numerous effector molecules can be released from an 

individual pathogen, and may affect one or more components of the plant's inducible 

defenses. This is referred to as effector-triggered susceptibility (ETS), and may target 

PTI, or another form of inducible-defense, effector-triggered immunity (ETI) (Jones and 

Dangl, 2006).  

ETI evolved as a mechanism for the plant to recognize effector molecules from 

pathogens. Recognition occurs via nucleotide-binding (NB) leucine-rich repeat (LRR) 

resistance (R) proteins. When an effector molecule from a pathogen is recognized by an 

R protein from a plant, ETI ensues, which is a faster and stronger version of PTI. 

Recognized effector molecules are also termed avirulence (avr) proteins, which has led to 

this type of resistance also being referred to as gene-for-gene resistance (Jones and 

Dangl, 2006; Pieterse et al., 2009). 

1.2 Localized and systemic induced resistance 

Activation of PTI and ETI can also occur following treatment with biotic or 

abiotic activators, leading to enhanced defense responses following subsequent pathogen 

challenge. Once activated, defense responses can be restricted to induced tissues 

following subsequent pathogen challenge, through a mechanism known as local acquired 

resistance (LAR). Induction of LAR can occur in a discrete zone surrounding lesions 
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formed during the hypersensitive response (HR). HR cells release a signal that spreads to 

activate LAR, and although this signal is currently not known, evidence suggests it is not 

salicylic acid (SA) (Costet et al., 1999). Changes in localized gene expression also occur 

in plant tissues displaying LAR (Ghannam et al., 2005). 

 Protection against a subsequent infection can also affect plant tissues distal to the 

intially infected or treated tissues, referred to as systemic resistance. The two major forms 

of this type of resistance are systemic acquired resistance (SAR) or induced systemic 

resistance (ISR) (Durrant and Dong, 2004). However, other forms of inducible systemic 

resistance exist, such as β-aminobutyric acid (BABA)-induced resistance (Cohen, 2002), 

silicon-induced resistance (SiIR) (Fauteux et al., 2006; Ghareeb et al., 2011), resistance 

induced by a non-pathogenic Alternaria alternata (Egusa et al., 2009), resistance induced 

by a Penicillium chrysogenum aqueous extract  (Thuerig et al., 2006) and resistance 

induced by the type III secretion system (T3SS) effector, HopZ1, secreted by 

Pseudomonas syringae pv. syringae (Macho et al., 2010).  

Characteristics of SAR are that it is activated by avirulent or weakly virulent 

pathogens (Sticher et al., 1997), PAMPs or damage-associated molecular patterns 

(DAMPs) (Conrath, 2011), effectors (e.g. Zhou et al., 2009) as well as biotic and abiotic 

activators (Métraux et al., 2002) (Table 1.1). SAR relies upon the SA signaling pathway 

to establish resistance systemically throughout the host plant (Gaffney et al., 1993). SAR 

can be effective against a wide variety of pathogens, including fungi, bacteria, and 

viruses, and is mainly effective against biotrophic or hemibiotrophic pathogens (Grant 

and Lamb, 2006). It can last anywhere from weeks to months after activation, such as an 
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initial inoculation (Gaffney et al., 1993). A generalized pathway associated with SAR is 

presented in Fig. 1.1.  

In contrast, ISR is generally activated by non-pathogenic root-associated 

microorganisms, PAMPs, or chemicals (Cortes-Barco et al., 2010a; De Vleesschauwer 

and Höfte, 2009). ISR relies upon increased sensitivity to the ethylene (ET)/jasmonic acid 

(JA) signaling pathway to establish systemic resistance (Pieterse et al., 2002). It can be 

effective against a wide variety of fungal and bacterial pathogens, and viruses (van Loon 

et al., 1998), and is mainly effective against necrotrophic pathogens (Vlot et al., 2009). It 

can also persist for weeks to months after activation, such as an initial inoculation (van 

Loon et al., 1998). A generalized pathway associated with ISR is presented in Fig. 1.2. 

1.3 Systemic Acquired Resistance (SAR)  

The first step in naturally occurring SAR (i.e., induced by a microorganism) is the 

detection of PAMPs, such as flagellin, from avirulent or weakly virulent pathogens by 

plant membrane-bound PRRs, such as FLS2, like in PTI (Chisholm et al., 2006; Zipfel et 

al., 2004). SAR has also been shown to be activated by detection of pathogen secreted 

effectors, such as AvrRpt2 (Mackey et al., 2003) and AvrPphB (Shao et al., 2003), either 

by direct binding to plant encoded R gene products or guarding the host target of the 

effector by detecting alterations in the host target protein, like in ETI (Jones and Dangl, 

2006). After both PAMP and effector recognition, there is activation of the mitogen-

activated protein kinase (MPK) cascade (Tsuda et al., 2010). In arabidopsis, AtMPK3 and 

AtMPK6 act as positive regulators of SA signaling, while AtMPK4 acts as a negative 

regulator of SA signaling (Vlot et al., 2009). There is also generation of reactive oxygen 

species (ROS) following pathogen recognition (Torres et al., 2006). Nitric oxide (NO), 
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which is another reactive oxygen derivative, and SA are also generated and act as an 

amplification loop to increase ROS (Mittler et al., 2004). If SAR is generated by effectors 

then ROS, NO, and SA are associated with the HR that occurs due to programmed cell 

death (PCD) at the site or sites of infection (Greenberg and Yao, 2004). However, SAR 

activated by PAMPs can occur without the development of tissue necrosis of the HR 

(Mishina and Zeier, 2007), and MPK signaling likely represents the link between PAMP 

detection and SAR (Peterson et al., 2000). 

ROS are generated by mitochondrial NADPH oxidases and extracellular 

peroxidases during the oxidative burst, which is one of the earliest responses to an 

invading pathogen (Vlot et al., 2009). Superoxide appears to be the main ROS produced 

during the oxidative burst, which then is converted to hydrogen peroxide via superoxide 

dismutase (Nimchuk et al. 2003). The oxidative burst occurs in two phases following 

pathogen recognition (Grant and Loake, 2000). The first oxidative burst is non-specific 

caused by a wide variety of stresses, such as wounding, while the second sustained 

oxidative burst correlates with disease resistance (Lamb and Dixon, 1997). The first 

oxidative burst generates the ROS that induces SA synthesis, and SA in turn potentiates 

the formation of hydrogen peroxide, which then induces synthesis of more SA. Thus, SA 

acts through a positive feedback loop, occurring before the sustained oxidative burst 

(Vlot et al., 2009). SA is synthesized from chorismate via the isochorismate synthase 

pathway in chloroplasts during SAR (Wildermuth et al., 2001), but SA can also be 

produced by the phenylpropanoid pathway, with trans-cinnamic acid and benzoic acid as 

intermediates, in cells undergoing cell death (Yalpani et al., 1993). The requirement of 

SA for SAR was shown through the use of transgenic tobacco expressing a bacterial gene 
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encoding a salicylate hydroxylase (NahG), which converts SA to catechol making the 

plants unable to accumulate SA, activate resistance or increase expression of SAR 

associated genes, such as those encoding PR proteins (Gaffney et al., 1993; Spoel et al., 

2003).  

NO is likely generated by assimilatory nitrate reductase (NR) or nitric oxide 

synthase (NOS) from nitrite or L-arginine, respectively (Planchet and Kaiser, 2006). In a 

positive feedback loop with SA (Vlot et al., 2009), NO donors induce accumulation of 

SA, and SA is required for defense-related signalling. NO may also have a role in 

regulating pathogenesis-related (PR) proteins and proteins related to secondary 

metabolism. Cyclic guanosine monophosphate (cGMP) and cyclic adenosine diphosphate 

ribose (cADPR) may mediate NO effects during plant defense, as both compounds have 

been shown to be required for induction of expression of PR-1 and phenylalanine 

ammonia-lyase (PAL) by NO. NO may also be involved in cellular increases in Ca2+ 

concentration and cell death related to the hypersensitive response (Garcia-Brugger et al., 

2006).  

NPR1 (non-expressor of PR genes) is a positive regulator of induced resistance. 

NPR1 exists as an oligomer in the cytosol, and this oligomerization is caused by S-

nitrosylation due to S-nitrosoglutathione (GSNO), a donor of NO (Tada et al., 2008). The 

oligomerized form of NPR1 prevents depletion of the protein, but it also makes it unable 

to enter the nucleus (Mou et al., 2003; Tada et al., 2008). A change in the cellular redox 

state following SAR induction is likely due to the accumulation of antioxidants (Mou et 

al., 2003). Glucose-6-phosphate-1-dehydrogenase (G6PDH) is involved in the generation 

of this reducing environment (Dong, 2004). Under the reducing conditions, NPR1 is 
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converted from an oligomer to monomer, a reaction catalyzed by thioredoxins (TRX), 

and in arabidopsis, it was found that both thioredoxin (TRX)-h5 and TRX-h3 were 

required for full induction of PR gene expression (Tada et al. 2008).  

The monomeric form of NPR1 enters the nucleus, probably due to its bipartite 

nuclear localisation signal (NLS) (Mou et al., 2003). NPR1 lacks a DNA binding domain 

and so does not interact directly with defense genes, like those for PR proteins (Mou et 

al. 2003), but it has two possible protein-protein interaction domains; one being an 

ankyrin-repeat domain, and the other being a BTB/POZ (broad-complex, tramtrack, and 

brica-brac/poxvirus, zinc finger) domain (Aravind and Koonin, 1999; Cao et al., 1997; 

Kinkema et al., 2000). Inside the nucleus, NPR1 interacts with three nuclear localized 

proteins called NIM1-interacting (NIMIN) proteins, and also interacts with the TGA 

subclass of basic leucine-zipper (bZIP) transcription factors. The TGA transcription 

factors are then able to interact with the as-1 element found in the promoter region of the 

PR1 and other genes, which are expressed in plants displaying SAR (Blanco et al., 2005; 

Weigel et al., 2005). Also, transient expression of NPR1 was able to induce expression of 

eight members of the WRKY family of transcription factors in a npr1-1 mutant (Eulgem 

and Somssich, 2007) via an as yet unknown mechanism. The NPR1 gene has a WRKY 

binding motif in its promoter and is positively regulated by WRKY transcription factors 

during the defense response (Yu et al., 2001). 

The long distance spread of resistance during SAR occurs through a mobile signal 

passing in the phloem (Kumar and Klessig, 2008). Although it is still controversial, 

several reports have argued that methyl salicylate (MeSA), synthesized by SA carboxyl 

methyltransferase, is the phloem-mobile signal for SAR in arabidopsis, N. tabacum, and 
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potato (Liu et al., 2010; Manosalva et al., 2010; Park et al., 2007; Park et al., 2009; Vlot 

et al., 2008;). In contrast, Attaran et al. (2009) suggested that MeSA is not required for 

long distance spread of SAR in arabidopsis. This difference in opinion may be due to 

MeSA being required only under certain light conditions, while under different lighting 

conditions MeSA plays a secondary role (Klessig et al., 2011). In addition to MeSA, an 

apoplastic lipid-transfer protein DIR1 (defective in induced resistance 1) may interact 

with a lipid molecule for long-distance signaling through the phloem (Maldonado et al., 

2002). Klessig et al. (2011) proposed that long distance signaling during SAR involves 

the interplay between two phloem-mobile signals, MeSA and a complex formed between 

DIR1 and a lipid or lipid derivative. This suppresses expression and/or activity of 

BA/SAMT1 (benzoic acid/SA carboxyl methyltransferase 1) in the distal tissue 

permitting the translocated MeSA to be converted by MeSA esterases into biologically 

active SA, which then induces and primes the defense responses (Liu et al., 2011). It has 

been suggested that the DIR1-binding lipid is a glycerol-3-phosphate (G3P) derivative 

(Chanda et al., 2011). In addition, the phloem-mobile metabolite, azelaic acid (AZA), a 

nine-carbon dicarboxylic acid, and azelaic acid induced 1 (AZA-1), were required for 

priming SA accumulation upon pathogen attack in arabidopsis by Pseudomonas syringae 

pv. maculicola, resulting in activation of SAR (Jung et al., 2009). This indicates that 

AZA could be an additional mobile signal.  

1.3.1 Microbial Activators of SAR  

In the dicotyledonous plant, tobacco, inoculations with tobacco mosaic virus 

(TMV), Peronospora tabacina, tobacco necrosis virus (TNV), potato virus Y (PVY), 

Thielaviopsis basicola, or Pseudomonas syringae were able to activate SAR against 
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numerous fungal, bacterial and viral pathogens, including T. basicola, Phytophthora 

parasitica, P. tabacina, P. syringae pv. tabaci, Erysiphe cichoracearum, TMV and TNV 

(Edreva, 2004). In cucumber, an initial inoculation with Colletotrichum lagenarium or 

Peronospora parasitica activated SAR against a dozen pathogens including fungi, 

bacteria and viruses (Sticher et al., 1997). In arabidopsis, an initial inoculation with an 

avirulent strain of P. syringae pv. tomato DC3000 was able to activate SAR against a 

virulent strain of the same bacterium (van Wees et al., 1999), and in pea seedlings, an 

avirulent strain of P. syringae pv. pisi was able to activate SAR against Mycosphaerella 

pinodes (Dann and Deverall, 2000). 

There are also reports of SAR induction by pathogens in monocots. In rice, an 

initial inoculation with the avirulent bacterial pathogen P. syringae pv. syringae, 

activated systemic resistance to the fungal pathogen Magnaporthe grisea (Kogel and 

Langen, 2005). [Note that M. grisea, the rice blast pathogen, is now known to be M. 

oryzae, but for the sake of clarity, the name used in the research publication is reported 

here]. In wheat, inoculation with the non-host pathogen, Erysiphe graminis f.sp. hordei, 

activated systemic resistance against the virulent pathogen E. graminis f.sp. tritici 

(Schaffrath et al., 1997). In barley, pre-inoculation with the non-host pathogen E. 

graminis f.sp. tritici activated systemic resistance against the virulent pathogen E. 

graminis f.sp. hordei (Gregersen and Smedegaard, 1989).  

1.3.2 PAMP Activators of SAR 

Research on the ability of biotic activators to induce resistance in plants 

eventually led to the discovery that various PAMPs were able to interact with PRRs in 

the plant (Chinchilla, et al., 2006; Zipfel et al., 2006). Interaction of these PAMPs with 
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PRRs was able to induce a similar level of resistance to that by the microorganisms 

themselves, indicating that the presence of the microorganism was not necessary. 

PAMPs isolated from different bacteria were shown to effectively activate SAR in 

several plant species. Harpin, an acidic protein produced by gram-negative plant 

pathogenic bacteria, was able to induce hypersensitive cell death and activate SAR in 

arabidopsis and tobacco against Peronospora parasitica and TMV, respectively (Peng et 

al., 2003). Lipopolysaccharides (LPS), a cell surface component of gram-negative 

bacteria, activated SAR in pepper inoculated with Xanthomonas campestris pv. 

campestris or Xanthomonas axonopodis pv. vesicatoria/avrBs1 (Newman et al., 2002). 

Hyaluronic acid, a mucoid capsule surrounding gram-positive streptococci, activated 

SAR in pepper to cucumber mosaic virus (CMV), in tomato to P. syringae pv. tomato 

and X. axonopodis pv. vesicatoria, and in cucumber to P. syringae pv. lachrymans and 

Colletotrichum orbiculare (Park et al., 2008). 

There have also been several fungal PAMPs shown to be effective at inducing 

SAR. Magnaporthe grisea cerebrosides, which are glycosphingolipids found in cell 

membranes of phytopathogenic fungi, were able to activate SAR in rice against this 

fungus (Umemura et al., 2000). The elicitins, cryptogein and capsicein, which are low 

molecular weight proteins secreted by Phytophthora species, were able to activate SAR 

in N. tabacum to P. parasitica par nicotianae (Keller et al., 1996). A crude elicitor 

preparation from Phytophthora sojae, containing a 42-kDa glycoprotein or a 13 amino 

acid oligopeptide fragment from the glycoprotein were able to activate SAR in cultured 

parsley cells (Jabs et al., 1997).  
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Chitin, a major component of fungal cell walls, as well as chitosan, a de-

acetylated derivative of chitin, can also activate SAR in many plants. Chitosan activated 

SAR in carrot to Alternaria radicina and Botrytis cinerea (Jayaraj et al., 2009), in pearl 

millet to Sclerospora graminicola (Manjunatha et al., 2009), in tobacco to TMV (Yafei et 

al., 2009), and in sunflower to Plasmopara halstedii (Nandeeshkumar et al., 2008). 

Studies in arabidopsis suspension-cultured cells found that the degree of acetylation, the 

degree of polymerization, and the concentration of chitosan were all important for full 

induction of SAR. The degree of acetylation seemed to be the most important factor, as 

re-acetylation of the chitosan progressively impaired hydrogen peroxide (H2O2) 

production and cell death (Cabrera et al., 2006).  

1.3.3 Effector Activators of SAR 

 SAR has commonly been activated by the HR, which can be caused by effectors 

secreted during pathogen attack (Jones and Dangl, 2006). However, SAR effectors can 

also be expressed in plants without pathogen attack or through exogenous application. 

Transgenic N. tabacum expressing the harpin effector protein, HpaGXoo, from 

Xanthomonas oryzae pv. oryzae, showed induction of SAR against Alternaria alternata, 

Ralstonia solanacearum and TMV (Peng et al., 2004). The harpin, HrpN, which is a type 

III secretion system effector, activated SAR against Penicillium expansum in Malus 

domestica when inoculated on harvested fruit at 2, 4 and 6 d post spray treatment (de 

Capdeville et al. 2003), implying that activation occurred by 48 hr and was still effective 

at 6 d. It also activated SAR against Venturia inaequalis in M. domestica and Venturia 

pirina in Pyrus communis (Percival et al. 2009).  
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1.3.4 Plant Derived Activators of SAR 

Compounds derived from plants can also activate systemic resistance against 

plant pathogens. These compounds are less well studied than PAMPs; however, they 

have still been shown to be quite effective. A compound extracted from Strobilanthes 

cusia, 3-acetonyl-3-hydroxyoxyindole (AHO), activated systemic protection in tobacco to 

TMV and Erysiphe cichoracearum (Li et al., 2008). β-1,4 cellodextrins, which are water-

soluble derivatives of cellulose, activated systemic protection in grapevine to B. cinerea 

(Aziz et al., 2007). Another plant-derived SAR activator is Regalia, containing 

concentrated leaf extracts of Reynoutria sachalinensis, which is reported as a foliar spray 

to activate systemic protection in cucumber to Sphaerotheca fuliginea (Daayf et al., 

1995; Daayf et al., 2000; Fofana et al., 2002) and in tomato to Leveillula taurica 

(Konstantinidou-Doltsinis et al., 2006). 

AZA, a nine carbon dicarboxylic acid found in the vascular sap of arabidopsis, 

activated systemic protection in arabidopsis against P. syringae pv. maculicola (Jung et 

al., 2009). AZA primed the plants to accumulate SA upon pathogen infection. Jung et al., 

(2009) also found that a mutation in an azelaic acid induced 1 (AZI1) gene, encoding a 

protein which is important for the generation of vascular sap that confers disease 

resistance, resulted in the loss of systemic immunity. To date, this is the only study 

providing evidence on the resistance-inducing capabilities of AZA.  

1.3.5 Synthetic Activators of SAR 

For SAR, exogenous application of SA has frequently been used to induce 

resistance (Reignault and Walters, 2007); however, exogenous SA does have some 

potential problems. Several reports have shown that when applied exogenously, SA does 
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not translocate efficiently, causing only the locally treated portions of the plant to exhibit 

the SAR response. Additionally, there is a narrow range of concentrations that can 

provide efficacy without causing severe phytotoxicity (Kessman et al., 1994). This has 

led to the search for other chemicals which could activate SAR in both dicots and 

monocots without the negative side effects of SA. A benzothiadiazole derivative, 

benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester (BTH), also known as 

acibenzolar-S-methyl (ASM), and dichloroisonicotinic acid (INA) are functional analogs 

of SA, and are the two most studied chemical elicitors of SAR, with BTH being the most 

commonly used due to its broader range of effectiveness and reduced phytotoxicity 

(Vallad and Goodman, 2004). It has shown effectiveness in many crop species such as 

tobacco, tomato, soybean, pepper, cotton, apple and pear to bacterial, fungal and viral 

pathogens (Vallad and Goodman, 2004). BTH has also shown efficacy in several 

monocots including rice, maize and wheat (Jansen et al., 2006; Vallad and Goodman, 

2004). In N. tabacum, BTH inhibits mitochondrial NADH: ubiquinone oxidoreductase of 

complex I of the electron transport chain (van der Merwe and Dubery, 2006) and 

cytoplasmic catalase and ascorbate peroxidase (Wendehenne et al., 1998). In addition, 

the antioxidants catechol and N-acetyl cysteine (NAC) suppressed the BTH-inducible 

expression of N. tabacum PR-1. This suggests BTH-induced changes in gene expression 

may be mediated by changes in H2O2 levels or cellular redox status (Wendehenne et al., 

1998). 

There are several compounds which are structurally related to SA, but are less 

well studied. Salicylic hydrazide (SHZ), 4-hydroxybenzoic hydrazide (4HBHZ) 

(Reignault and Walters, 2007), N-cyanomethyl1-2-chloroisonocotinamide (NCI) (Yasuda 
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et al., 2003a), 3-chloro-1-methyl-1H-pyrazole-5-carboxylic acid (CMPA) (Yasuda et al., 

2003b), and probenazole (PBZ), the active ingredient in the commercially available 

product Oryzemate, have all shown resistance-inducing capabilities (Yoshioka et al., 

2001). In addition, isotianil, a synthetic isothiazole-based compound, was recently shown 

to activate resistance in nine different crops against fungal, bacterial and viral pathogens 

(Ogawa et al., 2011).  

1.3.6 Gene Expression Related to SAR 

Molecular analyses of PAMP- or chemical-activated SAR in plants lead to the 

identification of specific genes involved in defense pathways (Ward et al., 1991). 

Approx. 300 genes were identified whose expression level changed at least 2.5-fold in 

response to SAR in arabidopsis (Maleck et al., 2000). Genes encoding PR have been the 

most characterized in the defense response to pathogens in several plant species. They are 

defined as proteins encoded by the host plant, but only activated upon pathogen challenge 

or related stimuli (van Loon and van Strien, 1999). They are divided into 17 families 

based on amino acid sequences, serological relationships, and/or enzymatic or biological 

activity (Christensen et al., 2002; Park et al., 2004; van Loon and van Strien, 1999). 

The PR-1, PR-2, PR-3, PR-4, and PR-5 proteins can be distinguished into two 

groups: acidic and basic (Cordelier et al., 2003; Stintzi et al., 1993). Acidic PR proteins 

are mainly found in the intercellular spaces and have been found to be involved in SAR, 

whereas basic PR proteins that have been characterized in disease resistance, have been 

implicated in ISR. The basic PR proteins differ in their molecular weights and amino acid 

sequences, but share similar functions (van Loon and van Strien, 1999; Ward et al., 

1991). 
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There are several different PR proteins which have been observed during SAR. 

Some of these include variants of  PR-1 (PR-1a, PR-1b, and PR-1c) of unknown function; 

PR-2 (PR-2a, PR-2b, and PR-2c), which are β-1,3-glucanases involved in the hydrolysis 

of β-1,3-glucans from fungal cell walls; PR-3 (PR-3a and PR-3b), encoding 

endochitinases involved in the breaking of glycosidic bonds in the chitin of fungal cell 

walls; PR-4 (PR-4a and PR-4b), encoding chitinase; and PR-5 (PR-5a and PR-5b), 

thaumatin-like proteins capable of disrupting fungal membranes (van Loon and van 

Strien, 1999; Ward et al., 1991).  

SAR-related genes are induced in coordination with the onset of SAR following 

application with a variety of activators such as SA, INA, infection with TMV (Ward et 

al., 1991), BTH (Cools and Ishii, 2002), chitosan (Jayaraj et al., 2009), harpin (Peng et 

al., 2003), AZA (Jung et al., 2009), β-1,4 cellodextrins (Aziz et al., 2007), cerebrosides 

(Umemura et al., 2004), Regalia (Fofana et al., 2002) and copper sulphate (Chmielowska 

et al., 2010). However, the expression levels of SAR-associated genes tend to vary 

among different species of plants, even within the same genus (Ryals et al., 1996), and 

possibly different cultivars (Walters et al., 2011). 

The expression of PR proteins may be a reliable indicator of SAR in dicots, but 

not in monocots (Molina et al., 1999). Application of the SAR activator BTH was able to 

induce a set of genes called chemical inducible genes in monocots, of which few share 

homology with known SAR genes in dicots (Kogel and Langen, 2005). Five chemically 

inducible genes were isolated from wheat (wheat chemically inducible genes – WCI), and 

named WCI-1, WCI-2, WCI-3, WCI-4, and WCI-5. WCI-1, WCI-3, and WCI-5 encode 

proteins of unknown function, WCI-2 encodes a lipoxygenase, and WCI-4 encodes a 
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cysteine protease (Görlach et al., 1996). Nine chemically inducible genes were isolated 

from barley (barley chemically inducible genes – BCI), and named BCI-1, BCI-2, BCI-3, 

BCI-4, BCI-5, BCI-6, BCI-7, BCI-8 and BCI-9. BCI-1 encodes a lipoxygenase, BCI-2 

encodes a thionin, BCI-3 encodes an acid phosphatase, BCI-4 encodes a putative Ca2+-

binding EF-hand protein, BCI-5 and BCI-6 encode proteins of unknown function, BCI-7 

encodes a putative serine proteinase inhibitor, BCI-8 encodes a fatty acid desaturase, and 

BCI-9 encodes a protein with no homologues (Beßer et al., 2000). One chemically 

inducible gene isolated from rice after treatment with BTH or INA (rice chemically 

inducible genes – RCI), and named RCI-1, encodes a chloroplastic lipoxygenase 

(Schaffrath et al., 2000). Also in O. sativa, application of isotianil resulted in induction of 

a lipoxygenase (LOX), a chitinase (CHT), a PAL and a SA- and BTH-inducible WRKY 

transcription factor, WRKY45 (Shimono et al., 2007; Ogawa et al., 2011). 

There are many other genes which are also affected by the SA defense pathway; 

however, these genes may not necessarily be induced but rather primed or potentiated. 

Priming is a phenomenon where application of an activating agent causes genes to have 

enhanced expression following pathogen challenge, as opposed to induction soon after 

application. The application of SA to tobacco does not cause a significant increase in 

expression of phenylalanine ammonia lyase 3 (PAL-3), an enzyme which produces a 

precursor in the SA pathway; however, plants which were pre-treated with SA showed a 

much stronger activation following pathogen challenge than those which were untreated 

(Goellner and Conrath, 2008). Other genes which are primed following SA or BTH 

application include the following: 4-coumarate-CoA ligase, which encodes an enzyme 

involved in the production of secondary metabolites; PR-10 proteins, which encode 
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proteins with RNAse activity and putative cytokinin binding activity; and hydroxyproline 

rich glycoproteins, which are important structural components of plant cell walls 

(Pieterse et al., 2006).  

Priming during SAR likely involves the accumulation of inactive protein kinases 

following treatment with an activator. In arabidopsis, BTH treatment lead to the 

accumulation of inactive un-phosphorylated MPK3 and MPK6, which upon pathogen 

challenge, became phosphorylated allowing them to interact with downstream targets and 

activate gene expression (Beckers et al., 2009). In addition, priming of SA-dependent 

defense genes by BABA was found to involve the induction of low levels of transcription 

factors, such as the WRKY transcription factors, of which several regulate SA-inducible 

defense genes (Van der Ent et al., 2009). The expression of these transcription factors 

was believed to be high enough to prime gene expression, but too low for direct 

activation. 

1.4 Induced Systemic Resistance (ISR) 

 Plant root surfaces contain large numbers of rhizosphere bacteria due to root 

exudates and lysates which provide nutrients to the bacteria (Lynch and Whipps, 1991; 

Pieterse et al., 2001). Specific strains of these bacteria can stimulate plant growth and are 

therefore referred to as plant growth promoting rhizobacteria (PGPR). Some PGPR 

isolated from naturally disease-suppressive soils were found to stimulate plant growth 

through suppression of pathogenic soil-borne microorganisms (Pieterse et al., 2001). In 

addition to inhibiting plant pathogenic microorganisms through direct antagonism, they 

can activate ISR. Direct application of beneficial soil microorganisms into the soil can 
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activate ISR in several plant species against numerous plant pathogens (Leeman et al., 

1995; Ton et al., 2002; van Loon, 1997; van Loon et al., 1998; Zehnder et al., 2001).  

Plant growth promoting fungi (PGPF) are similar to PGPR in that they can colonise host 

roots and protect the plants from pathogens, both through direct antagonism and 

activation of ISR (Harman et al., 2004a; Harman et al., 2004b; Hwang and Benson, 2003; 

Le Floch et al., 2005); however, some PGPF can also parasitize fungal pathogens 

(Harman et al., 2004a). In addition to PGPF, mycorrhizal fungi have been reported to 

activate ISR upon colonisation of the roots (Pozo et al., 1999). 

 The pathway of ISR induction has many similarities to SAR. There are a variety 

of PAMPs, such as flagella, biosurfactants, N-acyl-homoserine lactones (AHL), N-

alkylated benzylamines, antibiotics and exopolysaccharides, produced by PGPR that can 

be recognized by receptors (De Vleesschauwer and Höfte, 2009). An example is flagella 

isolated from the PGPR, Pseudomonas putida WCS358, which has a portion of its N-

terminal domain that is identical to flg22, which is highly conserved among 

Pseudomonas species (Felix et al., 1999), and is thus likely recognized by the FLS2 

receptor in arabidopsis (De Vleesschauwer and Höfte, 2009). However, since PGPR are 

non-pathogens they do not have a T3SS to inject T3SS effectors into host cells, and thus 

PGPR-mediated ISR would likely not involve effectors (De Vleesschauwer and Höfte, 

2009).  

Although specific receptors for PAMP detection during PGPR-mediated ISR have 

not been identified, the situation may be similar to that of PTI leading to MPK activation 

(Tsuda et al., 2010). It is known that MPK4 in arabidopsis is a positive regulator of JA 

signaling (Petersen et al., 2000). The JA response precedes that of ET, and both precede 
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NPR1, which is a key regulator of ISR as well as SAR (Pieterse et al., 1998). NPR1 was 

required for activation of ISR in WCS417r-treated arabidopsis since a npr1 mutant was 

unable to induce resistance against the foliar pathogen, P. syringae pv. tomato. In 

addition, npr1 mutants treated with methyl jasmonate (MeJA) or 1-aminocyclopropane-1-

carboxylate (ACC) did not show induced resistance to P. syringae pv. tomato, indicating 

that NPR1 acted downstream of the JA and ET responses (Pieterse et al., 1998).  

Although NPR1 is involved in both SAR and ISR, it may act differently in each 

system. Nuclear NPR1 regulates SA-dependent gene expression in SAR, but cytoplasmic 

localization of NPR1 is required for ISR activated by Piriformospora indica in 

arabidopsis (Stein et al., 2008). Also, suppression of the JA response by SA was 

controlled by a novel function of NPR1 in the cytosol (Spoel et al., 2003). It is therefore 

likely that NPR1, while in the cytoplasm, somehow affects JA responses during ISR. A 

role for NPR1 in the cytoplasm during ISR would be consistent with the lack of reports of 

ROS accumulation preceding pathogen challenge in ISR, unlike in SAR (Torres et al., 

2006). ROS can be associated with ISR. For example, ISR activated by root treatment 

with the non-pathogenic rhizobacterium, Serratia plymuthica, primed ROS production 

after challenge with M. oryzae, which was associated with a primed HR having 

characteristics of ETI (De Vleesschauwer et al., 2009). 

While JA and ET are key signalling molecules in ISR, endogenous levels of JA 

and ET did not change significantly when ISR was activated by Pseudomonas 

flourescens WCS417r, which is in contrast to increased levels of SA during activation of 

SAR (De Vleesschauwer and Höfte, 2009; Pieterse et al., 2000). Instead, there is elevated 

sensitivity to the presence of JA and ET (Pieterse et al., 2000). During ISR, JA-
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responsive genes are thus primed for increased expression after pathogen attack, while 

the plant’s ability to convert ACC to ET is increased due to increased ACC oxidase 

activity, which may enhance ET production after pathogen attack to increase expression 

of ET-responsive genes (Pieterse et al., 2001). The requirement for JA and ET in 

WCS417r-mediated ISR in arabidopsis was shown through the use of the JA-response 

mutant jar1 and the ET-response mutant etr1, with both mutants being compromised in 

ISR (De Vleesschauwer and Höfte, 2009; Pieterse et al., 1998). Additional mutations, 

such as enhanced disease susceptibility 8 (eds8) (Glazebrook et al., 1996; Ton et al., 

2002) and ethylene insensitive roots 1-1 (eir1-1) (Knoester et al., 1999) provide 

additional evidence for the requirement of JA and ET, respectively, for activation of ISR.  

 During ISR, systemic changes in gene expression primarily involves gene 

priming, where defense gene expression in induced plants occurs faster and stronger 

following pathogen challenge than in non-induced plants (Verhagen et al., 2004). In 

arabidopsis, WCS417r-mediated ISR was shown to induce low levels of transcription 

factors (Van der Ent et al., 2009), such as the ET-responsive transcription factor 1 

(ERF1) and a helix-loop-helix transcription factor, MYC2, which regulates JA-

responsive genes (Pozo et al., 2008). Van der Ent et al. (2009) proposed that the level of 

induction of these transcription factors is sufficient to prime gene expression but too low 

to activate strong induction directly. The low level of these transcription factors could 

then allow for the priming of rapid induction of defense gene expression during ISR 

(Verhagen et al., 2004). 

MYC2 has been described as a potential regulator of rhizobacteria-induced 

priming, as it binds to a G-box-like motif of jasmonate-responsive genes (Pozo et al., 
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2008). The transcriptional regulator OCP3 in arabidopsis may also play a role in JA-

dependent defense responses through modulation of NPR1, as ocp3 mutants, which are 

impaired in JA-mediated ISR, were rescued by overexpression of a cytosolic isoform of 

NPR1 (Ramírez et al., 2010). However, OCP3 was not involved in SA-dependent defense 

signaling. JA perception in arabidopsis alleviates inhibition of the transcription factor, 

AtMYC2, by the jasmonate ZIM domain (JAZ) protein, which acts as a repressor of JA 

responses (Chini et al., 2007; Thines et al., 2007). AtMYC2 appears to have an important 

role in priming for enhanced JA-responsive gene expression, as ISR-primed MeJA-

responsive genes were found to have an over-representation of G-box-like motifs, which 

is the binding site for MYC2 (Pozo et al., 2008). In addition, jasmonate-

insensitive1/myc2 mutant plants were unable to mount WCS417r-mediated ISR against 

Hyaloperonospora parasitica (Pozo et al., 2008). Downstream of AtMYC2, two NAC 

(NAM/ATAF1, 2/CUC2) transcription factors have been proposed to regulate JA-

dependent defense responses (Bu et al., 2008).  

A R2R3-MYB-like transcription factor gene, MYB72, was also shown to be 

important for activation of ISR, as myb72-1 and myb72-2 mutants did not activate ISR 

(Van der Ent et al., 2008). MYB72 was found to interact with an EIN3 (ETHYLENE 

INSENSITIVE3)-like transcription factor, EIL3, linking MYB72 to the ET pathway (Van 

der Ent et al., 2008). ET-responsive elements (ERE) (GCC box) are in the promoter 

regions of basic PR genes and function as the core sequences for ET-responsive 

transcription of defense-related genes (Ohme-Takagi et al., 2000). The GCC box is 

recognized by ERFs, of which there are 122 in A. thaliana (Nakano et al., 2006). In 
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arabidopsis, EIN3, and the paralogous EILs, bind to their immediate target, ERF1, in the 

5’ upstream region of ERF1 (Ohme-Takagi et al., 2000; Stepanova and Ecker, 2000). 

1.4.1 Biotic Activators of ISR 

 Applications of PGPR have shown high efficacy for activation of resistance in 

several plant species. Pseudomonas fluorescens WCS417r activated ISR in radish to 

Fusarium oxysporum f.sp. raphani (Leeman et al., 1995), carnation to F. oxysporum f.sp. 

dianthi (van Loon, 1997), and arabidopsis to Alternaria brassicicola, Xanthomonas 

campestris pv. armoraciae (Ton et al., 2002), P. syringae pv. tomato DC3000 (van Wees 

et al., 1999), and Peronospora parasitica (van Loon et al., 1998). 

Pseudomonas putida 89B-61, Serratia marcesens 90-166, Flavomonas 

oryzihabitans INR-5, and Bacillus pumilus INR-7, were able to activate ISR in cucumber 

against Erwinia tracheiphila (Zehnder et al., 2001). Bacillus pumilus INR-7, along with 

Curtobacterium flaccumfaciens ME1 and Bacillus subtilus GB03, were also effective in 

cucumber at controlling disease caused by P. syringae pv. lachrymans and C. orbiculare 

(Raupach and Kloepper, 2000). Bacillus amyloliquefaciens EXTN-1 was able to activate 

ISR in tobacco to pepper mild mottle virus (Ahn et al., 2002), while P. chlororaphis O6 

activated ISR in tobacco to P. syringae pv. tabaci and Erwinia carotovora subsp. 

carotovora (Spencer et al., 2003). 

 In monocots, activation of ISR by PGPR has also been shown to be effective. 

Bacillus pumilus INR7, B. pumilus SE34, and B. subtilus GB03 were shown to be 

effective at activating resistance in pearl millet to Sclerospora graminicola (Niranjan Raj 

et al., 2003). Pseudomonas fluorescens PF1, FP7, and PB2 were able to activate 

resistance in rice to Rhizoctonia solani (Nandakumar et al., 2001). 
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 There is also evidence that root-colonizing fungi can activate both local and 

systemic resistance in plants. Trichoderma harzianum T39 was able to activate resistance 

against B. cinerea in tomato, lettuce, tobacco, pepper and bean, while T. harzianum T22 

activated resistance in bean, tomato and maize to X. campestris pv. phaseoli, A. solani 

and C. graminicola, respectively (Harman et al., 2004a; Harman et al., 2004b). 

Trichoderma virens strains G-6, G-6-5 and G-11, activated resistance in cotton to R. 

solani, and T. asperellum T-203 activated resistance in cucumber to P. syringae pv. 

lachrymans (Harman et al., 2004a). Binucleate Rhizoctonia activated ISR against R. 

solani in poinsettia cuttings (Hwang and Benson, 2003), and the mycorrhizal fungus, 

Glomus mosseae, activated ISR against P. parasitica in tomato (Pozo et al., 1999). 

1.4.2 PAMP Activators of ISR 

 The original identification of microbial compounds capable of inducing immune 

responses came from pathogenic microorganisms and their effects on animal systems, 

and hence the term PAMPs was coined (Nurnberger and Kemmerling, 2009). However in 

plants, more compounds are also found in non-pathogenic microorganisms such as 

PGPR. The term PAMP will also be used to refer to compounds from PGPR capable of 

inducing resistance.  

Much like that of SAR, bacterial components from PGPR can also elicit ISR in a 

similar manner to that of the organism itself (Han et al., 2006; Pieterse et al., 2001; Ryu 

et al., 2003). These bacterial components have been isolated from several different 

species of PGPR and are listed in Table 1.2 with other biotic and abiotic activators of 

ISR. 
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Purified LPS, or LPS containing cell wall preparations from P. fluorescens 

WCS417r, were as effective as live P. fluorescens WCS417r at activating ISR in radish. 

LPS containing cell wall preparations from P. fluorescens WCS417r were capable of 

activating ISR in arabidopsis (Pieterse et al., 2001). Purified pseudobactin or ferric-

pseudobactin complex from P. putida WCS358r, were effective at activating resistance in 

arabidopsis to P. syringae pv. tomato DC3000 (Pieterse et al., 2001). Pseudobactin from 

P. fluorescens WCS374 was effective at activating ISR in rice to M. oryzae, while 

pseudobactin from P. putida WCS358 was effective at inducing ISR in Eucalyptus and 

tobacco to Ralstonia solanacearum and Erwinia carotovora, respectively (De 

Vleesschauwer and Höfte, 2009). Partly purified flagella from P. putida WCS358r were 

also effective at activating ISR, but this can not explain all defense inducing capacities of 

P. putida because a flagella deficient mutant was as efficacious as the wild type strain of 

bacteria (Pieterse et al., 2001).  

A volatile organic compound (VOC) (2R,3R)-butanediol secreted by P. 

chlororaphis O6 (Han et al., 2006), B. subtilus GB03 and B. amyloliquefaciens IN937a 

(Ryu et al., 2003) has also been effective at activating ISR; so far, other VOC such as 

acetoin, which is a precursor for (2R,3R)-butanediol, have not been tested. The (2R,3R)-

butanediol was effective at activating resistance in tobacco to E. carotovora  subsp. 

carotovora SCC1 and P. syringae pv. tabaci, and promoted growth in both tobacco and 

arabidopsis (Han et al., 2006; Ryu et al., 2003). Resistance induced by (2R,3R)-

butanediol requires an intact ET signaling pathway, and this type of resistance induction 

can be highly specific, as an isomer of (2R,3R)-butanediol, (2S,3S)-butanediol, did not 
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induce resistance (Cortes-Barco et al., 2010a; Cortes-Barco et al., 2010b; Spencer et al., 

2003).  

The biosurfactant, surfactin, from Bacillus subtilus S499 was effective at 

activating resistance in bean to Botrytis cinerea (De Vleesschauwer and Höfte, 2009). 

Exopolysaccharides (EPS) from Burkholderia gladioli IN26 and Serratia sp. strain 

Gsm01 were effective at activating resistance in cucumber to C. orbiculare, and in 

tobacco to cucumber mosaic virus, respectively, while the EPS, 4-(aminocarbonyl) 

phenylacetate activated ISR in tobacco to P. syringae pv. tabaci (De Vleesschauwer and 

Höfte, 2009). The antibiotic pyocyanin was involved in induction of resistance in tomato 

to B. cinerea following root treatment with P. aeruginosa 7NSK2, and in activation of 

resistance in rice to M. oryzae (De Vleesschauwer and Höfte, 2009). The antibiotic, 2,4-

diacetylphloroglucinol (DAPG) produced by P. fluorescens CHA0, was required for 

activation of ISR in arabidopsis to Hyaloperonospora arabidopsidis, in tomato to the root 

knot nematode Meloidogyne javanica (De Vleesschauwer and Höfte, 2009). In addition, 

DAPG produced by P. chlororaphis Q2-87 was required for activation of ISR in 

arabidopsis to P. syringae pv. tomato (De Vleesschauwer and Höfte, 2009). The 

antibiotic, Massetolide A, produced by P. fluorescens SS101 was responsible for 

activation of resistance in tomato to P. infestans (De Vleesschauwer and Höfte, 2009). N-

alkylated benzylamines from P. putida BTP1 activated ISR in bean to B. cinerea, and in 

cucumber to C. lagenarium (De Vleesschauwer and Höfte, 2009). 

 There are also fungal PAMPs with both growth-promoting activity and resistance-

inducing capabilities. A 22-kDa xylanase secreted by several different strains of 

Trichoderma induced both ethylene production and plant defense responses (Harman et 
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al., 2004a). The Trichoderma spp. produced secondary metabolites, harzianolide and 6-n-

pentyl-6H-pyran-2-one (6PP), stimulated plant growth in tomato and canola seedlings, 

while activation of resistance was observed in tomato and oilseed rape to B. cinerea and 

Leptosphaeria maculans, respectively (Vinale et al., 2008). 

Another potential fungal PAMP is hexanoic acid (HA), a carboxylic acid released 

by various endophytes belonging to the genus Gliocladium (Stinson et al., 2003), but 

hexanoic acid is also produced by plants, such as strawberry (Zabetakis et al., 2000) and 

Arbutus unedo (Soufleros et al., 2005). Hexanoic acid provides direct antifungal activity 

by affecting fungal membrane permeability; however, applications of concentrations 

below the minimal fungicidal concentration were found to significantly reduce necrosis 

area induced by B. cinerea on tomato (Leyva et al., 2008). Resistance induced by 

hexanoic acid appears to be related to ISR as it required an intact JA signaling pathway, 

while impairment in ET, SA, abscisic acid or glutathione had no impact on the protective 

effect of hexanoic acid in arabidopsis against the necrotrophic fungal pathogen, B. 

cinerea (Kravchuk et al., 2011). In addition, Vicedo et al. (2009) and Kravchuk et al. 

(2011) observed priming of JA-dependent responses in HA-induced tomato and 

arabidopsis, respectively, which is a response typical of ISR. 

1.4.3 Additional Activators of ISR 

 The identification of signaling molecules during defense responses has also 

allowed for the identification of chemicals which can be applied for activation of ISR. 

However, it appears as though there are considerably fewer chemical activators of ISR 

than there are for SAR. The most commonly used chemical activators of ISR appear to be 
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JA or its derivatives, such as MeJA, which is more volatile than JA (e.g. Pozo et al., 

2004; van Wees et al., 1999).  

MeJA was able to activate resistance in arabidopsis to P. syrinage pv. tomato (van 

Wees et al., 1999), B. cinerea, Plectosphaerella cucumerina and A. brassicicola (Pozo et 

al., 2004). MeJA was also able to activate resistance in tomato and potato to P. infestans, 

in cut roses to B. cinerea, in Picea abies to Pythium ultimum, and in grapefruit to 

Penicillium digitatum (Pozo et al., 2004). In addition to the jasmonates, the ethylene 

precursor, ACC, activated ISR in arabidopsis to P. syringae pv. tomato (van Wees et al., 

1999).  

There have only been a couple of reports of other compounds capable of 

activating ISR in plants. Galactinol, one of the precursors for the formation of raffinose 

family oligosaccharides (RFO) in plants, activated ISR in tobacco to B. cinerea and E. 

carotovora (Kim et al., 2008), and Civitas, a novel activator of plant immunity from 

Petro-Canada, activated ISR in N. benthamiana to C. orbiculare (Cortes-Barco et al., 

2010a), and in A. stolonifera to Rhizoctonia solani, Sclerotinia homeoecarpa and 

Microdochium nivale (Cortes-Barco et al., 2010b). 

Civitas is a mixture of food grade isoparaffins and food grade emulsifiers. 

Isoparaffins are branched-chain alkanes that can be produced in the oil refinery 

processes, and have been used with herbicides for many years to improve efficacy 

through several mechanisms including improving emulsion or suspension stability, 

increasing surface contact on the leaves, and by aiding in foliar absorption through 

disruption of the waxy cuticle (Manthey and Nalewaja, 1992; Reeves, 1992). Some of the 

initial trials with Civitas were effective at suppressing diseases of banana and citrus spp. 
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(Fefer, personal communication). Local field trials with turfgrasses showed efficacy 

against the turfgrass diseases, dollar spot and brown patch, caused by S. homoeocarpa 

and R. solani, respectively (Hsiang, unpublished). Minimal direct fungicidal activity was 

observed with Civitas, suggesting its role in activating resistance (Cortes-Barco et al., 

2010b).  

1.4.4 Gene Expression Related to ISR 

Like SAR, there are specific marker genes associated with activation of the ISR 

pathway. However, systemic responses associated with ISR, such as gene expression, are 

typically primed rather than induced. Verhagen et al. (2004) found that while no genes 

showed detectable induction in leaves, 81 genes were primed for increased expression in 

leaves by root treatment with WCS417r in arabidopsis following inoculation with P. 

syringae pv. tomato DC3000. The majority of these genes were predicted to be JA or ET 

regulated. Examples of primed genes related to defense were the defensin, PDF1.2, and a 

thaumatin-like gene. In arabidopsis, a commonly used marker gene for priming due to 

ISR is the JA-inducible vegetative storage protein 1 gene (AtVSP1), which was primed by 

Piriformospora indica against powdery mildew (Molitor and Kogel, 2009) and MeJA 

against P. syringae pv. tomato (Van Wees et al., 1999). Newman et al. (2002) found that 

PR-2 was primed in pepper following treatment with LPS, and that two antimicrobial 

phenolic conjugates were synthesized more rapidly in plants pre-treated with LPS, 

followed by inoculation with Xanthomonas campestris pv. campestris.  

In addition to priming, some genes show induced expression after ISR activation. 

In arabidopsis, microarray data showed a substantial change in the expression of 97 genes 

in the roots when grown in the presence of P. fluorescens WCS417. Some of these genes 
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included those involved in cell rescue and defense, metabolism, transcription, cellular 

communication and signal transduction, in particular genes involved in ET signalling 

(Verhagen et al., 2004). Spencer et al. (2003) found that treatment of tobacco roots with 

the PGPR, P. chlororaphis O6, induced expression in leaves of PR1g, 3-hydroxy-3-

methylglutaryl-CoA-reductase (HMGR), encoding an enzyme involved in the production 

of the precursor for isoprenoids, and LOX.  In addition, treatment of arabidopsis roots 

with P. fluorescens strain FPT9601-T5 induced up regulation of 95 genes and down 

regulation of 105 genes in shoots by more than two-fold (Wang et al., 2005).  

Many studies have used PGPR to characterise gene expression (Kim et al., 2004; 

Spencer et al., 2003; van Wees et al., 2000; Verhagen et al., 2004; Wang et al., 2005). 

However, PAMPs can also affect of gene expression during ISR. In B. cinerea infected 

tomato plants, hexanoic acid induced expression of LOXD (Vicedo et al., 2009). In 

arabidopsis, expression of PDF1.2, PR-4 and VSP1 was primed by hexanoic acid after 

challenge by B. cinerea (Kravchuk et al., 2011). (2R,3R)-butanediol induced expression 

of PDF1.2 in arabidopsis (Ryu et al., 2004), and in N. benthamiana, induced expression 

of basic NbPR-2 and NbPR5-dB, and primed NbPrb-1b, basic NbPR-2 and NbPR5-dB 

after challenge by C. orbiculare (Cortes-Barco et al., 2010a). (2R,3R)-butanediol also 

induced expression of AsOPR-7 and AsGns5, and primed AsAOS1, AsOPR-7 and AsGns5 

for increased expression following inoculation with M. nivale in A. stolonifera (Cortes-

Barco et al., 2010b). Application of 6-n-pentyl-6H-pyran-2-one or harzianolide induced 

expression of PR-1 in Brassica napus, while in tomato, application of 6-n-pentyl-6H-

pyran-2-one and harzianolide induced expression of an endochitinase (Vinale et al., 

2008).  
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Plant compounds can also affect gene expression during ISR. Exogenous 

application of MeJA induced expression of Atvsp, LOX1, LOX2, PAL1, PIN2, ChiB and 

PDF1.2 in arabidopsis, with Atvsp, LOX1 and LOX2 showing the greatest level of 

induction (van Wees et al., 1999). Application of ACC (van Wees et al., 1999) induced 

expression of PDF1.2. Civitas, which is derived from petroleum and thus of plant origin, 

induced expression of NbPRb-1b and basic NbPR-2, and primed NbPRb-1b, basic NbPR-

2 and NbPR5-dB for increased expression following inoculation with C. orbiculare in N. 

benthamiana (Cortes-Barco et al., 2010a), and induced expression of AsAOS1 and primed 

AsAOS1, AsOPR-7 and AsGns-5 for increased expression following inoculation with M. 

nivale in A. stolonifera (Cortes-Barco et al., 2010b). 

1.5 Other types of induced disease resistance 

Not all forms of induced resistance are clearly associated with SAR or ISR. The 

effector, HopZ1a, from P. syringae pv. syringae triggered an unusual resistance in 

arabidopsis against P. syringae pv. tomato DC3000 expressing HOPZ1a that is 

independent of the known SA, JA and ET pathways, and suppresses SA and EDS1-

dependent resistance (Macho et al., 2010). The bacterial flagellar PAMP, flg22, also 

induces a resistance response in arabidopsis against P. syringae pv. tomato DC3000 that 

appears to act independently of SA and JA/ET responses (Zipfel et al., 2004). Bacterially 

produced hyaluronic acid induced resistance in tomato against P. syringae pv. tomato and 

Xanthomonas axonopodis pv. vesicatoria, in cucumber against Pseudomonas syringae 

pv. lachrymans, and C. orbiculare, and in pepper against cucumber mosaic virus (CMV), 

with induction of both SAR- and ISR-related genes, indicating activation of both SA- and 

JA-dependent defense responses (Park et al., 2008). Also, SiIR has similarities to ISR 
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and SAR in that it affects genes regulated by ET and JA and primarily involves priming 

of gene expression like ISR (Ghareeb et al., 2011), but it also primes SA-dependent 

defense responses (Fauteux et al., 2006) indicating that it is related to SAR (Cai et al., 

2009). The mode of action of non-pathogenic yeasts and bacteria to induce resistance in 

stored fruits also does not fit with the existing division between SAR and ISR, with 

characteristics of both pathways (Castoria and Wright, 2010).  

BABA, a non-protein amino acid rarely found in plants, differs from SAR and 

ISR because it is commonly associated with priming of SA-dependent defense-related 

genes rather than induction (Zimmerli et al., 2000; Zimmerli et al., 2001), whereas the 

well known SAR activator BTH commonly leads to induction of defense genes (e.g. 

Friedrich et al., 1996). In addition, BABA-mediated resistance in N. tabacum against 

Peronospora tabacina was independent of SA and ET responses, while BABA-mediated 

resistance to TMV required an intact SA-signaling pathway (Cohen, 2002). However, 

some researchers describe BABA-induced resistance as being related to SAR (Edreva, 

2004; Jeun et al., 2004). This is supported by foliar sprays of BABA that increased 

resistance to TMV in N. tabacum and was associated with induced PR1a expression, 

accumulation of SA, and loss of activity in transgenic NahG plants (Siegrist et al., 2000).  

There are also a variety of compounds which induce disease resistance but have 

limited or no data available on the molecular aspects of the resistance response. These 

include compounds used for seed tuber treatments such as calcium phosphite (CaHPO3) 

and potassium phosphite (K2HPO3) that induced resistance against Phytophthora 

infestans, Fusarium solani and R. solani in potato (Lobato et al., 2008), dipotassium 

hydrogen phosphate (K2HPO4) that induced resistance against Pyricularia oryzae in rice 
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(Manandhar et al., 1998), and boric acid (H3BO3) that induced resistance against 

Sphaerotheca fuliginea in cucumber (Reuveni et al., 1997). Foliar spray of menadione 

sodium bisulphate (vitamin K) induced resistance against Fusarium oxysporum f.sp. 

cubense in banana, as well as induced the expression of an ascorbate peroxidase (APX), 

but not a PR-1 gene (Borges et al., 2004). These compounds may be inducing SAR or 

ISR, but this needs further study. The above examples demonstrate that activation of 

disease resistance by biotic and abiotic activators does not always lead to exact SAR or 

ISR responses, indicating the possibility for other resistance pathways in plants or for 

crosstalk between currently described resistance responses (e.g. Oirdi et al., 2007; Spoel 

et al., 2003). 

1.6 Heavy metals and induced disease resistance 

Foliar sprays, root-dip treatments and wet seed treatments of nickel nitrate 

(Ni(NO3)2), ferric chloride (FeCl3), barium chloride (BaCl2) and cadmium chloride 

(CdCl2), as well as foliar sprays and wet seed treatments of mercuric chloride (HgCl2), 

was reported to induce resistance against Drechslera oryzae in rice, and induce 

phytoalexin production (Giri et al., 1983). Foliar sprays of copper sulfate (CuSO4) and 

manganese chloride (MnCl2) induced resistance against S. fuliginea in cucumber, and 

induced expression of a peroxidase and a β-1,3-glucanase, although it was unclear if the 

β-1,3-glucanase was acidic or basic and related to SAR or ISR (Reuveni et al., 1997). 

Copper sulfate amended into soil nutrient solutions induced expression of a peroxidase, a 

PR-1 gene and a β-1,3 glucanase in Capsicum annuum (Chmielowska et al., 2010), 

suggesting that copper stress operates through the SA signaling pathway. However, leaf 

discs floated in copper sulfate solution induced ET biosynthesis in several plant species, 
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such as N. tabacum (Mattoo et al., 1992). Copper sulfate induced JA accumulation in 

arabidopsis and Phaseolus coccineus (Maksymiec et al., 2005), and copper chloride 

increased JA synthesis along with phytoalexin production in rice (Rakwal et al., 1996). 

The physiological effects of excess copper sulfate on roots of arabidopsis plants were 

partially related to expression of the JA pathway (Maksymiec and Krupa, 2002). Thus, 

there is evidence for copper stress influencing the SA, ET and JA pathways in plants. 

Uptake of heavy metals in plants is associated with oxidative stress (Chmielowska 

et al., 2010; Hegedüs et al., 2001; Sanità di Toppi and Gabbrielli, 1999). Heavy metals, 

such as copper, can have a direct effect on the production of ROS, whereas non-essential 

heavy metals, such as cadmium, do not appear to act directly on the production of ROS, 

but rather inhibit the activity of antioxidative enzymes (Sanità di Toppi and Gabbrielli, 

1999). Copper can increase H2O2-dependent peroxidase activity, which can strengthen 

plant cell walls by cross-linking cell wall polymers (Lin et al., 2005). Both copper stress 

(Quartacci et al., 2001) and pathogen attack (Vlot et al., 2009) can also increase NADPH 

oxidase activity resulting in ROS generation. Metal phthalocyanines of cobalt, copper, 

iron and aluminum, which chelate the metals, are proposed to aid in plant disease 

resistance through the generation of ROS (Vol’pin et al., 2000).  

1.7 Crosstalk  

There is evidence for crosstalk between SAR and ISR. SA regulates certain 

components of ISR, such as the negative regulation of JA-inducible gene expression via 

the activators of SA-dependent responses, NPR1 and the transcription factor WRKY70 

(Halim et al., 2009). Activation of EDS1 (enhanced disease susceptibility), which 

encodes a protein with homology to lipases, of SGT1, which encodes a protein needed for 
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the function of certain ubiquitin ligase complexes, and of PAD4, which encodes a lipase-

like gene, also lead to the repression of JA-inducible genes (Brodersen et al., 2006; Oirdi 

et al., 2007). A mutation in a stearoyl-ACP desaturase (ssi2) caused constitutive 

expression of the SAR-induced PR genes, while expression of the JA-associated gene 

PDF1.2 was reduced (Kachroo et al., 2001). 

JA and ethylene, which are involved in signaling during ISR (Pieterse et al., 

2000), have been shown to affect various components of the SAR pathway, including 

EDS1 and PAD4. MPK4 is involved in the suppression of SA-dependent defenses (SAR), 

while it induces the ET/JA pathway (ISR). It is believed that MPK4 inhibits the SA-

defense pathway through repression of EDS1 and PAD4, and since EDS1 and PAD4 

themselves inhibit the JA-dependent defense pathway, MPK4 inhibition of EDS1 and 

PAD4 allows for the expression of certain JA-responsive genes (Brodersen et al., 2006).   

The interaction between ISR and SAR may be antagonistic. Much of the evidence 

available on antagonism is based on molecular studies associated with pathogen 

inoculation or activator treatment. Some studies have found that pathogens may utilise 

antagonism between defense responses in order to effectively colonise the host (Kachroo 

et al., 2001; Laurie-Berry, et al., 2006; Oirdi et al., 2007). In N. benthamiana, B. cinerea 

was able to cause disease through activation of EDS1 and SGT1. Activation of EDS1 and 

SGT1 inhibits the JA defense pathway, which is effective against necrotrophic pathogens, 

while activating the SA-dependent defense pathway (Oirdi et al., 2007). Since B. cinerea 

is a necrotrophic pathogen, it is believed that its repression of the JA-dependent defense 

pathway through activation of the SA-dependent defense pathway is what allows it to 

establish disease (Oirdi et al., 2007). A similar observation was also found in arabidopsis 
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plants inoculated with B. cinerea. Plants which were defective in the SA-dependent 

defense pathway were resistant to the pathogen, while those which were defective in the 

JA-dependent defense pathway were highly susceptible (Kachroo et al., 2001). In 

arabidopsis, Pseudomonas syringae pv. tomato (Pst), which is normally limited by the 

SA-dependent defense pathway, was found to produce coronatine, a JA analog which 

triggers the activation of the JA-dependent defense pathway; inhibition of the SA-

dependent defense pathway through activation of the JA-dependent defense pathway is 

believed to allow this bacterium to promote symptom development (Laurie-Berry et al., 

2006).  

Application of certain concentrations of the signaling molecules JA or SA, or 

their analogs, can have antagonistic effects on defense responses. In arabidopsis, 

antagonistic effects were observed on the expression of PR1 and PDF1.2 when JA and 

SA were applied at concentrations greater then 500 μM (Mur et al., 2006), while 

Koornneef et al. (2008) found that concentrations of SA as low as 0.1 μM in combination 

with 100 μM MeJA, lead to a decreased level of expression of PDF1.2 relative to 

treatment with 100 μM MeJA alone. The SA-JA antagonism lasted up to 96 HPT, 

showing that it is a long lasting effect; however the antagonistic effect of SA on PDF1.2 

expression was lost if SA was applied more than 30 hours before MeJA treatment. Also 

in arabidopsis, Leon-Reyes et al. (2009) found that application of various concentrations 

of ACC modulated the SA-dependent antagonism of PDF1.2 expression in an npr1 

mutant, whereas the application of 500 μM SA with 20 μM MeJA in an npr1 mutant had 

no effect on PDF1.2 expression, relative to application of 20 μM MeJA alone. In 

tobacco, prolonged co-accumulation of JA and SA lead to a reduction in GUS activity of 
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AoPR10-GUS by 72 hours post treatment (HPT) with various concentrations of JA and 

SA, even though at 24 HPT, GUS activity was higher in tobacco plants treated with both 

JA and SA, relative to treatment with JA or SA alone (Mur et al., 2006). In cucumber, 

combined application of 250 μM JA with 500 μM ASM lead to a decrease in protein 

levels of CHI2, encoding an acidic class III chitinase, relative to application of 500 μM 

ASM alone (Liu et al. 2008). 

There is also evidence for potential synergistic effects when combining both SAR 

and ISR activators. Mur et al. (2006) found that simultaneous activation of the SA-

dependent and JA-dependent defense responses in both tobacco and arabidopsis increased 

the level of resistance relative to either response alone if activators were applied at 

concentrations below 500 μM. Exogenous application of 250 μM SA with 10 μM JA 

induced a higher level of GUS activity in tobacco plants expressing a PR1a-GUS SAR 

marker gene, than did 250 μM SA alone. In arabidopsis, 250 μM SA with 10 μM JA 

induced a higher level of expression of the ISR marker genes thionin and PDF1.2 

compared to 10 μM JA alone, and there was higher expression of the SAR marker gene, 

PR1a, when 10 μM SA was combined with 32 μM JA relative to SA or JA alone (Mur et 

al., 2006). Mur et al. (2006) found these to be the best possible combinations as higher or 

lower concentrations of either SA or JA induced lower GUS activity of PR1a-GUS in 

tobacco, or lower expression levels of thionin, PDF1.2 or PR1 in arabidopsis. 

Van Wees et al. (2000) found that when SAR was activated in arabidopsis by P. 

syrinage pv. tomato carrying the avr gene avrRpt2, or 1 mM SA, and ISR was activated 

by treatment with P. fluorescens WCS417r, disease caused by the virulent pathogen P. 

syringae pv. tomato was significantly reduced relative to plants expressing either SAR or 
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ISR alone. It was also found that plants treated with P. fluorescens WCS417r and 

inoculated with P. syringae pv. tomato (avrRpt2), had higher transcript levels of AtVSP in 

plants expressing both SAR and ISR, relative to plants only expressing SAR (van Wees 

et al., 1999). Like Mur et al. (2006), van Wees et al. (1999) also found that prolonged co-

accumulation of the signal molecules could lead to antagonism. The higher transcript 

levels of AtVSP mentioned above were seen at 24 hours post induction; however, 48 

hours after induction of both SAR and ISR, the transcripts of AtVSP and PDF1.2 were 

undetectable (van Wees et al., 1999).  

The evidence provided by van Wees, et al. (1999), van Wees et al. (2000), and 

Mur et al. (2006) provide promising evidence for the enhanced disease suppressive 

capability of combined SAR and ISR defense responses. Since these researchers tested 

either the defense signaling molecules themselves, or bacteria capable of eliciting the 

SAR or ISR responses, future work on the use of naturally occurring defense activators 

may be useful in determining how effective the combined activation of SAR and ISR can 

be. 

1.8 Large Scale Gene Expression 

 Large scale analysis of gene expression is an effective way to compare 

transcriptional responses in an organism following different treatments or stimuli. Since 

the development of the polymerase chain reaction (PCR) in 1984 which is used to 

amplify DNA sequences, several new techniques have been developed which allow for 

analysis of gene expression anywhere from a few genes, to the expression of genes across 

an entire genome (Gracey, 2007; Hoen et al., 2008; Reinartz et al., 2002; Wen et al., 

1998). Methods such as reverse transcriptase PCR (RT-PCR) are effective for the 
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amplification of anywhere up to a couple hundred genes (Wen et al., 1998), while 

methods such as microarrays (Gracey, 2007), massively parallel signature sequencing 

(MPSS) (Reinartz et al., 2002), serial analysis of gene expression (SAGE) (Velculescu et 

al., 1995), and RNA-seq using the Next Generation Sequencing (NGS) technologies 

(Wang et al., 2010) can be used to analyze differences in gene expression across an entire 

transcriptome, with each method having its own benefits and drawbacks. 

 Prior to the advent of NGS, hybridization-based microarrays were the dominant 

method for analyzing large scale changes in the transcriptomes of plants (Wang et al., 

2010). Microarrays have their limitations however, including a limited range of detection 

for changes in expression, reduced sensitivity due to non-specific cross-hybridization, the 

inability to detect novel transcripts, and a requirement for extensive knowledge of the 

genome of interest (Wang et al., 2010). The use of techniques, such as MPSS and SAGE, 

overcame some of the limitations of microarrays, as they allowed precise quantification 

of transcripts, identified novel transcripts, and did not require extensive knowledge of the 

genome of interest. However, these technologies were not widely used due to the 

relatively low throughput and high cost associated with Sanger sequencing (Wang et al., 

2010). 

 RNA-seq has the benefits of MPSS and SAGE with precise quantification, 

identification of novel transcripts and no requirement for a priori knowledge of the target 

organism’s genome, but RNA-seq also has a considerably increased throughput with 

reduced overall costs (Wang et al., 2010). There are a variety of NGS platforms currently 

available, including: Roche/454 Life Science pyrosequencing, Illumina/Solexa bridge-
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PCR-based sequencing, Applied Biosystems oligo ligation and detection (SOLiD) 

sequencing, as well as Helicos single-molecule sequencing (Wang et al., 2010).  

The use of RNA-seq has successfully detected novel transcripts in several plant 

species (Wang et al., 2010). In Medicago truncatula, sequencing of flower, stem and seed 

transcripts with the 454-pyrosequencing platform identified 184,599 unique sequences, 

with the 454 sequences providing matches to more genes than equivalent amounts of 

sequence data from The Institute for Genomic Research (TIGR) Medicago truncatula 

Gene Index (MtGI) (Cheung et al., 2006). In Zea mays, 454 sequencing of shoot apical 

meristem (SAM) transcripts identified approximately 78,300 expressed sequence tags 

(ESTs) that did not align to any of the ESTs available in Genbank at the time of the study 

(Emrich et al., 2007). In Arabidopsis thaliana, 454 sequencing of seedling transcripts 

identified more than 16,000 ESTs matching the arabidopsis genome that were not 

previously represented in the arabidopsis EST database in Genbank (Weber et al., 2007). 

An example of the level of transcriptome coverage possible with Illumina/Solexa was 

provided by Schnable et al. (2009), who sequenced leaf RNA finding expression of 87% 

of the predicted Z. mays genes. 

There are also examples of the use of RNA-seq in plant-microbe interactions. In 

Glycine max, sequencing with the Illumina/Solexa platform of root hairs inoculated with 

Bradyrhizobium japonicum, or mock inoculated with water, identified 1,900 G. max 

genes differentially expressed by at least 3 fold in infected roots compared to non-

infected roots (Libault et al., 2010). In Castanea dentata and Castanea mollissima, 454 

sequencing of stems inoculated with Cryphonectria parasitica identified greater than 100 

genes of C. dentata with a significant differential expression in canker tissue relative to 
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healthy stems, and greater than 70 genes of C. mollissima with a significant differential 

expression in canker tissue relative to healthy stems (Barakat et al., 2009). 

Although studies have been done with disease-resistance activators, such as BTH 

in arabidopsis using microarrays (Wang et al., 2006), no studies are reported which 

utilized RNA-seq for quantification of transcripts or identification of novel transcripts 

following treatment with disease-resistance activators. However, there have been studies 

on the transcriptome wide changes under other stresses, such as high salinity (Mizuno et 

al., 2010). Using the Illumina/Solexa platform, Mizuno et al. (2010) identified a total of 

5,877 O. sativa transcripts that were not annotated in the Rice Annotation Project 

database. Through a BLASTX search of the UniProt and RefSeq databases, 2,047 of 

those transcripts were annotated as functional proteins, with 649 of those showing a 

differential response to salt stress. There have also been studies using RNA-seq to detect 

transcriptome wide changes under abiotic stress conditions in human cells, such as 

exposure to nickel chloride (NiCl2) (Tchou-Wong et al., 2011). Also using the 

Illumina/Solexa platform, Tchou-Wong et al. (2011) identified more than 50 genes which 

showed a greater than 6 fold induction of human genes following NiCl2 treatment relative 

to an untreated control. 

1.9 Nicotiana benthamiana as a Model Plant and Host for Diseases 

Nicotiana benthamiana belongs to the genus Nicotiana, within the family 

Solanaceae (Chase et al., 2003). It was described by Goodspeed (1954) as a rapidly 

maturing leafy annual, 30 cm to 1 m in height that is an amphiploid species with 38 

chromosomes. Nicotiana benthamiana works well as a model plant for molecular 

biologists as it is amenable to transformation by Agrobacterium, flowers rapidly, self-
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pollinates, produces large numbers of seed, and can be grown in the lab due to its 

relatively small stature (Lucas, 1965). Nicotiana benthamiana lacks an active SA- and 

virus-inducible RNA-dependent RNA polymerase (RdRP) making it hyper-susceptible to 

plant viruses that would usually have more limited accumulation due to this RdRP (Yang 

et al., 2004). Nicotiana benthamiana can also be infected by most pathogens that infect 

N. tabacum.  

A strain of Colletotrichum orbiculare can infect N. tabacum and N. benthamiana, 

despite its original development as a weed biocontrol agent against round-leaved mallow 

(Malva pusilla) (Makowski and Mortensen, 1992). Colletotrichum orbiculare utilizes a 

hemibiotrophic nutritional strategy during its infection process in N. benthamiana. 

Several epidermal cells are initially invaginated by large primary hyphae during the 

biotrophic phase. The necrotrophic phase then begins approximately 72 to 96 hours post 

inoculation (HPI), where thin secondary hyphae arise from the large primary hyphae 

allowing for widespread intercellular growth and the appearance of water-soaked lesions 

at 96 to 120 HPI (Shen et al., 2001b).  

1.10 Agrostis stolonifera and its Diseases 

 Within the family Poaceae, there are over 200 species of grasses belonging to the 

genus Agrostis (bentgrasses), which are low-growing and fine-textured. Only three of 

these species are commonly used commercially, particularly for athletic fields, golf 

courses, home lawns, parks and roadsides (Hitchcock, 1971) with A. stolonifera (= A. 

palustris) being the most commonly used for golf course greens, followed by A. 

capillaries and A. canina (Belanger et al., 2003). There are several fungal diseases which 

are known to affect A. stolonifera, such as brown patch caused by R. solani, gray leaf 
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spot caused by M. grisea, dollar spot caused by S. homoeocarpa, pink snow mold caused 

by M. nivale, Pythium blight caused by Pythium aphanidermatum, and anthracnose 

caused by Colletotrichum cereale (= C. graminicola) (Smiley et al., 2005). 

Sclerotinia homoeocarpa causes dollar spot. Its survival structures include 

dormant mycelium on infected plants and stromata on foliar surfaces. Temperatures 

between 15ºC-30ºC are optimal for the growth of S. homoeocarpa, with periods of 

prolonged humidity often being followed by disease appearance. Symptoms begin as 

chlorotic lesions that become water-soaked and eventually bleach out. A characteristic S. 

homoeocarpa infection is a lesion bounded by a tan to reddish brown margin, which 

generally extends across the entire leaf (Smiley et al., 2005). 

For protection against plant diseases, fungicides are widely used (Gianessi and 

Marcelli, 2000) and form a key part of integrated pest management. Fungicides typically 

exert direct effects against target microorganisms, thereby inhibiting their growth; 

however, they are not known to regularly activate defense responses in the plant (Elmer, 

2006). Azoxystrobin (Heritage 50WDG) and propiconazole (Banner MAXX 1.24MEC) 

are examples of fungicides used to control diseases caused by R. solani, M. nivale, M. 

oryzae, S. homoeocarpa, P. aphanidermatum and C. cereale (Vincelli and Dixon, 2002). 

There are many concerns with the use of fungicides on turf which has emphasized the 

need to reduce their use, and these include concerns about fungicide resistance, and 

environmental, animal and human hazards (Smiley et al., 2005). When chemical 

programs require the extensive use of fungicides, mixing or alternating fungicide types is 

recommended (Smiley et al., 2005). For example, applications of BTH or Heritage 

50WDG were not effective reducing the area under the disease progress curve of 
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Fusarium oxysporum f. sp. gladioli in corms of gladiolus treated with these chemicals, 

however, when combined, they provided season-long suppression of F. oxysporum f. sp. 

gladioli (Elmer, 2006).  

Aside from fungicides, additional methods for combating diseases of turfgrasses 

include resistance breeding and activation of host disease-resistance responses. 

Resistance breeding involves crossing different genotypes of a turfgrass of interest. The 

selection of genotypes involves characteristics such as darker green color, lower growth 

or reduced susceptibility to diseases. In A. stolonifera, there are several varieties that have 

been identified as having increased resistance to S. homoeocarpa; however, there are 

currently no cultivars that are considered completely resistant to the fungus (Bonos et al., 

2006). The use of disease resistance activators has also allowed for effective control of 

turfgrass pathogens, such as the use of BTH (Lee et al., 2003), Civitas (Cortes-Barco et 

al., 2010a; Cortes-Barco et al., 2010b) or Civitas combined with Harmonizer (Fefer et 

al., 2009) to reduce infection by S. homoeocarpa in A. stolonifera. 

1.11 Harmonizer 

 Harmonizer is a commercial green pigment mixture containing a polychlorinated 

copper (Cu) II phthalocyanine (Fig. 1.3) (Fefer et al., 2009). Harmonizer is produced by 

Petro-Canada and is designed to be combined with the isoparaffin-based activator 

Civitas, as well as a silicon surfactant and a food-grade emulsifier, with final application 

concentrations of 0.5% Harmonizer and 5% Civitas (Petro Canada, 2009). This 

formulation was designed for control of turfgrass diseases, with the addition of 

Harmonizer allowing for increased efficacy relative to Civitas alone (Fefer et al., 2009). 

Although the mode of action for Harmonizer is not known, treatment with a nutrient 
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solution containing copper sulfate has been found to induce disease resistance to the root 

disease caused by Verticillium dahliae (Chmielowska et al., 2010) and increased 

expression of defense-related genes (Chmielowska et al., 2010), with foliar applications 

of copper sulfate, root treatments of copper chloride or treatment of pith explants also 

increasing expression of defense-related genes (Oh et al., 1999; Sudo et al., 2008; Taddei 

et al., 2007). In addition, metal phthalocyanines, such as copper phthalocyanine, have 

been used on turfgrasses for over 50 years as colorants (Liu et al., 2007c; Ostmeyer, 

1994), but more recently, interest has been in their potential use for disease reduction 

(Hodge and Riso, 2008; Lucas and Mudge, 1997; Ostmeyer, 1994). Although little 

information is available on the effects of phthalocyanines on disease reduction in plants, 

it is possible that through the production of ROS, metal phthalocyanines may induce 

expression of certain stress related defenses leading to induced disease resistance 

(Vol’pin et al., 2000).  

1.12 Research Goals 

Induced disease resistance in plants can be activated by a variety of synthetic or 

naturally occurring compounds like BTH and (2R,3R)-butanediol, which activate SAR 

and ISR, respectively. There are also a variety of activators which induce resistance 

differently from the classic SAR and ISR responses, such as BABA. Activators of disease 

resistance systemically induce or prime defense-related genes in a variety of plant 

species, dicots and monocots. Therefore, one goal of this study was to assess the effects 

of disease resistance activators, both singly and in combination, in Nicotiana 

benthamiana and Agrostis stolonifera. Another goal was to compare the effects of 

Harmonizer to BTH-activated SAR in N. benthamiana using previously described SAR 
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and ISR marker genes, and to identify Harmonizer-responsive defense-related genes in A. 

stolonifera using RNA-seq, to try to elucidate the mode of action of Harmonizer. 

1.13 Hypothesis and objectives 

1.13.1 Hypothesis 

Previous research has identified a variety of synthetic and naturally occurring 

compounds capable of activating disease resistance through SAR, ISR or other 

mechanisms. Low concentrations of SAR and ISR activators can be combined, resulting 

in greater resistance, which can be monitored by the expression level of marker genes. 

My hypothesis is that application of synthetic or naturally occurring disease resistance 

activators, singly or in combination, will result in induced disease resistance in N. 

benthamiana and A. stolonifera, and this will correlate with increased expression levels 

of defense-related marker genes. 

1.13.2 Objectives 

a) Assess phytotoxic effects of putative resistance activators (AZA, abietic acid, BABA, 

Regalia, chitosan, water-soluble oligochitosan, hexanoic acid, isotianil or Harmonizer) on 

Nicotiana benthamiana and Agrostis stolonifera. 

b) Determine in vitro antimicrobial activity of Harmonizer and BTH on fungal pathogens 

of N. benthamiana and A. stolonifera, as well as Harmonizer combined with Civitas on 

fungal pathogens of A. stolonifera. 

c) Evaluate disease resistance following inoculation with Colletotrichum orbiculare in N. 

benthamiana, or Sclerotinia homoeocarpa in A. stolonifera, following treatment with 

Harmonizer, and compare this to disease resistance activated by other putative or known 

disease-resistance activators. 
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d) Evaluate disease resistance following inoculation with C. orbiculare in N. 

benthamiana, or S. homoeocarpa in A. stolonifera, following treatment with 

combinations of disease-resistance activators to determine if combinations of activators 

can improve efficacy relative to individual activators. 

e) Test previously described SAR- and ISR-responsive N. benthamiana and A. stolonifera 

genes for increased expression following treatment with Harmonizer, and compare this to 

gene expression in SAR-activated N. benthamiana. 

f) Sequence the transcriptome of A. stolonifera to find potential disease resistance-related 

genes that respond to Harmonizer treatment, and confirm these results using relative RT-

PCR.  
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Table 1.1 Biotic and abiotic activators of SAR tested in various plant species. 

 
Activator Example Host/Pathogen Source Reference 
Harpin (effector) Arabidopsis to P. 

parasitica 
Bacteria Peng et al., 2003 

Lipopolysaccharides Pepper to X. campestris pv. 
campestris 

Bacteria Newman et al., 
2002 

Chitosan Carrot to A. radicina Fungi Jayaraj et al., 2009 
Cerebroside Rice to M. oryzae Fungi Umemura et al., 

2000 
Elicitins Tobacco to P. parasitica 

par nicotianae 
Fungi Keller et al., 1996 

Azelaic acid Arabidopsis to P. syringae 
pv. maculicola 

Plants Jung et al., 2009 

Salicylic acid Tobacco to TMV Plants Ward et al., 1991 
3-Acetonyl-3-
hydroxyoxyindole 

Tobacco to E. 
cichoracearum 

Plants Li et al., 2008 

β-1,4 cellodextrins Grapevine to B. cinerea Plants Aziz et al., 2007 
Probenazole (in the  
product Oryzemate) 

Rice to M. grisea Synthetic Yoshioka et al., 
2001 

N-cyanomethyl1-2-
chloroisonocotinamide 

Arabidopsis to P. syringae 
pv. tomato 

Synthetic Yasuda et al., 
2003a 

Salicylic hydrazide Tomato to F. oxysporum 
f.sp. lycopersici 

Synthetic Reignault and 
Walters, 2007 

4-hydroxybenzoic 
hydrazide 

Tomato to F. oxysporum 
f.sp. lycopersici 

Synthetic Reignault and 
Walters, 2007 

3-chloro-1-methyl-1H-
pyrazole-5-carboxylic 
acid 

Tobacco to TMV Synthetic Yasuda et al., 
2003b   

dichloroisonicotinic acid Tobacco to TMV Synthetic Ward et al., 1991 
Benzo(1,2,3)thiadiazole-
7-carbothioic acid S-
methyl ester 

N. benthamiana to C. 
orbiculare 

Synthetic Cortes-Barco et 
al., 2010a 

Isotianil Rice to Magnaporthe 
oryzae 

Synthetic Ogawa et al., 2011 
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Table 1.2 Biotic and abiotic activators of ISR tested in various plant species.  

 
Activator Example Host/Pathogen Source Reference 
Biosurfactants Bean to B. cinerea PGPR De Vleesschauwer 

and Höfte, 2009 
N-acyl-L-
homoserine lactone 

Tomato to Alternaria alternata PGPR De Vleesschauwer 
and Höfte, 2009 

N-alkylated 
benzylamine 

Bean to B. cinerea, Cucumber 
to Colletotrichum lagenarium 

PGPR De Vleesschauwer 
and Höfte, 2009 

Antibiotics 
(Pyocyanin, 2,4-
diacetylphloroglucin
ol) 

Rice to M. grisea, arabidopsis 
to H. arabidopsidis, Tomato to 
M. javanica, arabidopsis to P. 
syringae pv. tomato 

PGPR De Vleesschauwer 
and Höfte, 2009 

Exopolysaccharides Cucumber to C. orbiculare, 
Tobacco to Cucumber mosaic 
virus 

PGPR De Vleesschauwer 
and Höfte, 2009 

4-(aminocarbonyl) 
phenylacetate 

Tobacco to P. syringae pv. 
tabaci 

PGPR De Vleesschauwer 
and Höfte, 2009 

Massetolide A Tomato to P. infestans PGPR De Vleesschauwer 
and Höfte, 2009 

2R, 3R-butanediol N. benthamiana to C. 
orbiculare 

PGPR Cortes-Barco et al., 
2010a 

Lipopolysaccharides Radish to F. oxysporum f.sp. 
raphani 

PGPR Pieterse et al., 2001 

Flagella Arabidopsis to P. syringae pv. 
tomato 

PGPR Pieterse et al., 2001 

Pseudobactin 
(siderophore, 
pyoverdine) 

Arabidopsis to P. syringae pv. 
tomato, Tobacco to tobacco 
necrosis virus, Eucalyptus to 
R. solanacearum, Cucumber to 
C. orbiculare, Rice to M. 
grisea 

PGPR Pieterse et al., 2001 

6-n-pentyl-6H-
pyran-2-one 

Rapeseed to L. maculans PGPF Vinale et al., 2008 

Harzianolide Tomato to B. cinerea PGPF Vinale et al., 2008 
Hexanoic acid Tomato to B. cinerea PGPF & 

plants 
Leyva et al., 2008 

Galactinol Tobacco to B. cinerea Plants Kim et al., 2008 
1-
aminocyclopropane-
1-carboxylate 

Arabidopsis to P. syringae pv. 
tomato 

Plants Van Wees et al., 
1999 

Methyl jasmonate Arabidopsis to B. cinerea Plants Pozo et al., 2004 
Isoparaffin-based 
activator (Civitas) 

Creeping bentgrass to M. 
nivale 

Synthetic Cortes-Barco et al., 
2010b 
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Fig. 1.1 Pathway of SAR response prior and post-challenge inoculation that had been 
treated with a necrotizing pathogen as an activator. A PAMP is released from the 
necrotizing pathogen and recognized by a membrane-bound receptor. This leads to a 
signal transduction involving a MAP kinase (MPK) signaling cascade within the 
cytoplasm. Also within the cytoplasm, accumulation of salicylic acid and generation of 
reactive oxygen species (ROS) leads to the conversion of the NPR1 protein from an 
oligomeric form to a monomeric form, allowing it to enter the nucleus. Once in the 
nucleus, the NPR1 monomer interacts with transcription factors which recognize and 
bind promoter elements of defense-related genes, leading to gene induction or priming. 
By comparison, BTH directly increases ROS to act on NPR1. 
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Fig. 1.2 Pathway of ISR response prior and post-challenge inoculation which had been 
treated with a plant growth-promoting rhizobacteria (PGPR). A PAMP is released from 
the PGPR and recognized by a membrane-bound receptor which then leads to a signal 
transduction, possibly involving a MAP kinase (MPK) signaling cascade in the 
cytoplasm. The oligomeric form of NPR1 in the cytoplasm is required for activation of 
ISR. The role of cytoplasmic NPR1 in downstream responses is unclear, but results in 
gene induction and priming that is associated with enhanced conversion of ACC to ET 
and increased sensitivity to JA. 
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Fig. 1.3 Example of a typical polychlorinated copper phthalocyanine. 
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Chapter 2 Activation of disease resistance and gene expression in Nicotiana 
benthamiana by Harmonizer and BTH 

2.1 Introduction 

Nicotiana benthamiana is a native tobacco of Australia belonging to the plant 

family Solanaceae (Chase et al., 2003). Nicotiana benthamiana is used as a model plant 

for molecular biologists as it flowers rapidly, self-pollinates, produces large numbers of 

seed, has a relatively small stature (Lucas, 1965), is amenable to transformation by 

Agrobacterium , susceptible to a wide range of plant viruses and is highly effective in 

expressing virus-induced gene silencing (Goodin et al., 2008). Nicotiana benthamiana is 

also susceptible to most pathogens that infect Nicotiana tabacum. 

One pathogen capable of infecting both N. tabacum and N. benthamiana is 

Colletotrichum orbiculare (Shen et al., 2001b). Colletotrichum spp. belong to the fungal 

class Ascomycota, and cause anthracnose on many commercially important crops (Bailey 

et al., 1992). Studies assessing the interactions between fungal pathogens and plants 

commonly use Colletotrichum spp. as a model system because it is a hemibiotroph, 

meaning that it has a biphasic lifestyle, initially feeding on living tissue, then switching to 

a secondary phase where it invades and kills neighboring cells (Bailey et al., 1992; 

Latunde-Dada and Lucas, 2001; Perfect et al., 1999). Another advantage is that C. 

orbiculare infections can be limited by both Systemic Acquired Resistance (SAR) and 

Induced Systemic Resistance (ISR) in N. benthamiana (Cortes-Barco et al., 2010a).  

SAR was initially identified in N. tabacum when resistance was induced in upper 

leaves against tobacco mosaic virus (TMV) following the development of the 

hypersensitive response (HR) on lower leaves caused by TMV (Ross, 1961), and requires 

the signaling molecule salicylic acid (SA) for the systemic response (Gaffney et al., 
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1993). ISR was initially identified when beneficial plant growth promoting rhizobacteria 

(PGPRs) colonizing plant roots were found to induce foliar resistance of Cucumis sativus 

to Colletotrichum orbiculare (Wei et al., 1991) and Phaseolus vulgaris to Pseudomonas 

syringae pv. phaseolicola (Alström, 1991). The systemic response associated with ISR 

requires the signaling molecules ethylene (ET) and jasmonic acid (JA) (Pieterse et al., 

2000).  

Aside from biological activators, induction of SAR and ISR can also occur 

following treatment with a variety of natural and synthesized activators (Schreiber and 

Desveaux, 2008). Some of these chemicals activate SAR-like responses, including a 

synthetic benzothiadiazole-based compound, benzo(1,2,3)thiadiazole-7-carbothioic acid 

S-methyl ester (BTH) (Friedrich et al., 1996), a mobile plant metabolite, azelaic acid 

(AZA) (Jung et al., 2009), a diterpene isolated from resin of Pinus species, abietic acid 

(Narusaka et al., 2009), a major component of fungal cell walls, chitin and chitosan, 

which is a deacetylated derivative of chitin (Yin et al., 2010), an extract from Reynoutria 

sachalinensis, Regalia (Daayf et al., 1995) and a synthetic isothiazole-based compound, 

isotianil (Ogawa et al., 2011). Chemicals which have activated ISR-like responses 

include the bacterial volatile organic compound (VOC) (2R,3R)-butanediol (Ryu et al., 

2004), a fungal carboxylic acid, hexanoic acid (HA) (Leyva et al., 2008) and an 

isoparaffin-based mixture, Civitas (Cortes-Barco et al., 2010a). In addition, there are also 

chemical activators which induce resistance differently from SAR or ISR. Examples are 

the non-protein amino acid β-aminobutyric acid (BABA) that primes SA-dependent 

responses, as well as induces resistance against certain pathogens independently of SA 

and ET (Cohen, 2002), silicon (Si) that activates resistance related to both SA and JA 
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(Fauteux et al., 2006; Ghareeb et al., 2011), and the Pseudomonas syringae pv. syringae 

type III effector, HopZ1a, that activates resistance independent of both SA or JA (Macho 

et al., 2010).  

Harmonizer is a commercial green pigment mixture containing a polychlorinated 

copper (Cu) II phthalocyanine (CuPh) (Fefer et al., 2009). Harmonizer is produced by 

Petro-Canada and is designed to be combined with the isoparaffin-based activator Civitas 

to give a final application concentration of 0.5% Harmonizer and 5% Civitas (Petro 

Canada, 2009). This formulation was designed for control of turfgrass diseases, with the 

addition of Harmonizer allowing for increased efficacy relative to Civitas alone (Fefer et 

al., 2009). Although the potential mode of action for Harmonizer is not known, treatment 

of roots of several plant species with nutrient solutions containing copper sulphate has 

shown induced resistance, such as to the root-infecting vascular wilt pathogen 

Verticillium dahliae (Chmielowska et al., 2010), and increased expression of defense-

related genes (Chmielowska et al., 2010; Oh et al., 1999; Sudo et al., 2008; Taddei et al., 

2007). 

In N. tabacum, SAR induction is commonly monitored via expression of the 

defense-related acidic PR proteins (van Loon and van Strien, 1999), which are induced 

following pathogen attack or other stresses (Edreva, 2005). Application of the SAR-

activator BTH to N. tabacum (Friedrich et al., 1996) and N. benthamiana (Cortes-Barco 

et al., 2010a) has been shown to induce the expression of several of the acidic PR genes, 

as well as a SAR-induced gene, SAR8.2 (Friedrich et al., 1996). In contrast, induction of 

ISR is generally associated with increased transcripts of the basic PR proteins (Heil and 

Bostock, 2002; Ohtsubo et al., 1999; Spencer et al., 2003), but can also be induced 
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following pathogen attack or other stresses (van Loon, 1997). Expression of basic PR 

proteins, as well as other ISR-related genes, is generally primed during ISR, which is a 

physiological state where genes are induced more rapidly and to a greater extent 

following pathogen attack than in non-induced plants (Conrath et al., 2006). In N. 

benthamiana, treatment with the ISR-activating (2R,3R)-butanediol or Civitas lead to 

induction and priming of some basic PR genes (Cortes-Barco et al., 2010a). 

Application of copper solutions has also been shown to induce expression of 

several PR genes within Nicotiana species. In N. tabacum, application of copper sulphate 

induced the expression of three acidic PR genes, a basic PR gene and a SAR8.2 gene (Oh 

et al., 1999), while in Nicotiana glauca, application of copper sulphate induced the 

expression of an acidic and a basic PR gene, as well as a SAR8.2 gene (Taddei et al., 

2007). In addition, increased expression of a gene shown to be induced early during HR 

in N. tabacum, HSR203J (Pontier et al., 1994), is correlated with necrosis induced by 

heavy metals like copper sulfate and lead nitrate, as well as the HR induced by bacterial 

and fungal elicitors, but not by the inducers of SAR, exogenous SA or 

dichloroisonicotinic acid (INA) (Pontier et al., 1998). This indicates that copper stress 

can increase gene expression in Nicotiana species, similar to that of the HR caused by 

pathogens, but apparently different from that of SAR. Therefore, monitoring the 

expression of several defense-related genes would be useful for determining the potential 

mode of action of a copper-containing pigment solution like Harmonizer. In addition, 

comparing expression profiles from plants treated with a compound like Harmonizer to 

expression profiles of BTH-treated plants would further aid in the characterization of a 

novel activator, such as Harmonizer. 
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To better understand the mode of action of Harmonizer, this study evaluated the 

interaction between N. benthamamiana, C. orbiculare and Harmonizer. In addition, the 

interaction of this pathosystem with BTH was included to provide a comparison of a well 

known SAR activator to that of Harmonizer. Experiments were performed to test the 

effects of Harmonizer and BTH on the growth of two N. benthamiana pathogens, C. 

orbiculare and Colletotrichum destructivum, and to monitor disease suppression and 

defense gene activation following Harmonizer and BTH treatment. Additional SAR and 

ISR activators plus other putative defense activators from the literature were also tested 

to elucidate the type of disease resistance activation observed with Harmonizer.  

2.1.1 Hypothesis 

 There are a variety of chemical inducers of disease resistance which have been 

shown to activate SAR, ISR and other forms of induced resistance in various plant 

species. My hypothesis is that application of Harmonizer will induce a resistance 

response in N. benthamiana to C. orbiculare, in a manner similar to other resistance 

activators, and that genes previously shown to respond to SAR- or ISR-inducing agents 

or copper, will respond to treatment with Harmonizer, allowing for a characterization of 

the mode of action of Harmonizer. 

2.1.2 Objectives 

a. Assess phytotoxic effects of AZA, abietic acid, BABA, Regalia, chitosan, water-

soluble oligochitosan, HA, isotianil or Harmonizer on N. benthamiana. 

b. Determine antimicrobial activity of Harmonizer and BTH against C. orbiculare and C. 

destructivum. 
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c. Evaluate disease resistance following inoculation with C. orbiculare in N. benthamiana 

treated with Harmonizer, and compare this to disease resistance activated by other 

putative or known disease-resistance activators applied individually. 

d. Evaluate disease resistance following inoculation with C. orbiculare in N. 

benthamiana treated with combinations of disease-resistance activators to determine if 

combinations of activators can improve efficacy relative to individual activators. 

e. Test previously described SAR- and ISR-responsive N. benthamiana and N. tabacum 

genes, as well as additional pathogen-responsive genes, for increased expression 

following treatment with Harmonizer and BTH. 
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2.2 Materials and Methods 

2.2.1 Biological Materials 

 Nicotiana benthamiana was grown as per Shen et al. (2001a). Seeds of N. 

benthamiana, originally obtained from Wageningen Agricultural University 

(Wageningen, Netherlands), were germinated in Sunshine aggregate plus mix #4 (SunGro 

Horticulture Canada Ltd., Seba Beach, AB). 10 d after sowing, seedlings were 

transplanted to a mix of 50% pasteurized sandy loam soil from the Guelph Turfgrass 

Institute (Guelph, ON) and 50% potting soil (approx. 250 ml soil in 8 cm x 8 cm x 7 cm 

pots). Sandy loam soil was pasteurized for 30 min at 60ºC in aluminum trays using an 

incubator. Plants were grown with a photoperiod of 8 hr dark and 16 hr light at 40 

µmol/m2/s. Once plants reached the 2nd true leaf stage (approx. 4 weeks old), they were 

treated with disease resistance activator compounds followed with fungal inoculation 7 d 

later 

 For N. benthamiana inoculations, C. orbiculare ATCC20767P1 (Chen et al., 

2003b) was cultured on sodium chloride yeast-extract sucrose agar medium (SYAS) 

(Mandanhar et al., 1986) for 10 d at 18-22ºC under ambient lighting. For assessing 

antimicrobial activity, C. orbiculare ATCC20767P1 and C. destructivum isolate N150P3 

(Chen et al., 2003b) were grown on potato dextrose agar (PDA) (Becton, Dickinson and 

Company, Sparks, MD, USA) for 3 d at 18-22ºC under ambient lighting.  

2.2.2 Antimicrobial Activity Test 

For determining the antimicrobial activity of Harmonizer (Petro-Canada 

Lubricants, Mississauga, ON, Canada), plates were prepared by the addition of different 

volumes of 100% Harmonizer solution to PDA after the PDA had been allowed to cool to 
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between 50 and 60ºC to give final concentrations of 0.01, 0.1, 1, 2, 5 or 10% (v/v). For 

determining antimicrobial activity of BTH (Actigard, 50WG) (Syngenta, Guelph, ON, 

Canada), plates were prepared by the addition of different weights of 100% wettable 

granule (50% BTH, 210.3 g/mol) to cooled molten PDA to give final concentrations of 

0.12, 1.2 or 12 mM. Approximately 10 ml of amended media was added per Petri-dish 

(sterile 100 mm x 15 mm polystyrene, Fisher Scientific, Fair Lawn, NJ, USA).  

PDA amended with Harmonizer or BTH were inoculated with C. orbiculare or C. 

destructivum that had been grown on non-amended PDA for 3 d using one 5-mm-

diameter agar plug per Petri-dish. Control plates were likewise inoculated that contained 

PDA without Harmonizer or BTH. Inoculated plates were sealed with Parafilm (Pechiney 

Plastic Packaging, Menasha, WI, USA) and incubated in the dark at room temperature for 

up to 7 d. Growth of each fungus was measured on four replicate plates for Harmonizer 

or three replicate plates for BTH, per concentration tested. Radial mycelial growth of the 

colony was measured at two sites with a ruler beginning 24 hr after inoculation and 

continuing daily for 5 d.  

The concentration at which mycelial growth was inhibited by 50% (EC50) was 

calculated for each fungus by determining the inhibition (1-(mean colony diameter on 

amended media/mean colony diameter on non-amended media) in percent, and then 

analyzing the percent inhibition values using probit analysis with SAS version 9.1 for 

Windows (SAS Institute, Cary, NC, USA). An example of the program statements is 

presented in Appendix I. To calculate the EC50 of Harmonizer, the concentration was 

converted from % (v/v) to mg/ml by multiplying by the density of Harmonizer (1.198 

 
59 

 
 
 



 

mg/µl). To calculate the EC50 of BTH, the concentration was converted from mM to 

mg/ml by multiplying by the molecular weight of BTH (210.3 g/mol).  

2.2.3 Plant Treatments 

 Disease resistance activators were applied individually to N. benthamiana plants 

at the 2nd true leaf stage. Treatments including 10 mM BABA (Sigma-Aldrich, St. Louis, 

MO, U.S.A), 1.2 mM BTH (Syngenta), 100 µM (2R,3R)-BD (Fisher), 10% (v/v) Civitas 

(Petro-Canada), 25 mM HA (Acros Organics, NJ, U.S.A), 750 µg/ml water-soluble 

oligochitin (DNP Canada Inc., Granby, QC), 5% (v/v) Harmonizer (Petro-Canada) and 

1% Regalia (Marrone BioInnovations, Davis, CA, U.S.A) were dissolved in water. A 

solution of 5 mM azelaic acid (AZA) (Acros Organics) was made in 5 mM morpholino 

ethanesulfonic acid (MES, pH 5.6 from Sigma-Aldrich) according to Jung et al. (2009), 

500 μg/ml chitosan (deacetylated, medium molecular weight, Sigma-Aldrich) was made 

in 2% acetic acid, 5 mM abietic acid (90%+, Alfa Aesar, Ward Hill, MA, USA) was 

made in 95% ethanol and 3.4 mM isotianil (Pestanal, Sigma-Aldrich) was made in 100% 

dimethyl sulfoxide (DMSO, Sigma-Aldrich). These stock solutions of up to 100X were 

diluted to their final concentrations as listed in the results. Treatments were applied either 

to the soil or foliage. For soil application, plants were not watered for approximately 48 

hr prior to treatment, at which point four holes approximately 2 cm deep and 2 cm from 

the base of the stem were made with a 1 ml pipette tip. Then, 15 ml of solution per 250 

ml pot was poured into the holes. Twenty-four hr post-treatment (HPT), plants were 

placed back into trays and watered. For foliar application, plants were sprayed on both 

the adaxial and abaxial sides of the leaf until runoff (Friedrich et al., 1996). For all 

activators dissolved in water, control plants were treated with autoclaved de-ionized 
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water. Since AZA, chitosan, abietic acid and isotianil were dissolved in MES, acetic acid, 

ethanol and DMSO, respectively, the control plants were treated with 5 mM MES (pH 

5.6), 2% acetic acid, 6.3 % (v/v) ethanol or 10% DMSO, respectively. 

 Table 2.1 lists combinations of disease resistance activators applied to N. 

benthamiana plants at the 2nd true leaf stage. The compounds used in combination were 

dissolved in water or the corresponding solvents described above, except that the 

combination of 5 mM AZA with 5% Civitas made it no longer necessary to use 5 mM 

MES pH 5.6 with the AZA. Soil and foliar activator applications were done as described 

above. If a combination of activators were to be applied in the same manner, either soil or 

foliar, then the activators were mixed together and diluted to the appropriate 

concentration prior to treatment. If the single treatment activators were applied differently 

(e.g. one soil, one foliar), then the activators were applied separately. The control plants 

included a set of plants treated with water, 5 mM MES (pH 5.6), 2% acetic acid, 6.3 % 

(v/v) ethanol or 10% DMSO. The controls were applied to either foliage or roots in the 

same way as the compound was applied in the combination. There were 3 replicate plants 

per treatment. 

2.2.4 Inoculation and Disease Assessments 

Colletotrichum orbiculare was grown on SYAS as described previously, and the 

conidia were washed three times with sterile de-ionized water by centrifuging for 3 min 

at 500 x g and then briefly vortexing. Conidia were then resuspended in 30 ml of sterile 

de-ionized water, and the concentration adjusted to 1x106 conidia/ml. Colletotrichum 

orbiculare was then inoculated onto entire N. benthamiana plants with a fine mist at 7 d 

post treatment (DPT) with a chemical activator using an art spray brush connected to an 
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air compressor (Model FP200300AV, Campbell Hausfeld, Harrison, OH). Inoculated 

plants were immediately placed in a plastic bag lined 17 L container containing 

approximately 500 ml of water. Plants were then incubated at room temperature (Chen et 

al., 2003b). 

Disease levels were determined by counting the number of lesions at 12 DPT and 

measuring the area of the leaf using a leaf area meter (Model 3100, LICOR, Lincoln, 

NB). The number of lesions/cm2 was then calculated and used for statistical analyses, 

using PROC GLM in SAS 9.1. An example of the SAS statements is presented in 

Appendix II. For experiments where leaf samples were collected for gene expression 

analyses, disease levels were monitored to ensure that there was a reduction in disease. 

2.2.5 Collection of leaf samples and RNA extractions 

 The two youngest fully expanded leaves of N. benthamiana treated with 1.2 mM 

BTH or 5% Harmonizer (v/v) were harvested at 0, 1, 3, 5, 7, 8, 9, 10, 11 and 12 DPT. All 

samples were immediately frozen at -70ºC. Each frozen sample (approximately 100 mg) 

was homogenized in a chilled mortar and pestle in the presence of 1 ml TRIZOL® 

(Invitrogen, Carlsbad, CA, USA) reagent following the manufacturer’s protocol with the 

following modifications: during phase separation, a second extraction was performed 

against chloroform to remove residual phenols, and during RNA precipitation, 0.8 M 

sodium citrate (Fisher) and 1.2 M sodium chloride (Fisher) were added followed by 

isopropanol to prevent excess polysaccharides from precipitating with the RNA.  

2.2.6 Primer Design for Relative RT-PCR 

 The primer sequences for NbPR-1a were obtained from (Dean, 2002), primer 

sequences for basic NbPR-2 were obtained from Dean et al. (2002), primer sequences for 
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acidic NbPR-2 (GGL1) were obtained from Seo et al. (2006), primer sequences for 

NbPR-3Q, acidic NbPR-5, NbPRb-1b, NbPR5-dB and NbEF1α (295 bp segment) were 

obtained from Cortes-Barco et al. (2010a), and primer sequences for NbHin1, Nb630 

(trypsin inhibitor), NbCP23, and Nbp69d were obtained from Kim et al. (2003) (Tables 

2.2 and 2.3).  

Primers were designed for NbPR-4, NbSAR8.2a, NbHSR203J, NbS25-PR6 and 

NbClpP (Table 2.2). The primers described by Kim et al. (2003) for NbPR-4, NbSAR8.2a 

and NbHSR203J were used as a queries in primer-BLAST with the NCBI Genbank NR 

database (http://www.ncbi.nlm.nih.gov/) to obtain the matching N. tabacum sequences. 

As the homologous primers for NbS25-PR6 and NbClpP described by Kim et al. (2003) 

for N. tabacum did not yield results in a primer-BLAST search, a keyword search was 

used to obtain the matching N. tabacum sequences for the target genes. The matching N. 

tabacum sequences were then used as queries in a BLASTN search using The 

Computational Biology and Functional Genomics Laboratory N. benthamiana (version 

4.0) and N. tabacum (version 6.0) Gene Index databases 

(http://compbio.dfci.harvard.edu/index.html) and the Genbank NR database to collect 

additional sequences for alignment and primer design. These were aligned for each gene 

using MUSCLE (Edgar, 2004), and primers were designed based on criteria described in 

results. The program GeneRunner (Hastings Software, Hastings, NY) was used to check 

each primer for possible problems such as hairpin loops, dimers, bulge loops or internal 

loops, and to identify the melting temperature and GC content.  

In order to confirm primers were specific to the sequence of interest, a BLAST of 

the primer sequences using primer-BLAST against the Genbank NR database was 
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conducted. Primers that matched the sequence of interest with 100% nt identity, but 

different from other sequences, were selected for use in relative RT-PCR. 

2.2.7 Relative RT-PCR 

 Moloney Murine Leukemia Virus (MMLV) reverse transcriptase (Invitrogen, 

Burlington, ON) and oligo (dT) primer with total RNA was used to synthesize single-

stranded cDNA using the manufacturer’s instructions. Relative RT-PCR, which involves 

the co-amplification of a constitutively expressed control gene, the N. benthamiana 

translation elongation factor-1α (NbEF-1α), with a gene of interest, was used to assess 

relative transcript levels (Dean et al., 2002). 

 RT-PCRs were performed in 15 µl reactions with 1 µl cDNA, 0.75 units Tsg 

polymerase (Biobasic, Toronto, ON), 10x Tsg polymerase buffer, 0.33 mM dNTPs, and 

2.4 mM Mg2+, with 0.83 µM of each primer (Tables 2.2 and 2.3) (Dean et al., 2002). 

Amplification conditions consisted of 1 cycle at 94ºC for 3 min followed by 30 cycles of 

94ºC for 30 s; gene-specific annealing temperature for 1 min; and 72ºC for 1 min, with a 

final extension cycle of 10 min at 72ºC. The gene-specific annealing temperatures were 

50ºC for NbPR-4 and NbCP23, 53ºC for NbSAR8.2a, 55ºC for NbPR-1a, NbPR-2 and 

NbHSR203J, 58ºC for NbS25-PR6, 60ºC for acidic NbPR-5, NbPRb-1b and basic NbPR-

2, and 65ºC for NbPR-3Q and NbPR5-dB. All reactions were carried out in an Eppendorf 

AG 22331 Master Cycler (Eppendorf, Hamburg, DE). To confirm that the number of 

cycles required to give accurate quantification of relative expression values was used, 

relative RT-PCR was also done with 25 cycles (five fewer than that used for 

quantification). Expression patterns were then compared to that obtained with 30 cycles 

to show that expression patterns were not significantly different for each gene.  
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Products from the RT-PCRs were separated in 1% TBE agarose gels containing 

1% ethidium bromide. Visualization of the bands was conducted using an UV 

transilluminator and gel images were taken using a CCTV camera fitted with a 23A 

orange filter. The images were then saved as TIFF electronic image files, and 

quantification was done using NIH Image (Scion Corporation, Frederick, MD, USA). For 

each gel lane, the intensities of the bands were determined for both the gene of interest 

and the constitutive control, NbEF1α. Relative expression values were calculated by 

taking the ratio of the band intensity of the gene of interest over the band intensity of 

NbEF1α to standardize for RNA concentrations.  

Identification of RT-PCR products was performed through direct sequencing of 

the respective RT-PCR products at Laboratory Services Division (University of Guelph, 

Guelph, ON). For NbPR-1a, NbPR-2, NbPR-4, acidic NbPR-5a, NbSAR8.2a, NbEF1α, 

NbPRb-1b basic NbPR-2 and NbPR5-dB, the RT-PCR product from 9 DPT was 

sequenced. For NbPR-3Q, NbS25-PR6, NbCP23 and NbHSR203J, the RT-PCR product 

from 3 DPT was sequenced. Purification of RT-PCR products from 1% TAE agarose gels 

was performed using AMBIOGEN Gel Extraction Mini Kit (Ambiogen Life-Science 

Technology Ltd. Berkeley, CA, U.S.A.) following the manufacturer’s instructions. 

2.2.8 Sequence Alignments and Dendrograms  

To determine the identity of the sequenced RT-PCR products, a BLASTN search 

of each sequence was performed against The Computational Biology and Functional 

Genomics Laboratory N. tabacum (version 6.0) and N. benthamiana (version 4.0) Gene 

Index or the NCBI Genbank NR databases was performed. Sequences matching with e-

values lower than 10-25 were then selected and aligned using MUSCLE (Edgar, 2004). 
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The sequences were trimmed to match that of the sequenced PCR product and then used 

in CLUSTALX to generate un-rooted dendrograms using the neighbor-joining (NJ) 

algorithm with 1000 bootstrap replications. Identities of RT-PCR products were based on 

the top match of the BLASTN search, and/or from the closest sequence in the 

dendrogram. 
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2.3 Results 

2.3.1 Antimicrobial activity 

Neither BTH nor Harmonizer fully inhibited growth of C. orbiculare or C. 

destructivum at concentrations up to 12 mM (3 mg/ml) or 10% (119.8 mg/ml), 

respectively. Based on EC50 values, C. orbiculare and C. destructivum did not differ in 

their sensitivity to Harmonizer and BTH (Table 2.4). At all concentrations where 

inhibition was observed, the inhibitory effect of Harmonizer (>30% on average) and BTH 

(>23% on average) was maintained for 5 d, which was the duration of the experiment. 

Treatment of N. benthamiana for induction of resistance and gene expression was 

done with 5% (59.9 mg/ml) Harmonizer or 1.2 mM (0.3 mg/ml) BTH. Therefore, the 

concentration of Harmonizer was approx. 2 fold above the EC50 value, whereas BTH was 

approx. 10 fold below the EC50 value. This indicates that when Harmonizer was applied 

to the soil, it might directly cause some fungal growth inhibition, while BTH added to the 

soil would likely have a negligible direct impact on any fungi.  

2.3.2 Screening of defense activators for disease reduction in N. benthamiana  

 The defense activators listed in section 2.2.3 were dissolved according to the 

literature, with a few exceptions. Narusaka et al. (2009) did not mention how they 

dissolved 100 ppm (0.33 mM) abietic acid. They discussed using distilled water as a 

control, but 0.33 mM abietic acid was not soluble in water. Since Spessard et al. (1995) 

reported dissolving abietic acid in ethanol for re-crystallization and purification, 5 mM 

abietic acid was dissolved in 95 % ethanol and diluted in water to a final concentration of 

0.33 mM abietic acid in 6.3% ethanol. Previous reports mention dissolving 100 to 200 

µg/ml chitosan in water (Jayaraj et al., 2009; Ozeretskovskaya et al., 2006) and 10,000 to 
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20,000 µg/ml chitosan in acetic acid (Cabrera et al., 2006; Falcon-Rodriguez et al., 2007; 

Faoro et al., 2008). In this experiment, 500 µg/ml chitosan did not dissolve in water even 

with stirring for 24 hr, but it did dissolve in 2 % acetic acid with stirring for 24 hr, after 

which the pH was adjusted to 5.6 with sodium hydroxide (NaOH). The final solution had 

a jelly-like appearance but still could be easily sprayed on foliage. Ogawa et al. (2011) 

stated that isotianil has a solubility of 0.5 mg/L; however, isotianil purchased from Sigma 

was not water-soluble at the concentrations tested. Therefore, its solubility was also 

tested in 95% ethanol and DMSO. Only DMSO allowed for the majority of 3.4 mM 

isotianil to dissolve. Therefore, a final solution of 0.34 mM isotianil in 10 % DMSO was 

used. 

Based on the level and consistency of disease reduction, the defense activators 

were divided into three groups. Those that effectively and consistently gave significant 

reductions in lesions/cm2, those that effectively but inconsistently gave significant 

reductions, and those that did not effectively give significant reductions which includes 

those that increased infection levels (Table 2.5). The consistently effective compounds 

were 1% Regalia, 10% Civitas, 5% Harmonizer, foliar application of 1 mM BABA and 

BTH at concentrations of 0.12 mM or greater. The most effective of these compounds 

was 1.2 mM BTH, which provided a 99% reduction in the number of lesions/cm2 (Table 

2.6). Although Regalia was effective, it showed phytotoxicity when applied at a 

concentration of 1% (v/v), which is the same concentration that showed significant 

reductions in the number of lesions/cm2. Effective but inconsistent compounds were 

foliar applications of 5 mM AZA, soil applications of 1 mM BABA and soil applications 

of 100 μM (2R,3R)-BD. Lastly, ineffective compounds which may have also enhanced 
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disease were 0.33 mM abietic acid, 0.34 mM isotianil, 2% Harmonizer, 0.012 mM BTH, 

soil application of 5mM AZA, Regalia at concentrations less than 1%, 10 mM BABA, 

and all concentrations tested of chitosan, oligochitin and HA (Table 2.5).  

Combinations of disease resistance activator compounds (Table 2.1) were also 

tested on N. benthamiana to see if they could reduce the number of lesions/cm2 to a 

greater extent than that when individual activators were applied. 10% Civitas combined 

with 5% Harmonizer was the only combination that provided significant reductions in the 

number of lesions/cm2 relative to the individual activators. It reduced the number of 

lesions/cm2 to 0.03 for the combination compared to 2.51 for 10% Civitas alone and 1.63 

for 5% Harmonizer alone. 

2.3.3 Harmonizer as a defense activator 

Initial tests using soil drench applications of 2% Harmonizer did not significantly 

reduce the disease relative to the water control; whereas 5% Harmonizer was 

significantly different (Table 2.5). Therefore, 5% Harmonizer was chosen for defense 

activation and gene expression analyses. The number of lesions/cm2 was reduced by 38% 

using 5% Harmonizer compared to the water control (Table 2.7). In one experiment 

where the timing of disease was monitored more closely, application of 5% Harmonizer 

also delayed the onset of visible lesions from 96 HPI to approximately 100 HPI, which 

was observed for the water control indicating that it could also delay disease development 

(data not shown).  

2.3.4 Primers for amplification of defense related genes 

To assess the effects of Harmonizer on gene expression in N. benthamiana, 

relative RT-PCR with a 295 bp portion of NbEF1α was done for plants treated with 
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Harmonizer and compared to those treated with water or BTH. Although primers for the 

target genes could be obtained from the literature for NbPR-1a, basic NbPR-2, acidic 

NbPR-2 (GGL1), NbPR-3Q, acidic NbPR-5, NbPRb-1b, NbPR5-dB, NbHin1, Nb630, 

NbCP23 and Nbp69d, new primers had to be designed for NbPR-4, NbSAR8.2a, 

NbHSR203J, NbS25-PR6 and NbClpP (Table 2.2). This was because the expected PCR 

products of NbPR-4 and NbSAR8.2a were too similar in size to NbEF1α, and the 

expected PCR product of NbHSR203J was much larger (approx.1183 bp) compared to 

the other genes of interest. The predicted PCR product sizes were based on the N. 

tabacum sequences that matched exactly the primers described by Kim et al. (2003): 

NtPR-4a (X58546), NtSAR8.2a (M97194) and NtHSR203J (AF212184). The primer 

sequences from Kim et al. (2003) for NbS25-PR6 and NbClpP did not match any S25-

PR6 or ClpP sequences using primer-BLAST with the databases. Since Kim et al. (2003) 

did not provide accession numbers for the S25-PR6 or the ClpP sequences from which 

the primers were designed, a keyword search for S25-PR6 or chloroplastic proteases 

(ClpP) was performed with the Genbank NR database to obtain NtS25-PR6 (U44760) and 

NtClpP (U32397) for primer design.  

 Using NtPR-4a as a query, three N. tabacum sequences and one N. benthamiana 

PR-4 sequence, EH365959, were obtained (Table 2.8) and aligned. Forward and reverse 

primers (Table 2.2) were designed based on the alignment (data not shown) in a region of 

the N. benthamiana sequence that was highly conserved along with the three N. tabacum 

PR-4 sequences 

Using NtSAR8.2a as a query, 13 N. tabacum sequences and one N. glauca SAR8.2 

sequence, AJ853477, were obtained (Table 2.8) and aligned. Forward and reverse 
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primers (Table 2.2) were designed based on the alignment (data not shown) in a region of 

NtSAR8.2a that was highly conserved along with the N. glauca and the other 12 N. 

tabacum SAR8.2 sequences. 

Using NtHSR203J as a query, one N. tabacum sequence, AF212184, and three N. 

benthamiana HSR203J sequences were obtained (Table 2.8) and aligned. Forward and 

reverse primers (Table 2.2) were designed based on the alignment (data not shown) in a 

region of the N. benthamiana HSR203J sequence, TC18631, that was highly conserved 

along with the 2 other N. benthamiana and one N. tabacum HSR203J sequences. A new 

reverse primer (Table 2.2) was designed based on an alignment of the one N. tabacum 

and three N. benthamiana HSR203J sequences (data not shown). This primer was the 

same as the reverse primer of Kim et al. (2003) except that it was longer by 2 nucleotides 

on the 5’ end, which resulted in its predicted melting temperature being closer to that of 

the new forward primer. 

Using NtS25-PR6 as a query, four N. tabacum sequences and one N. benthamiana 

S25-PR6 sequence, CK284481, were obtained (Table 2.8) and aligned. Forward and 

reverse primers (Table 2.2) were designed based on the alignment (data not shown) in a 

region of the N. benthamiana sequence that was highly conserved along with the four N. 

tabacum S25-PR6 sequences. 

Using NtClpP as a query, one N. tabacum ClpP sequence, one N. glutinosa ClpP 

sequence and the full chloroplast sequences of N. tomentosiformis and N. sylvestris were 

obtained (Table 2.8) and aligned. For the full chloroplast sequences, nucleotides 72,304 

to 74,317 of N. tomentosiformis and nucleotides 72,474 to 74,508 of the N. sylvestris 

were annotated as ClpP sequences. Forward and reverse primers (Table 2.2) were 
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designed based on the alignment (data not shown) in a region of NtClpP that was highly 

conserved along with the three other ClpP sequences. 

2.3.5 Testing primers for amplification of defense related genes 

 To test their suitability for monitoring the effect of BTH or Harmonizer on gene 

expression in N. benthamiana, an initial test of the primers mentioned above was 

conducted on cDNA from water, Harmonizer, or BTH treated plants at 7 DPT. Single 

bands of the predicted size were obtained from at least one of these cDNAs for NbPR-1a 

(478 bp), acidic NbPR-2 (463 bp), NbPR-3Q (745 bp), NbPR-4 (438 bp), acidic NbPR-5 

(653 bp), NbS25-PR6 (405 bp), NbHSR203J (526 bp), NbCP23 (635 bp) and NbSAR8.2a 

(450 bp).  

Single bands of the predicted size were not obtained for NbClpP, NbHin1, Nb630 

or Nbp69d. Primers for NbClpP amplified an additional band of 1200 bp along with the 

expected band of 449 bp. Primers for NbHin1 appeared to interact with the primers for 

NbEF1α, as PCR amplification of NbHin1 alone gave a single band of the predicted size 

(706 bp), while co-amplification yielded no band of the expected size for NbHIN1, and 

weaker amplification of NbEF1α. Primers for Nb630 failed to amplify any bands from 

any sample. Primers for Nbp69d resulted in amplification of two bands of approximately 

equal intensity with cDNA from Harmonizer-treated N. benthamiana. The smaller band 

of approximately 280 bp corresponded to the expected size for p69d, while the larger, 

unexpected band was approximately 350 bp. No further work was done with these 

primers or genes NbClpP, NbHin1or Nb630. 

The 280 and 350 bp PCR products obtained with the primers for Nbp69d were 

excised and sequenced. The sequences were used in a BLASTN search of The 
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Computational Biology and Functional Genomics Laboratory N. tabacum (version 6.0) 

and N. benthamiana (version 4.0) Gene Indices. The top matches of the 280 bp sequence 

were two N. tabacum sequences with TC110592 being the closest match and one N. 

benthamiana sequence, TC21392, and all of the sequences were annotated as serine 

proteases (data not shown). For the 350 bp sequence, the top matches were to two N. 

tabacum sequences with FG153300 being the closest match, and all were annotated as 

NADPH oxidoreductases (data not shown).  

In order to specifically amplify the 280 bp sequence, it was used as a query in 

BLASTN searches to obtain six N. tabacum and four N. benthamiana serine protease 

sequences from The Computational Biology and Functional Genomics Laboratory N. 

benthamiana and N. tabacum Gene Index databases and the Genbank NR database (Table 

2.8). These were aligned (data not shown), and a new reverse primer (Table 2.2) was 

designed to match TC21392, in a region highly conserved among all the serine protease 

sequences. The new primer paired with the original forward primer was used for 

amplification of the gene, designated Nbp69d, and 3 bands were observed, one at the 

expected size of 450 bp, and two additional bands at 400 bp and 550 bp. No further work 

was done with these primers. 

To design primers for the 350 bp sequence, it was used as a query in BLASTN 

searches to obtain two N. tabacum, one Capsicum chinense, one Arachis hypogaea, and 

one Arachis duranensis NADPH oxidoreductase sequence, and one A. thaliana 

NADPH:quinone oxidoreductase sequence, designated AtNQR from BLASTN searches 

of both The Computational Biology and Functional Genomics Laboratory N. 

benthamiana and N. tabacum Gene Index databases and the Genbank NR database (Table 
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2.8). These were aligned (data not shown), and new forward and reverse primers (Table 

2.2) were designed to match FG153300 in regions conserved among all the NADPH 

oxidoreductase sequences. They were used for amplification of the gene, designated 

NbNQR, and amplified one band of the expected size of 400 bp. No further work was 

done with these primers. 

2.3.6 Gene expression after Harmonizer or BTH treatment 

 Expression of NbPR-1a (Fig. 2.1), acidic NbPR-2 (Fig. 2.2), NbPR-4B (Fig. 2.3), 

acidic NbPR-5 (Fig. 2.4) and NbSAR8.2a (Fig. 2.5) showed similar expression patterns 

with a few differences. Only acidic NbPR-2 and NbSAR8.2a had basal levels of 

expression at 0 DPT, i.e. prior to treatment. Following BTH treatment, all of these genes 

showed induction prior to infection with NbPR-1a and NbSAR8.2a expression reaching a 

maximum pre-infection value at 1 DPT, acidic NbPR-2 expression reaching a maximum 

pre-infection value at 3 DPT, and NbPR-4B and acidic NbPR-5 expression increasing 

more gradually without a significant difference from the water control until 7 and 3 DPT, 

respectively. For all of these genes, the water control did not change significantly from 

pre-treatment levels until 7 DPT which was the time of inoculation. Following 

inoculation with C. orbiculare, all these genes showed priming with BTH. Expression of 

NbPR-1a, acidic NbPR-2 and NbPR-4B continuously increased up to 11 DPT, acidic 

NbPR-5 peaked at 9 DPT and NbSAR8.2a reached its maximum at 9 DPT. During post-

inoculation for the water control, no expression was detected for acidic NbPR-5, while 

increased expression was slight for acidic NbPR-2, moderate for NbPR-1a and NbPR-4B, 

or high for NbSAR8.2a.  
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 Expression of NbPR-3Q (Fig. 2.6), NbS25-PR6 (Fig. 2.7), NbCP23 (Fig. 2.8), and 

NbHSR203J (Fig. 2.9) also showed similar expression patterns. Only NbPR-3Q showed 

no expression at 0 DPT. Following BTH treatment, these genes showed induction prior to 

infection with expression levels reaching a maximum at 3 DPT and remaining steady 

until inoculation. For the water control, no expression was detected with NbPR-3Q prior 

to inoculation, while expression decreased by 3 DPT for NbS25-PR6, NbCP23 and 

NbHSR203J. Following inoculation of BTH treated plants with C. orbiculare, expression 

of NbS25-PR6 and NbCP23 declined, while expression of NbPR-3Q and NbHSR203J 

remained steady until 9 DPT before declining. During post-inoculation for the water 

control, NbPR-3Q expression was not detected, NbS25-PR6 expression continuously 

increased, NbCP23 expression peaked at 9 DPT, and NbHSR203J expression did not 

increase until 11 DPT. 

 To test for ISR-related gene expression, the BTH treated plants were also 

examined for expression of NbPRb-1b, NbPR-2 and NbPR5db (Cortes-Barco et al., 

2010a). Low expression was detected with basic NbPR-2 (Fig. 2.11) and NbPR5db (Fig. 

2.12), while no expression was detected with NbPRb-1b (Fig.2.10) at 0 DPT. Following 

BTH or water treatment, no significant changes in expression were detected with any of 

those genes. However, post-inoculation with C. orbiculare, BTH treated plants showed 

priming with NbPRb-1b (Fig. 2.10) and NbPR5-dB (Fig. 2.12), and the water control also 

showed increased expression for all three genes (Figs. 2.10, 2.11 and 2.12). 

 In contrast to BTH, Harmonizer treatment did not significantly affect gene 

expression relative to the water control for any of the genes previously described, except 

for NbSAR8.2a and NbS25-PR6 (Figs. 2.1 to 2.12). Harmonizer treatment significantly 
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reduced plant expression of NbSAR8.2a at 9 DPT (Fig. 2.5), and it significantly increased 

plant expression of NbS25-PR6 at 7 DPT (Fig. 2.7).  

2.3.7 Identification of genes used for monitoring effects of BTH and Harmonizer 

treatment 

 For the sequenced RT-PCR product of the putative NbPR-1a, a BLASTN search 

did not give significant matches to any N. benthamiana sequences but did reveal four N. 

tabacum sequences, with TC145668 having the lowest e-value and highest percent 

identity (Table 2.9). A NJ tree of the matching sequences showed that the RT-PCR 

product had the greatest similarity with TC145668 (Fig. 2.13). This indicates that the 

sequenced RT-PCR product is a homolog of TC145668, annotated in the N. tabacum 

Gene Index as NtPR-1a, which is in concordance with our gene name, NbPR-1a. In 

addition, the sequenced RT-PCR product matched the NbPR-1a sequence from Cortes-

Barco et al. (2010a) with 100% nt identity in the overlapping region (data not shown). 

 For the putative acidic NbPR-2, the sequenced RT-PCR product did not 

significantly match any N. benthamiana sequence, but did match six N. tabacum 

sequences with TC122697 giving the best match (Table 2.10). A NJ tree of the sequences 

showed two distinct clusters separated by 100% bootstrap support with the sequenced 

RT-PCR product clustering with two other sequences, of which TC122967 was the most 

similar (Fig. 2.14). This indicates that the sequenced RT-PCR product is a homolog of 

TC122967, annotated as acidic NtPR-2 GI9, which is in concordance with our gene 

name, acidic NbPR-2. 

 For the putative NbPR-3Q, the significant matches to the sequenced RT-PCR 

product were two N. benthamiana sequences with the top match being TC18292 showing 
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68% nt identity, and eight N. tabacum sequences, with TC122985 giving the closest 

match (Table 2.11). A NJ tree of the sequences showed that the sequenced RT-PCR 

product clustered with two other sequences, of which TC122985 was the most similar 

(Fig. 2.15). This indicates that the sequenced RT-PCR product is a homolog of 

TC122985, annotated as NtPR-3Q, which is in concordance with our gene name, NbPR-

3Q. In addition, the sequenced RT-PCR product matched the NbPR-3Q sequence from 

Cortes-Barco et al. (2010a) with 99% nt identity in the overlapping region (data not 

shown). 

 The putative NbPR-4B RT-PCR product sequence had significant matches to two 

N. benthamiana sequences with EH365959 being the top match having 99% nt identity, 

and six N. tabacum sequences with TC136138 having the closest match (Table 2.12). The 

sequence of EH365959, annotated as NbPR-4B, and the RT-PCR product appear to be the 

same sequence as the three nucleotide differences between NbPR-4B and EH365959 

occurred in highly conserved regions, indicating that the differences were likely due to 

sequencing errors (Appendix VI). A NJ tree of the sequences showed a very short branch 

distance between the RT-PCR product sequence and EH365959 with both sequences 

clustering with two other sequences, of which TC164344 was the most similar (Fig. 

2.16). This indicates that the sequenced RT-PCR product is the same as EH365959, and 

is a homolog of TC164344, annotated as NtPR-4B, which is in concordance with our 

gene name, NbPR-4B. 

 For the putative acidic NbPR-5, the sequenced RT-PCR product had significant 

matches to three N. benthamiana sequences, with TC18126 being the closest match with 

98% nt identity, and ten N. tabacum sequences, with TC123454 giving the closest match 
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(Table 2.13). The RT-PCR product sequence and TC18126 were likely not the same 

because the seven nucleotide differences between them were in variable regions among 

the other sequences (Appendix VII). A NJ tree showed that the RT-PCR product 

sequence clustered with three other sequences, of which TC18126 and FS434384 were 

the most similar (Fig. 2.17). This indicates that the sequenced RT-PCR product is a 

homolog of TC18126 and FS434384, annotated as NbPR-R minor and NtPR-R minor, 

respectively. Since the names PR-R minor and acidic PR-5 are synonymous (Ward et al., 

1991), the gene retained the name, acidic NbPR-5. In addition, the sequenced RT-PCR 

product matched the acidic NbPR-5 sequence from Cortes-Barco et al. (2010a) with 99% 

nt identity in the overlapping region (data not shown). 

 The putative NbS25-PR6 RT-PCR product sequence had significant matches to 

one N. benthamiana sequence (CK284481) at 94% nt identity and three N. tabacum 

sequences with TC129921 having the closest match (Table 2.14). A NJ tree showed that 

the RT-PCR product sequence clustered with TC147019 (Fig. 2.18). This indicates that 

the sequenced RT-PCR product is a homolog of TC147019, annotated as NtS25-PR6, 

which is in agreement with naming the gene, NbS25-PR6. 

 For the putative NbSAR8.2a, the RT-PCR product sequence did not have any 

significant match to any N. benthamiana sequence, but it did have matches with 14 N. 

tabacum sequences, of which TC160756 had the closest match (Table 2.15). An NJ tree 

generated from those sequences showed no clear clustering with NbSAR8.2a (data not 

shown). Therefore, a BLASTN of the RT-PCR product sequence was conducted against 

the Genbank NR database to obtain the most similar sequence, AJ853477 from N. glauca 

(Table 2.15). A NJ tree including that sequence showed five major groups with 60% to 
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100% bootstrap support, and the association of the sequenced RT-PCR product with 

AJ853477 (Fig. 2.19). This indicates that the sequenced RT-PCR product is a homolog of 

AJ853477, annotated as NgSAR8.2a-like, which is in agreement with naming the gene, 

NbSAR8.2a. However, while AJ853477 was annotated as NgSAR8.2a-like, it does not 

cluster with either of the N. tabacum SAR8.2a sequences, TC144859 and BP136000. 

Thus, it not clear which of the N. tabacum SAR8.2 sequences is most similar to 

NgSAR8.2a-like and NbSAR8.2a. 

 For the putative NbCP23, the RT-PCR product sequence had a significant match 

to the N. benthamiana sequence (TC16660) with 99% identity as well as three N. 

tabacum sequences with TC122954 being the closest match (Table 2.16). It is likely that 

TC16660, annotated as a cysteine protease aleuran type (NbCYP1), and the sequenced 

RT-PCR product are the same sequence as the one nt difference between the RT-PCR 

product sequence and TC16660 occurred in a region conserved among all other 

sequences, indicating the difference was likely due to a sequencing error (Appendix X). 

The RT-PCR product sequence had 100% nt identity with DQ084022, which was 

annotated as NbCYP1 by Hao et al. (2006). DQ084022 is in the GenBank NR database 

and is one of the 22 sequences which make up TC16660. A NJ tree of the sequences 

showed a very short branch distance between the sequenced RT-PCR product and 

TC16660 (Fig. 2.20). As the RT-PCR product sequence is identical to DQ084022, which 

is annotated as NbCYP1 (Hao et al. 2006), and Kim et al. (2003) did not provide 

information about the N. benthamiana gene used to design the NbCP23 primers, the gene 

was named NbCYP1. 
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 The putative NbHSR203J RT-PCR product sequence had significant matches to 

four N. benthamiana sequences with TC18631 being the closest match at 99% nt identity, 

and four N. tabacum sequences with TC122972 being the closest match (Table 2.17). It is 

likely that TC18631, annotated as NbHSR203J, and the sequenced RT-PCR product are 

the same because the 2 nt difference between the sequenced RT-PCR product and 

TC18631 occurred in regions highly conserved among all other sequences, indicating the 

differences are likely due to sequencing errors (Appendix XI). A NJ tree showed a very 

short branch distance between the sequenced RT-PCR product and TC18631 (Fig. 2.21). 

The annotation for TC18631 is a cell death associated protein, which is synonymous with 

HSR203J (Suh et al., 2003). In addition, Caplan et al. (2009) described a N. benthamiana 

gene with the same sequence as TC18631 as a HSR203J gene. Therefore, the gene 

amplified was named NbHSR203J. 

 For the putative NbEF1α, the significant matches to the sequenced RT-PCR 

product were four N. benthamiana sequences with TC20535 having the closest match 

with 96% nt identity as well as eight N. tabacum sequences with TC128349 being the 

closest match (Table 2.18). The sequenced RT-PCR product and TC20535 are likely not 

the same because the 8 nucleotide differences between the sequenced RT-PCR product 

and TC20535 occurred in regions which were variable among the sequences (Appendix 

XII). A NJ tree of the sequences showed that the RT-PCR product had the greatest 

similarity with TC128349 (Fig. 2.22). TC128349 is annotated as NtEF1α, which is in 

agreement with naming the gene NbEF1α. In addition, an alignment between the 295 bp 

NbEF1α sequenced RT-PCR product and the 700 bp NbEF1α sequence reported by Dean 

(2002) showed 96% nt identity in the overlapping regions (data not shown). Of the nine 
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nt that did not match, seven were labeled as N's in the 700 bp NbEF1α sequence, 

indicating that the differences were due to poor sequencing.  
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2.4 Discussion 

 A variety of disease resistance activators reported in the literature was tested in N. 

benthamiana for control of anthracnose caused by C. orbiculare. The activators were 

divided into three groups: those that did not effectively give significant reductions in 

lesions/cm2, those that effectively but inconsistently gave significant reductions, and 

those that effectively and consistently gave significant reductions. 

 One ineffective activator was 5 mM AZA. AZA is a plant mobile metabolite 

found to accumulate in the phloem sap of Arabidopsis following bacterial infection (Jung 

et al., 2009). Even though it was ineffective in this study, 1 mM AZA reduced disease by 

approximately 10 fold in Arabidopsis to P. syringae pv. maculicola (Jung et al., 2009), 

but that was the only report of this compound in the literature as a resistance activator. 

Therefore, AZA may be ineffective in a plant like N. benthamiana, or ineffective against 

a fungal pathogen like C. orbiculare. Another difference could be that Jung et al. (2009) 

inoculated Arabidopsis 2 d after treatment, whereas in this study, N. benthamiana was 

inoculated 7 d after treatment. Since Jung et al. (2009) did not report the length of period 

of protection provided by AZA, it could be possible that any effect may have diminished 

by 7 d. 

The buffer, MES, was used as a control for AZA. MES was developed as a buffer 

with a morpholine ring and a pKa of 6.15, and is not supposed to be absorbed through 

cell membranes (Good et al., 1966). Surprisingly, it significantly reduced disease when 

preparations were stored for at least 2 wk, whereas fresh preparations did not. Therefore, 

it appears that some compound is created in the MES overtime during storage that can act 

as a defense activator. It is unlikely that this was due to microbial contamination as the 
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MES solution was filter sterilized when prepared. A second possibility is that a chemical 

breakdown product of MES was activating resistance, however, the supplier of MES, 

Sigma-Aldrich (http://www.sigmaaldrich.com/etc/medialib/docs/Sigma/Product 

_Information_Sheet/2/m5287pis.Par.0001.File.tmp/m5287pis.pdf) reports that MES is 

both chemically and enzymatically stable, although there is a yellow breakdown product 

following autoclaving. Further examination of this effect would require chemical analysis 

of the fresh and stored MES, as well as a more detailed search for microbial 

contamination. 

 Abietic acid applied at 0.33 mM was also ineffective in this study. Abietic acid is 

a plant diterpene which has been isolated from resin of Pinus species (Coppen et al., 

1988). The only report of abietic acid inducing resistance was 100 ppm (0.33 mM) abietic 

acid reducing infection of C. higginsianum on Arabidopsis by 76% (Narusaka et al., 

2009). It is possible that abietic acid was ineffective in this study because it may only be 

effective in certain plants, like Arabidopsis. Since it controlled a similar pathogen to C. 

orbiculare, it is less likely that it would not be effective a Colletotrichum species. 

Narusaka et al. (2009) did not mention the supplier of their abietic acid, but they did state 

that that de-ionized water was used as a control. The abietic acid used in this study did 

not dissolve in de-ionized water, and therefore could be different than a water-soluble 

form. In addition, the challenge inoculation in this study was 7 DPT, whereas Narusaka et 

al. (2009) inoculated only 1 DPT. While induced resistance is generally long lasting, 

Narusaka et al. (2009) did not report on the length of period of protection by abietic acid. 

 Isotianil (3,4-dichloro-N-(2-cyanophenyl)-5-isothiazolecarboxamide) at 0.34 mM 

was ineffective as well. It is a synthetic compound in the chemical class of isothiazoles 
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and is registered as a fungicide produced by Bayer CropScience for control of a range of 

biotrophic, but not necrotrophic, bacterial, fungal and viral diseases of a wide range of 

crops, including Colletotrichum orbiculare on Cucumis sativus, with the mechanism of 

action appearing to be SAR as it induced expression of disease-resistance related genes, 

including WRKY45 (Ogawa et al., 2011), which is a BTH- and SA-inducible WRKY 

transcription factor (Shimono et al., 2007). However, its efficacy varies with no efficacy 

against Pseudoperonospora cubensis on C. sativus and low efficacy (69–20% control) 

against tomato spotted wilt virus on N. tabacum (Ogawa et al., 2011). Therefore, it could 

be ineffective in a plant like N. benthamiana or against a hemibiotrophic pathogen like C. 

orbiculare. Solubility may have another factor as isotianil was non-soluble in water and 

thus was dissolved in DMSO and then diluted in water. According to the MSDS from 

Sigma, where isotianil was purchased, there is no data about solubility. The ability of 

isotianil to activate resistance may have been limited by its solubility and thus its uptake 

by the plant. 

 Application of a 15 to 25% acetylated chitosan was not effective in this study, 

although in the closely related N. tabacum, an enzymatically degraded, 36.5% acetylated 

chitosan reduced disease caused by P. parasitica up to 59% (Falcón et al., 2008). In 

addition, application of a 15% acetylated chitosan to P. vulgaris reduced disease caused 

by C. lindemuthianum by 70% (Di Piero and Garda, 2008). A synonym of C. 

lindemuthianum is C. orbiculare according to Liu et al. (2007a), indicating that the lack 

of efficacy was less likely due to the pathogen studied. Possible reasons for the lack of 

efficacy could be related to the degree of acetylation, as Falcón et al. (2008) reported that 

higher degrees of acetylation provided more control of disease, with a 15% acetylated 
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chitosan not providing significant reductions in disease levels. However, Di Piero and 

Garda (2008) observed efficacy with 15% acetylated chitosan against C. lindemuthianum 

(= C. orbiculare) on P. vulgaris, but they were using concentrations more than four fold 

higher than Falcón et al. (2008). Yafei et al. (2009) also observed efficacy with a 5% 

acetylated chitosan against TMV on N. tabacum using 50 µg/ml, compared to Falcón et 

al. (2008) who used 500 µg/ml. Perhaps the use of more water soluble chitosan, chitosan 

with a higher degree of acetylation or a much higher concentration of 15 to 25% 

acetylated chitosan was needed to observe activity.  

Due to the low solubility of the chitosan observed in this study, a water-soluble 

oligochitin was also tested for disease control; however, it was not effective at reducing 

disease. Based on the literature, water-soluble oligochitosan has been found to be 

effective in 24 plant species, including N. tabacum, to viral, bacterial and fungal diseases 

(Yin et al., 2010). An oligochitin (N-acetylchitoheptaose) reduced infection of M. oryzae 

(= M. grisea) up to 41% in Oryza sativa and induced expression of PR-1 and PR-10 

(PBZ1) systemically (Tanabe et al., 2006). The oligochitin used in this study and the N-

acetylchitoheptaose was also prepared from crustacean shells, but they may have been 

processed differently, such as the re-N-acetylation of the chitooligosaccharides to convert 

them to N-acetylchitoheptaose after hydrolysis (Shibuya and Minami, 2001). Therefore, 

differences in characteristics, such as the degree of acetylation or molecular weight could 

have been the reason for the lack of efficacy observed here. 

 Application of 1 to 25 mM HA was not effective in this study, but 0.06 to 20 mM 

HA reduced disease in Lycopersicon esculentum to B. cinerea (Leyva et al., 2008), and 

0.8 and 1.0 mM HA reduced disease in arabidopsis to the same pathogen. Although HA 
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has only been tested in L. esculentum and arabidopsis against B. cinerea, L. esculentum is 

related to N. benthamiana. It may be that HA is more effective against necrotrophic 

pathogens, like B. cinerea, than it is against a hemibiotroph, like C. orbiculare. Another 

difference could be that Leyva et al. (2008) inoculated L. esculentum 2 DPT, whereas in 

this study, N. benthamiana was inoculated 7 DPT. Leyva et al. (2008) did not report the 

period of protection provided by HA, and the induced resistance may have diminished by 

7 d.  

 For (2R,3R)-butanediol, only 50% of the treated plants tested showed reduced 

disease, with the levels of control ranging from 4% to 90% in this study. Application of 

100 µM (2R,3R)-butanediol has been shown to reduce disease in N. benthamiana and N. 

tabacum to C. orbiculare and E. carotovora by 77% and 50%, respectively (Cortes-Barco 

et al., 2010a; Han et al., 2006), while applications as high as 200 µM reduced the number 

of symptomatic leaves in Arabidopsis following inoculation with E. carotovora subs. 

carotovora by approximately 69% (Ryu et al., 2004). The main reason for the variability 

is likely due to the source of the (2R,3R)-butanediol, as initial trials with the same bottle 

of (2R,3R)-butanediol from Sigma used by Cortes-Barco et al. (2010a) gave the higher 

levels of disease control (90%); however, when (2R,3R)-butanediol was purchased later 

from Sigma as well as from Fisher, treated plants showed very low (4%) reductions in 

disease, which was not significant.   

 BABA effectively reduced disease in five out of six plants by approximately 78%. 

BABA has been reported to work in a wide range of plants (Cohen, 2002), and although 

it has not been reported before in N. benthamiana, application of 1 mM BABA to its 

close relative N. tabacum reduced lesion size by 66% to TMV, and reduced disease by 
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65% to Peronospora tabacina (Siegrist et al., 2000; Cohen, 1994). There is evidence for 

BABA-related resistance to be pathogen specific. Inoculated NahG mutant N. tabacum 

plants, which degrade SA and thus are impaired in the SA signaling pathway of SAR, 

showed resistance to P. tabacina but not to TMV (Cohen, 2002). Since only one plant did 

not respond to foliar applications of BABA, it may have been due to experimental errors, 

such as BABA not being absorbed as efficiently as in other plants. More tests would need 

to be conducted to improve the reliability of BABA in this system.  

Regalia applied at 1% to the foliage caused minor phytotoxicity to treated leaves 

but gave a consistently effective reduction in disease by 66% on non-treated leaves. Due 

to the foliar phytotoxicity, Regalia was also tested in the soil and significantly reduced 

disease by 47% without causing phytotoxicity, indicating it can control disease caused by 

C. orbiculare in N. benthamiana whether applied to the foliage or soil. Daayf et al. 

(1995) and Konstantinidou-Doltsinis et al. (2006) found that 2% and 1% Regalia applied 

to the foliage could reduce disease by approximately 50% in C. sativus to powdery 

mildew, and by 96% in L. esculentum to powdery mildew, respectively. In neither case 

was phytotoxicity reported, indicating a thinner leaf cuticle on N. benthamiana may be 

responsible for the observed difference in phytotoxicity between studies. 

 Civitas(+e) was also consistently effective reducing disease by 53%. However, 

Cortes-Barco et al. (2010a) observed an 81% reduction in disease using the same 

pathosystem. This difference could be due to Civitas(+e) being applied to the soil 

composed of 50% pasteurized GTI field soil/50% potting mixture, and although the field 

soil was collected near the same location, it is possible that the soil had some differences, 
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such as the number and species of rhizosphere microorganisms. This could have affected 

the level of control afforded by Civitas. 

Application of Harmonizer consistently reduced disease in N. benthamiana 

caused by C. orbiculare by 38% when applied to the soil, whereas foliar applications 

were phytotoxic. Harmonizer was also found to be effective against S. homoeocarpa on 

A. stolonifera (Chapter 3), indicating it is effective in other pathosystems as well. 

 By far the most effective compound in this study was BTH, which consistently 

significantly reduced disease by 99%. This is very similar to results of Cortes-Barco et al. 

(2010a), who observed 98% control using the same pathosystem. BTH has also been 

shown to be effective in the closely related N. tabacum to a wide range of viral, bacterial 

and fungal pathogens (Gozzo, 2003). 

 In addition to applying defense activators individually to N. benthamiana, 

combinations of activators were also tested for induction of disease resistance in order to 

determine if a combination could activate resistance to a greater extent than individual 

compounds. Combined application of ineffective, variably effective defense activators or 

consistently effective activators did not increase the level of disease control relative to 

individual activators. For the combinations of consistently effective activators, BTH 

alone reduced disease to such an extent individually that no combination was able to 

improve its high efficacy, while Regalia was never tested in combination with other 

compounds. The only example of an improvement was the combination of Civitas and 

Harmonizer, where there was an additive increase in efficacy compared to when each was 

applied individually.  
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Antagonism can occur when the SAR and ISR pathways are simultaneously 

activated (Koornneef et al., 2008; Liu et al., 2008; Mur et al., 2006; van Wees et al., 

1999). However, simultaneous activation of SAR and ISR also has the ability to enhance 

resistance responses compared to activation of an individual pathway when the activators 

are defense signaling molecules or microorganisms (Mur et al., 2006; Niu et al., 2011; 

van Wees et al., 1999; van Wees et al., 2000). The combination of Civitas and 

Harmonizer may be activating different defense pathways. Three ISR-related genes, 

NbPRb-1b, basic NbPR-2 and NbPR-5dB, were primed by Civitas-treatment (Cortes-

Barco et al., 2010a), but this work showed no priming or induction by Harmonizer, 

indicating these compounds are affecting different defense genes. This is the first report 

of an additive effect with combinations of abiotic activators that are not plant signaling 

molecules. Mur et al. (2006) observed synergism with a combination of SA and JA, 

while van Wees et al. (1999), van Wees et al. (2000) and Niu et al. (2011) used either 

biotic activators of SAR and ISR, or biotic activators of ISR combined with SA when 

observing a synergistic effect. 

 As little is known about the effects of Harmonizer on plants or fungi, it was 

monitored more closely for antimicrobial activity and defense gene expression. 

Harmonizer contains CuPh, where copper is chelated into a phthalocyanine molecule, and 

although a mode of action has not been established, CuPh containing compounds have 

been used on turfgrasses for over 50 years as a colorant (Liu et al., 2007c; Ostmeyer, 

1994). In addition, there are reports of using it as an additive to increase the effectiveness 

of fungicides used to control turfgrass diseases, such as crown and root rot caused by C. 

cereale, as well as unspecified snow molds (Lucas and Mudge, 1997; Ostmeyer, 1994).  
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 When combined with fungicides, CuPh pigments have been traditionally applied 

as foliar sprays (Hodge and Riso, 2008; Lucas and Mudge, 1997; Liu et al., 2007c). It is 

unclear if the increased effectiveness is due to antimicrobial activity of CuPh. When 

Harmonizer was added to PDA, it inhibited radial growth of C. orbiculare and C. 

destructivum, but did not have direct fungitoxicity up to 120 mg/ml. The addition of 0.01 

mg/ml to 2 mg/ml CuPh to PDA resulted in growth promotion of Aspergillus niger 

(Achar et al., 1992), but no growth promotion was observed in this study at those 

concentrations. However, 0.1 mg/ml CuPh applied in solution directly inhibited spore 

germination of M. grisea (Vol’pin et al., 2000), and 1 mg/ml to 2 mg/ml CuPh in solution 

directly inhibited spore germination of Peronosclerospora sorghi (Achar et al., 1992). 

Spore germination was not tested with Harmonizer in this study. 

The antimicrobial activity of Harmonizer could be due to the copper in CuPh, 

since copper affects the permeability of microbial plasma membranes, integrity of nucleic 

acids and functionality of enzyme active sites (Cervantes and Gutierrez-Corona, 1994; 

Ohsumi et al., 1988). Harmonizer should have less toxicity than free copper because 

copper bound to inorganic or organic complexes are less toxic to aquatic organisms and 

microorganisms, respectively (Flemming and Trevors, 1989; Zevenhuizen et al., 1979). 

A second possibility is that the antimicrobial activity is due to the CuPh molecule 

exerting antimicrobial properties through the generation of ROS (Vol’pin et al., 2000). 

Metal phthalocyanines have been proposed to generate ROS through photosensitized 

oxidation (Rosenthal and Ben-Hur, 1995), and Vol’pin et al. (2000) showed that the 

antimicrobial activity of CuPh was greater in the presence of light than in the dark. 

Therefore, inhibition could be related to direct effects of copper, or indirect effects of 
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ROS. However, resistance to C. orbiculare was observed when Harmonizer was applied 

to the soil. Photosensitized oxidation would be very limited there, and the CuPh would be 

separated from the leaves where the induced resistance was detected. Based on these 

results, it was concluded that the activity of Harmonizer is a consequence of it being a 

defense activator affecting gene expression in the plant. 

 Unlike Harmonizer, BTH is a well characterized defense activator in plants for 

both resistance and gene activation (e.g. Friedrich et al. 1996; Cortes-Barco et al., 

2010a). In Arabidopsis, microarray analysis was able to identify 1,147 out of 24,000 

genes up-regulated by at least 2 fold at 1 DPT with BTH (Wang et al., 2006), while in O. 

sativa, microarray data analysis was able to identify 1,228 out of 29,923 genes up-

regulated by at least 2 fold at 1 DPT with BTH (Sugano et al., 2010). This indicates that 

there are large scale changes in plants transcriptomes following BTH treatment. In this 

study, nine genes were chosen based on past associations with SAR, hypersensitive 

response cell death and disease resistance (Alexander et al., 1992; Cortes-Barco et al., 

2010a; Hao et al., 2006; Pontier et al., 1994; Pontier et al., 1999; van Loon and van 

Strien, 1999). These genes were then compared for the pattern of their response to BTH 

over time, and they could be divided into those showing rapid versus slow induction. 

Rapidly induced genes showed a significant change in expression by 1 DPT and were 

NbPR-1a, acidic NbPR-2, NbSAR8.2a, NbPR-3Q and NbHSR203J. The slowly induced 

genes did not show a significant change in expression until 3 to 7 DPT and were NbPR-

4B, acidic NbPR-5, NbS25-PR6 and NbCYP1. 

 Among the five rapidly induced genes, PR-1 genes have an unknown function 

with antifungal activity against oomycetes, and are the most commonly used markers of 
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SAR (van Loon and van Strien, 1999). Time course studies in N. tabacum and N. 

benthamiana have found that PR-1 genes can be induced as early as 12 HPT with BTH 

(Cortes-Barco et al., 2010a; Friedrich et al., 1996). The acidic PR-2 genes are part of a 

family of β-1,3-glucanases, involved in the hydrolysis of β-1,3-glucans found in fungal 

cell walls (van Loon, 1997) and have been shown to be induced 12 hr after BTH 

treatment in N. tabacum (Friedrich et al., 1996). The SAR8.2 genes are part of a 

multigene family with unknown function and antifungal activity (Lee and Hwang, 2006), 

with the SAR8.2m gene in N. benthamiana, NbSAR8.2m, likely having a role during the 

biotrophic phase of infection of C. orbiculare (Shan et al., 2005). In addition, a SAR8.2 

gene in N. tabacum was induced within 12 HPT with BTH (Friedrich et al., 1996). The 

PR-3 genes encode acidic chitinases (Ward et al., 1991), which in N. tabacum and N. 

benthamiana have been shown to be induced within 12 HPT with BTH (Cortes-Barco et 

al., 2010a; Friedrich et al., 1996). Lastly, the hypersensitive-related HSR203J genes 

encode serine hydrolases (Tronchet et al., 2001). HSR203J was originally isolated from 

N. tabacum, and its expression was induced within 3 to 6 hr of inoculation with an 

avirulent strain of Ralstonia solanacearum, which preceded the development of necrotic 

lesions by 9 hr (Pontier et al., 1994). Its activation in tobacco and L. esculentum is also 

correlated with the HR induced by heavy metals like copper sulfate and lead nitrate, as 

well as bacterial and fungal elicitors, but not by SA or INA, an inducer of SAR (Pontier 

et al., 1998). SA treatment of sunflower hypocotyls also did not induce expression of a 

HSR203J gene (Radwan et al., 2005). Therefore, rapid induction of NbPR-1a, acidic 

NbPR-2, NbSAR8.2a and NbPR-3Q by BTH has been previously reported, whereas rapid 

induction of NbHSR203J was unexpected as it has not been shown to not be associated 
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with SAR previously. The latter could be due to variation in the response among the 

different genes for HSR203J in N. benthamiana, since a BLASTN search of the N. 

benthamiana gene index (http://compbio.dfci.harvard.edu/index.html) with the N. 

tabacum HSR203J sequence (AF212184) revealed four significant matches, TC18631, 

TC19220, TC17620 and CK298515, indicating at least four HSR203J homologues in N. 

benthamiana. 

 Among the slowly induced genes, PR-4 genes encode endochitinases which break 

glycosidic bonds in the chitin of fungal cell walls (van Loon and van Strien, 1999), and 

have been shown to be induced within 12 HPT with BTH (Friedrich et al., 1996). 

However, this study showed that NbPR-4B was not induced until 7 DPT showing a much 

slower response. Acidic PR-5 genes encode thaumatin-like proteins, which disrupt fungal 

plasma membranes, and in N. tabacum, an acidic PR-5 was induced within 4 HPT with 

BTH, which was faster than that of a PR-1, PR-2 or SAR8.2 gene (Friedrich et al., 1996). 

In N. benthamiana, acidic NbPR-5 was induced by 24 HPT with BTH, which was a 

slower induction than NbPR-1a (Cortes-Barco et al., 2010a). While the pattern of 

expression was the same over time and its increase also followed that of NbPR-1a, the 

slower induction in this study compared to Cortes-Barco et al. (2010a) was unexpected as 

the genes are the same. Possibly, the application of BTH to the soil in this study may 

affect the speed of induction of some genes relative to the foliar application of BTH in 

Cortes-Barco et al. (2010a). Another possibility is that minor differences in growth 

conditions could have affected gene expression. PR-6 genes are proteinase inhibitors 

implicated in defense against insects and other herbivores, microorganisms and 

nematodes (van Loon and van Strien, 1999). There are no reports of the expression of this 

 
93 

 
 
 



 

gene following BTH treatment; however in N. tabacum, a PR-6 gene was induced by JA 

within 2 DPT (Niki et al., 1998), and a glycoprotein elicitor induced expression of a PR-6 

gene within 2 DPT (Dorey et al., 1997). Cysteine proteases, such as the aleurain group of 

cysteine proteases (NbCYP1), are involved in many processes in plants including PCD, 

with NbCYP1 having previously been shown to be induced by 72 hr post-inoculation with 

C. destructivum (Hao et al., 2006); however, there are no reports of the expression of 

cysteine protease genes following BTH treatment.  

 While most studies only monitor induction of gene expression during SAR, 

priming has also been described for plant defense genes (Goellner and Conrath, 2008; 

Hammerschmidt, 2009; Shah, 2009). In this study, five of the nine genes tested, NbPR-

1a, acidic NbPR-2 and NbSAR8.2a, which were rapidly induced, along with  NbPR-4B 

and acidic NbPR-5, which were slowly induced, were primed by BTH treatment for 

increased expression following inoculation with C. orbiculare. Among those families of 

genes, a L. esculentum acidic PR-1 was primed by BTH following inoculation with P. 

syringae pv. tomato in one out of three experiments (Herman et al., 2008) as well as a 

PR1-1a gene of C. sativus following inoculation with C. orbiculare (Cools and Ishii, 

2002). Another example of priming by BTH was a C. sativus PAL1, acidic peroxidase 

(POX) (Cools and Ishii, 2002), lignin peroxidase (LPO) and catalase (CAT) following 

inoculation with C. orbiculare (Deepak et al., 2006). In cultured parsley cells, BTH 

primed expression of genes for PAL, 4-coumarate:CoA ligase, PR-10 and a 

hydroxyproline-rich glycoprotein following treatment with an elicitor preparation from 

Phytophthora megasperma f. sp. glycinea (Conrath et al., 2001). Thus, priming of gene 
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expression by BTH occurs for a variety of defense-related genes in N. benthamiana as 

well as other plants. 

 The three ISR-related genes of N. benthamiana (Cortes-Barco et al., 2010a) were 

also primed by BTH, although no induction was observed. Cortes-Barco et al. (2010a) 

also showed no induction of these genes by BTH, but did not examine if they were 

primed following inoculation with C. orbiculare. Herman et al. (2008) also found that 

BTH treatment of L. esculentum plants primed a basic PR-1 gene (in two out of three 

experiments), while in one experiment, only induction was observed. These results 

indicate that BTH has the potential to prime a number of genes during SAR, including 

those typically considered to only be ISR-related. 

Combining the effects of BTH pre- and post-inoculation shows that the genes had 

four types of expression patterns: rapid induction with priming, rapid induction with no 

priming, slow induction with priming and slow induction with no priming. These patterns 

observed following BTH treatment could be a result of several factors. BTH must be 

absorbed and taken up by the plant cells. Once inside the plant cells, BTH can inhibit 

mitochondrial NADH: ubiquinone oxidoreductase of complex I of the electron transport 

chain (van der Merwe and Dubery, 2006) and cytoplasmic catalase and ascorbate 

peroxidase (Wendehenne et al., 1998). Both of these lead to increased ROS that then lead 

to changes in cellular redox status, causing cytoplasmic NPR1 to monomerize and enter 

the nucleus where it can interact with the NIMIN1 and TGA subclass of transcription 

factors that can bind to promoter elements to activate gene expression (Tada et al., 2008; 

Torres et al., 2006; Vlot et al., 2009). It is unlikely that factors upstream of NPR1 would 

be responsible for the differences. All the plants were treated in the same manner with the 

 
95 

 
 
 



 

same concentration of BTH, and the same plant material was used for monitoring 

expression of all the genes tested. ROS would increase uniformly in treated cells, leading 

to increases in the monomerization of NPR1 and subsequent localization to the nucleus.  

Factors downstream of NPR1 may be responsible for variation in gene induction 

and priming. Within Arabidopsis, 10 TGA transcription factors have been identified, 

seven of which interact with NPR1, with two being positive regulators of PR gene 

expression, three having dual roles, and two not significantly affecting PR gene 

expression (Kesarwani et al., 2007). In the presence of SA, or its analog INA, five of the 

TGA transcription factors had increased affinity for NPR1 and/or the as-1 element in the 

PR1 promoter region (Kesarwani et al., 2007). This indicates that the binding affinity of 

these transcription factors, along with their differential regulatory roles, may be related to 

the different expression patterns. 

Maleck et al. (2000) found that among the promoter sequences of 26 Arabidopsis 

genes induced during SAR to a similar extent as PR-1, including a PR-4, only 17 of the 

26 contained as-1 elements but all contained an average of 4.3 W-boxes per promoter, 

which are bound by WRKY transcription factors. Sites for both as-1 elements (Durrant 

and Dong, 2004) and W-boxes (van Verk et al., 2008) were also identified in the 

promoter of N. tabacum PR-1a, which appear to be important in the SA-mediated 

expression of this gene. Other SAR-related genes in N. tabacum also contain multiple 

regulatory elements, including SAR8.2b and PR-2d (Shah and Klessig, 1996; Song and 

Goodman, 2002), with SAR8.2b containing an as-1 element, and PR-2d containing a SA-

responsive element. In addition, Rushton et al. (2002) showed that varying the number, 

order and spacing of cis-acting elements known to mediate gene expression in plants after 
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pathogen attack could improve the strength and inducibility of the promoter. This 

indicates that the presence, number and spacing of as-1 and other elements, or specific 

combinations of different promoter elements, could potentially affect the pattern of 

expression of resistance-related genes after BTH treatment. 

The mechanism responsible for gene priming is not well understood, making it 

more difficult to postulate on why only some genes were primed by BTH. One of the 

factors involved in priming is the accumulation of inactive transcription factors following 

treatment with an inducer (Van der Ent et al., 2009). In Arabidopsis, BTH treatment lead 

to the accumulation of inactive un-phosphorylated mitogen activated protein kinases, 

(MPK) 3 and MPK6, which upon pathogen challenge, become phosphorylated allowing 

them to interact with downstream targets and activate gene expression (Beckers et al., 

2009). Van der Ent et al. (2009) also showed that priming in Arabidopsis following 

BABA treatment resulted in more than two-fold induction in expression of 21 of 71 

WRKY transcription factors. Priming could result in an accumulation of inactive pools of 

protein kinases and/or transcription factors, which are subsequently activated following 

inoculation leading to increased transcript accumulation. Therefore, only some genes may 

be primed by BTH since only certain WRKY transcription factors are induced, which 

might only bind promoter elements of a subset of defense-related genes, or the 

accumulation of protein kinases only activates WRKY transcription factors which bind to 

a subset of defense-related genes.  

ISR-related basic PR genes have not been reported to contain as-1 elements or 

binding sites for MYB transcription factors (Büttner and Singh, 1997; Kitajima and Sato, 

1999; Menkens et al., 1995), which would explain why BTH did not induce expression of 
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NbPRb-1b, basic NbPR-2 or NbPR5-dB in this study. However, this would also imply 

that they should not be primed by BTH, but the priming of two of the three basic PR 

genes by BTH could be related to ET and JA production after infection. ISR-related 

genes are primed due to ISR activators increasing sensitivity to ET and JA (Pieterse et 

al., 2000). In agreement with this, ET-responsive elements (EREs) containing GCC 

boxes have been identified in the promoter regions of these genes that are recognized by 

the ET-responsive binding factors (ERFs) (Kitajima and Sato, 1999). These ERFs are 

believed to be the limiting step in the regulation of the basic PR genes, with evidence for 

phosphorylation to play a role in their trans-activation activity. In addition, binding sites 

for WRKY transcription factors and GBF family of bZIP proteins have been identified in 

the promoters of basic PR genes, and have also been shown to be important for ET-

induced expression of these genes (Büttner and Singh, 1997; Menkens et al., 1995; van 

Verk et al., 2008). ET has been shown to play an important role in defense signaling 

during the interaction between N. benthamiana and C. orbiculare, as well as N. tabacum 

and C. destructivum (Chen et al., 2003a; Shan et al., 2006). Treatment of N. benthamiana 

with BTH may have induced resistance so that the ET burst following infection by C. 

orbiculare (Chen et al., 2003a) was more effective in activating transcription factors to 

interact with promoters of basic PR genes, thus resulting in priming. Also, BTH was 

found to directly induce three O. sativa ERF genes, one of which could bind specifically 

to the GCC box (Cao et al., 2006). ERFs have shown differential expression patterns with 

constitutive expression in roots versus highly inducible expression in leaves, indicating 

the possibility for differential regulation of PR gene expression in a tissue specific 

manner or in terms of affinity for certain PR gene promoters (Kitajima and Sato, 1999). If 
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BTH induced ERFs in N. benthamiana, then they may have bound to promoter elements 

in NbPRb-1b and NbPR-5dB, but not basic NbPR-2, and this could be why only some 

ISR-related genes showed priming. Another possibility is that crosstalk between the SAR 

and ISR pathways could result because NPR1 is a crucial for both SAR and ISR, and it is 

possible that NPR1 present in the nucleus could be affecting expression of both SAR and 

ISR-related genes (Dong, 2004; Pieterse et al., 2002). 

Gene expression changes following Harmonizer treatment showed that only one 

time point showed a significant induction of NbS25-PR6, expression and one time point 

showed a significant suppression of NbSAR8.2a expression. Based on this data, 

Harmonizer is clearly not activating defense responses in a similar manner to that of 

BTH. The low amount of altered gene expression observed was surprising as copper has 

been shown to activate expression of many genes. In pepper, real time RT-PCR showed 

that four defense-related genes, including PR-1a, were highly induced by copper 

treatment (Chmielowska et al., 2010), and five defense-related genes induced by copper 

treatment in N. glauca, as determined by differential hybridization screening (Taddei et 

al., 2007). One of the mechanisms for copper induced gene expression is believed to be 

related to the generation of ROS (Oh et al., 1999). An examination of expression of other 

plant genes that respond to ROS generation, such as superoxide dismutase (SOD), 

ascorbate peroxidase ( APX), catalase (CAT), glutathione peroxidase (GPX), 

peroxiredoxin (PrxR) (Mittler et al., 2004) and glutathione S-transferase (GST) (Levine 

et al., 1994), may be needed to find genes responsive to Harmonizer. 

Harmonizer contains a chelated copper molecule, meaning that the copper 

molecule itself is not free to interact with the plants cells, and therefore may have very 
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different effects on gene expression than free copper. Copper phthalocyanines, however, 

have also been shown to generate ROS (Vol’pin et al., 2000), which may be why 

Harmonizer transiently induced expression of NbS25-PR6. Suppressed expression of 

NbSAR8.2a is more difficult to explain since SAR8.2 genes have been shown to be 

induced by a variety of biotic and abiotic stresses (Lee and Hwang, 2006). It is difficult to 

make conclusions about the effects of Harmonizer without examining many more genes. 

Overall, the limited effect on gene expression observed for Harmonizer treatment 

does not lend itself to clearly show the type of resistance being induced. There are other 

forms of induced resistance than SAR and ISR, such as induced resistance by BABA 

(Cohen, 2002), Si (Fauteux et al., 2006; Ghareeb et al., 2011), non-pathogenic Alternaria 

alternata in L. esculentum (Egusa et al., 2009), an aqueous suspension from Penicillium 

chrysogenum in Arabidopsis (Thuerig et al., 2006) and the effector, HopZ1a, from P. 

syringae pv. syringae in Arabidopsis (Macho et al., 2010). Further work is needed to 

show how unique the effects of Harmonizer are upon gene expression. In contrast, the 

ability of BTH to induce and prime gene expression is well known, but determining if the 

variation in these expression responses occur in groups has not been studied. Further 

work is needed to show if this variation may be related to the differences in the level of 

control of different pathogens in a plant species, such as the ability of BTH to induce 

defense responses in N. tabacum against TMV, E. carotovora and P. parasitica 

(Friedrich et al., 1996), but not against B. cinerea (Achuo et al., 2004), or why B. cinerea 

is controlled in L. esculentum but is not in  N. tabacum by BTH while the reverse was 

true for Oidium neolycopersici (Achuo et al., 2004).   
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Table 2.1 Disease resistance activator compounds applied in combination to Nicotiana 
benthamiana for monitoring disease levels following inoculation with Colletotrichum 
orbiculare. Plants at the 2nd true leaf stage were treated with 15 ml of activator solution 
or their respective control for soil applications, or 4 ml of activator solution or their 
respective control for foliar applications. Soil applications were applied directly to the 
soil, while foliar applications were sprayed on both adaxial and abaxial sides of the leaf 
until runoff. At 7 DPT, plants were coated with a fine mist of 1x106 conidia/ml of C. 
orbiculare.  

 

Activator combinations 1
(chemical 1 + chemical 2) 

Method of 
application for 

chemical 1 

Method of 
application for 

chemical 2 
5 mM azelaic acid + 100 μM (2R,3R)-butanediol Foliar2 Soil3

5 mM azelaic acid + 1.2 mM benzothiadiazole Foliar Foliar 
5 mM azelaic acid + 5% Harmonizer Foliar Soil 
1 mM β-aminobutyric acid + 5% Harmonizer Foliar Foliar 
1.2 mM benzothiadiazole + 1mM β-aminobutyric acid Foliar Foliar 
1.2 mM benzothiadiazole + 0.5% Regalia Foliar Foliar 
5% Civitas + 5 mM azelaic acid Soil Soil 
10% Civitas + 1 mM β-aminobutyric acid Soil Foliar 
10% Civitas + 1.2 mM benzothiadiazole Soil Foliar 
5% Civitas + 150 μg/ml chitosan Soil Foliar 
10% Civitas + 1 mM hexanoic acid Soil Soil 
10% Civitas + 5% Harmonizer Soil Soil 
10% Harmonizer + 100 μM (2R,3R)-butanediol Soil Soil 
5% Harmonizer + 1.2 mM benzothiadiazole Soil Foliar 
1Two sets of control plants were included for each combination, with one set being 
treated with chemical 1 from the combination, and the other set being treated with 
chemical 2 from the combination. The control treatments were applied using the same 
method as that used in the combination. 
2Foliar applications were applied to both the adaxial and abaxial sides of the leaf until 
runoff, at a rate of approximately 2 ml of solution for each side of the leaf. 
3Soil applications were applied directly to the soil to avoid contact with aerial portions of 
the plant. 
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Table 2.2 Primers used for the amplification of NbEF1α (control) and genes related to 
SAR in N. benthamiana following treatment with Harmonizer or BTH. 
 

Target 
Gene1 Primer Name Forward (F) and Reverse (R) primers Product 

Size 

NbEF1α4 NbEF1α_F630 
NbEF1α_R925 

F: 5’-TACAACCCTGACAAGATTCC-3’ 
R: 5’-GAGCTTCGTGGTGCATCT-3’ 295 bp

    

NbPR-1a2 NbPR1aF 
NbPR1aR 

F: 5’-TGGSATTTRTTCTCTTTTCAC-3’ 
R: 5’-CCTGGAGGATCATAGTTGC-3’ 478bp 

    
NbPR-2 
(GGL1)3

NbPR2F 
NbPR2R 

F: 5’-ACCATCAGACCAAGATGT-3’ 
R: 5’-TGGCTAAGAGTGGAAGGT-3’ 463bp 

    

NbPR-3q4 NbPR4F 
NbPR4R 

F: 5’-ATGGAGTTTTCTGGATCACC-3’ 
R: 5’-CTAGCCCTGGCCGAAGTT-3’ 745bp 

    

NbPR4 NbPR4_F2 
NbPR4_R3 

F: 5’-CTATAAGTTGTGTATGGAATTG-3’ 
R: 5’- GCAGATTAATTAGTCATCG-3’ 438bp 

    
Acidic 

NbPR-54
NbPR5_F164 
NbPR5_R817 

F: 5’-GGCAGGCAGCTCAACTCG-3’ 
R: 5’-CGAACAAGAGAATCTGACCCAC-3’ 653bp 

    

NbS25-PR6 NbPR6_F 
NbPR6_R 

F: 5'-TGCATTCCAATCACCAACAC-3' 
R: 5'-CCATTGGCCATTGCAGC-3' 405bp 

    

NbClpP NbClpP_F 
NbClpP_R 

F: 5'-TAGGCCAAGAGGTTGATAGC-3' 
R: 5'-GGCTTCTGTTGCTGACATAA-3' 449bp 

    

NbHin15 NbHin1_F 
NbHin1_R 

F: 5'-GAGCCATGCCGGAATCCAAT-3' 
R: 5'-GCTACCAATCAAGATGGCATCTGG-3' 706bp 

    

NbHSR203J HSR203J_F2 
HSR203J_R 

F: 5'-CTTATCTCCAATGCGACTG-3' 
R: 5'-GTGACAATCAAGACGGTACAT-3' 526bp 

    

NbNQR NADPHor_F 
NADPHor_R 

F: 5'-GCAACTTGTGGAGGCAC-3' 
R: 5'-GATCTATGGCAATCTTAAGC-3' 400bp 

    

NbCP235 NbNTCP23_F 
NbNTCP23_R 

F: 5'-ATGAGAATCCGATCAGAC-3' 
R: 5'-ACATAAGCCATTCTTGCC-3' 635bp 

    

Nbp69d NbP69d_F 
Nbp69d_R2 

F: 5'-ACTTCTCACTGCAATTGG-3' 
R: 5'-ATCGAGAGCAAATGATCC-3' 450bp 
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Table 2.2 continued 

NbSAR8.2a NbSAR8.2a_F2 
NbSAR8.2a_R2 

F: 5'-GCGCCTGCTTCAATAAC-3' 
R: 5'-TTTAATCAGATTTGGTTTCAA-3' 450bp 

    

Nb630 5 Nb630_F 
Nb630_R 

F: 5'-CAAGAAATCCGTCCAGGT-3' 
R: 5'-CTTCTGTATCTGAGGCCT-3' 526bp 

1NbPR1a, acidic NbPR2, NbPR-3Q, NbPR4, acidic NbPR-5, NbS25-PR6, NbSAR8.2a, 
NbCP23, and NbHSR203J were used for timecourse evaluation of gene expression 
following BTH or Harmonizer treatment 
2Primer sequences obtained from Dean, 2002. 
3Primer sequences obtained from Seo et al., 2006. 
4Primer sequences obtained from Cortes-Barco et al., 2010a. 
5Primer sequences obtained from Kim et al., 2003. 
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Table 2.3 Primers used for the amplification of genes related to ISR in N. benthamiana 
following treatment with Harmonizer or BTH. 
 

Target Gene Primer Name Forward (F) and Reverse (R) primers Product 
Size 

NbPRb-1b1 NbPR1b1b_F20 
NbPR1b-1b_R431 

F: 5’-GTTGCTTGTTTCATTACCTTTGC-3’ 
R: 5’-GGTGGATCATAATTGCATGTT-3’ 411 bp 

    
Basic 

NbPR-22
NbPR2F 
NbPR2R 

F: 5’-CATCACAGGGTTCGTTTAGGA-3’ 
R: 5’-GGGTTCTTGTTGTTCTCATCA-3’ 442 bp 

    

NbPR5-dB1 NbPR5dB_F79 
NbPR5dB_R481 

F: 5’-ACTTATGCTTCCGGCGTA-3’ 
R: 5’-GCACCAGGGCATTCACCA-3’ 402 bp 

1Primer sequences obtained from Cortes-Barco et al., 2010a. 
2Primer sequences obtained from Dean et al., 2002. 
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Table 2.4 Effect of Harmonizer or BTH on the radial growth of two fungal pathogens of 
Nicotiana benthamiana. Values represent the concentration (mg/ml) at which Harmonizer 
or BTH inhibited radial growth of the fungi by 50% (EC50). Inhibitory concentrations 
were calculated based on radial growth of mycelium over the range of Harmonizer 
concentrations (0, 0.01, 0.1, 1, 2, 5 and 10%), or BTH concentrations (0, 0.12, 1.2 and 12 
mM), with four replicates for isolate by concentration for Harmonizer, or three replicates 
for BTH. 

 
EC50 (mg/ml)1

Fungus 
Harmonizer2 BTH2

Colletotrichum orbiculare 37.1 3.8 

Colletotrichum destructivum 33.4 2.5 

1Data are means averaged from four replicates (Harmonizer) or three replicates (BTH), 
with 2 measurements per replicate for each fungi by concentration combination. 
2Experiment was conducted once. 
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Table 2.5 Effect of application of activators on Nicotiana benthamiana inoculated with 
Colletotrichum orbiculare. Plants at the 2nd true leaf stage were treated with 15 ml of 
activator solution or their respective control for soil method of application, or 4 ml of 
activator solution or their respective control for foliar method of application. Soil 
applications were applied directly to the soil, while foliar applications were sprayed on 
both adaxial and abaxial sides of the leaf until runoff. At 7 DPT, plants were coated with 
a fine mist of 1x106 conidia/ml of C. orbiculare. Assessment of disease was conducted at 
12 DPT. 

 
Disease1 (lesions/cm2) Activator Method Activator Control Ratio11 p-value

1.2 mM benzothiadiazole4,10 Foliar 0.06 a 5.34 b 0.0112 <0.0001
0.12 mM benzothiadiazole4 Foliar 1.00 a 6.44 b 0.1612 <0.0001
0.12 mM benzothiadiazole4 Soil 1.62 a 7.58 b 0.2112 <0.0001
0.6 mM benzothiadiazole4 Foliar 2.07 a 6.44 b 0.3212 <0.0001
1% Regalia4,8 Foliar 2.44 a 7.21 b 0.3412 <0.0001
1 mM β-aminobutyric acid4,8 Foliar 2.88 a 8.04 b 0.3612 0.0004 
0.3 mM benzothiadiazole4 Foliar 2.51 a 6.44 b 0.3912 <0.0001
10% Civitas4,9 Soil 2.59 a 5.48 b 0.4712 <0.0001
1% Regalia4 Soil 5.10 a 9.63 b 0.5312 0.0207 
5% Harmonizer4 Soil 5.86 a 9.63 b 0.6112 0.0311 
100 μM (2R,3R)-butanediol4,10 Soil 1.72 a 2.55 b 0.6713 0.0106 
1 mM β-aminobutyric acid4,9 Soil 4.77 a 6.87 b 0.6913 0.0017 
2% Harmonizer4 Soil 6.68 a 9.63 a 0.6914 0.1392 
750 μg/ml H2O-soluble oligochitin6 Foliar 2.96 a 4.18 a 0.7114 0.4113 
0.34 mM isotianil5 Foliar 1.36 a 1.72 a 0.7914 0.9985 
150 μg/ml H2O-soluble oligochitin4 Foliar 6.52 a 7.58 a 0.8614 0.8213 
0.5% Regalia4 Foliar 3.48 a 4.02 a 0.8714 0.9897 
750 μg/ml water-soluble oligochitin4 Foliar 3.80 a 4.22 a 0.9014 0.9945 
0.012 mM benzothiadiazole4 Soil 7.02 a 7.58 a 0.9314 0.9763 
5 mM azelaic acid3,8 Foliar 2.88 a 2.63 a 1.1013 0.7500 
500 μg/ml chitosan4 Foliar 1.34 a 1.10 a 1.2214 0.7256 
25 mM hexanoic acid4  Foliar 2.39 a 1.77 a 1.3514 0.7760 
0.1% Regalia4 Foliar 6.25 a 4.02 b 1.5514 0.0042 
1 mM hexanoic acid4  Soil 4.03 a 2.22 a 1.8214 0.1875 
500 μg/ml chitosan7 Foliar 5.14 a 2.58 a 1.9914 0.2557 
10 mM β-aminobutyric acid4 Foliar 3.64 a 1.10 b 3.3114 <0.0001
0.33 mM abietic acid2 Foliar  >10 a 2.30 b 4.3514 <0.0001
5 mM azelaic acid3 Soil 4.95 a 0.12 b 41.314 <0.0001
1Student’s t-test was used to separate means within rows. Means followed by a letter in 
common are not significantly different. Unless otherwise indicated, means represent data 
from one experiment. 
2Control plants were treated with 6.3% ethanol. 
3Control plants were treated with 5 mM MES (pH 5.6). 
4Control plants were treated with de-ionized water. 
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5Control plants were treated with 10% DMSO. 
6Control plants were treated with 0.025% Silwet. 
7Control plants were treated with 2% acetic acid. 
8Experiment was repeated 2 times. 
9Experiment was repeated 3 times. 
10Experiment was repeated 4 times. 
11Ratio of mean lesions/cm2 on activator treated plants/mean lesions/cm2 on control 
plants. Values below 1 indicate less disease on activator treated plants relative to control 
plants, and values above 1 indicate greater disease on activator treated plants relative to 
control plants. 
12Activator compounds which provided consistent, significant reductions in lesions/cm2. 
13Activator compounds which provided inconsistent reductions in lesions/cm2. 
14Activator compounds which were ineffective at reducing the number of lesions/cm2. 
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Table 2.6 Effect of soil application of BTH on Nicotiana benthamiana inoculated with 
Colletotrichum orbiculare. Plants at the 2nd true leaf stage were treated with 15 ml of 1.2 
mM BTH or water (inoculated control). Solutions were applied directly to the soil, and at 
7 DPT, treated plants were coated with a fine mist of 1x106 conidia/ml of C. orbiculare. 
Assessment of disease was conducted at 12 DPT. 

 
Treatment Disease1,2 (lesions/cm2) 

Inoculated control 7.33 a 

1.2 mM BTH 0.09 b 

1Values shown are pooled from three experiments with three plants per experiment (2 
leaves per plant) for a total of 18 observations. A t-test at p=0.05 showed the means to be 
significantly different (p=<0.0001). 
2Values were from three experiments, two of which were the experiments where samples 
were collected for gene expression analyses. 
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Table 2.7 Effect of soil application of Harmonizer on Nicotiana benthamiana inoculated 
with Colletotrichum orbiculare. Plants at the 2nd true leaf stage were treated with 15 ml 
of 5% Harmonizer or water (inoculated control). Solutions were applied directly to the 
soil, and at 7 DPT, treated plants were coated with a fine mist of 1x106 conidia/ml of C. 
orbiculare. Assessment of disease was conducted at 12 DPT. 

 
Treatment Disease1,2 (lesions/cm2) 

Inoculated control 6.46 a 

5% Harmonizer 3.99 b 

1Values shown are pooled from three experiments with three plants per experiment (2 
leaves per plant) for a total of 18 observations. A t-test at p=0.05 showed the means to be 
significantly different (p=<0.0001). 
2Values were from three experiments, two of which were the experiments where samples 
were collected for gene expression analyses.  
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Table 2.8 Sequences used in multiple sequence alignment for design of individual primer 
sets for assessing SAR in Nicotiana benthamiana following treatment with BTH or 
Harmonizer. 

 
Target Gene Gene 

Description 
Sequence ID1 Species Reference 

NtPR-4 TC164344 Nicotiana tabacum DFCI Gene Index 
NtPR-4 TC136138 Nicotiana tabacum DFCI Gene Index 
NtPR-4a X58546 Nicotiana tabacum Linthorst et al., 1991 NbPR-4 

NbPR-4b EH3659599 Nicotiana benthamiana Debout et al., 20066

     
NtS25-PR6 CK2844819 Nicotiana benthamiana Buell et al., 20036

NtS25-PR6 TC100821 Nicotiana tabacum DFCI Gene Index 
NtS25-PR6 TC122606 Nicotiana tabacum DFCI Gene Index 
NtS25-PR6 U44760 Nicotiana tabacum Xu et al., 19967

NbS25-PR6 

NtS25-PR6 TC84411 Nicotiana tabacum DFCI Gene Index 
     

Chloroplast 
sequence 

AB240139 Nicotiana 
tomentosiformis 

Yukawa et al., 2006 

NtClpP U32397 Nicotiana tabacum Shanklin et al., 1995 
Chloroplast 
sequence 

AB237912 Nicotiana sylvestris Yukawa et al., 2006 NbClpP 

NgClpP AM177383 Nicotiana glutinosa Poltnigg, 20057

     
NbHSR203J TC17620 Nicotiana benthamiana DFCI Gene Index 
NbHSR203J TC19220 Nicotiana benthamiana DFCI Gene Index 
NtHSR203J AF212184 Nicotiana tabacum Suh et al., 2003 NbHSR203J 

NbHSR203J TC186319 Nicotiana benthamiana DFCI Gene Index 
     

AtNQR  AY093342 Arabidopsis thaliana Southwick et al., 20027

CcNQR AB372264 Capsicum chinense Hamada et al., 20077

NtNQR TC79533 Nicotiana tabacum DFCI Gene Index 
NtNQR  FG153300 Nicotiana tabacum Opperman et al., 20076

AhNQR EZ723375 Arachis hypogaea Bowers et al., 20107

AdNQR HP015285 Arachis duranensis Nagy et al., 20107

NbNQR 

NbNQR Nbp69d_350 Nicotiana benthamiana Current study 
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Table 2.8 continued 
Nbp69 gene GO609439 Nicotiana benthamiana Li and Page, 20096

Ntp69 gene DQ648019 Nicotiana tabacum Mueller et al., 20067

Ntp69 gene FG157807 Nicotiana tabacum Opperman et al., 20076

Ntp69 gene TC84292 Nicotiana tabacum DFCI Gene Index 
Ntp69 gene TC86610 Nicotiana tabacum DFCI Gene Index 
Nbp69 gene GO604608 Nicotiana benthamiana Li and Page, 20096

Nbp69 gene GQ354806 Nicotiana benthamiana Xu and Cai, 20097

Nbp69 gene TC21392 Nicotiana benthamiana DFCI Gene Index 
Ntp69 gene TC110592 Nicotiana tabacum DFCI Gene Index 
Ntp69 gene AM782032 Nicotiana tabacum Lein et al., 2008 

Nbp69d 

Nbp69 gene NbP69d_280 Nicotiana benthamiana Current study 
     

NtSAR8.2n AB040145 Nicotiana tabacum Takemoto et al., 2001 
NgSAR8.2a AJ853477 Nicotiana glauca Salvini 20037

NtSAR8.2a M97194 Nicotiana tabacum Ward et al., 1991 
NtSAR8.2e M97362 Nicotiana tabacum Ward et al., 1991 
NtSAR8.2f U64807 Nicotiana tabacum Moraes and Goodman, 19967

NtSAR8.2h U64808 Nicotiana tabacum Moraes and Goodman, 19967

NtSAR8.2c U64809 Nicotiana tabacum Moraes and Goodman, 19967

NtSAR8.2g U64810 Nicotiana tabacum Moraes and Goodman, 19967

NtSAR8.2I U64811 Nicotiana tabacum Moraes and Goodman, 19967

NtSAR8.2j U64812 Nicotiana tabacum Moraes and Goodman, 19967

NtSAR8.2l U64813 Nicotiana tabacum Moraes and Goodman, 19967

NtSAR8.2k U64814 Nicotiana tabacum Moraes and Goodman, 19967

NtSAR8.2d U64815 Nicotiana tabacum Moraes and Goodman, 19967

NbSAR8
.2a 

NtSAR8.2b U64816 Nicotiana tabacum Song and Goodman, 2002 
1Sequence IDs beginning with TC were obtained from The Computational Biology and 
Functional Genomics Laboratory Nicotiana benthamiana (version 4.0) or Nicotiana 
tabacum (version 6.0) Gene Indices (http://compbio.dfci.harvard.edu/index.html). 
Additional sequences were obtained from the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/). 
2NA indicates that no sequence available for the gene although primer sequences 
published for N. benthamiana. 
3Primer sequences obtained from Cortes-Barco et al., 2010a. 
4Obtained after using N. tabacum AF212183 as a query sequence in a BLASTN search 
using The Computational Biology and Functional Genomics Laboratory Gene Indices for 
N. benthamiana. 
5Obtained after using N. tabacum DQ084022 as a query sequence in a BLASTN search 
using The Computational Biology and Functional Genomics Laboratory Gene Indices for 
N. benthamiana. 
6Unpublished 
7Direct submission 
8Primer sequences obtained from Kim et al., 2003. 
9Nicotiana benthamiana sequences used to design the primers. 

 
111 

 
 
 

http://compbio.dfci.harvard.edu/index.html
http://www.ncbi.nlm.nih.gov/


 

Table 2.9 Results of BLASTN in Gene Index databases using NbPR-1a, total length of 
429 bp, as the query sequence. The nucleotide sequences were used in a multiple 
sequence alignment with the sequenced PCR product for the identification of NbPR-1a. 

 
Gene Name Sequence ID1 e-value Identities Species 
NtPR-1a TC145668 7.9e-85 411/428 (96%) Nicotiana tabacum 
NtPR-1b TC129018 1.5e-81 403/428 (94%) Nicotiana tabacum 
NtPR-1c TC129848 2.5e-80 400/428 (93%) Nicotiana tabacum 
NtPR-1b homolog TC140845 3.2e-80 400/428 (93%) Nicotiana tabacum 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory N. tabacum (version 6.0) Gene Index 
(http://compbio.dfci.harvard.edu/index.html). 
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Table 2.10 Results of BLASTN in Gene Index databases using acidic NbPR-2, total 
length of 429 bp, as the query sequence. The nucleotide sequences were used in a 
multiple sequence alignment with the sequenced PCR product for the identification of 
acidic NbPR-2. 

 
Gene Name Sequence ID1 e-value Identities Species 
Acidic NtPR-2 GI9 TC122967 1.6e-75 373/395 (94%) Nicotiana tabacum 
Acidic NtPR-2 homolog TC124250 7.7e-66 349/395 (88%) Nicotiana tabacum 
Acidic NtPR-2 GL153 TC122956 1.6e-64 346/395 (87%) Nicotiana tabacum 
Acidic NtPR-2 GL161 TC122965 7.0e-63 342/395 (86%) Nicotiana tabacum 
Acidic NtPR-2 TC165491 5.5e-34 187/204 (91%) Nicotiana tabacum 
NtPR-2 TC142513 1.5e-25 154/177 (87%) Nicotiana tabacum 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory N. tabacum (version 6.0) Gene Index 
(http://compbio.dfci.harvard.edu/index.html). 
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Table 2.11 Results of BLASTN in Gene Index databases using NbPR-3Q, total length of 
678 bp, as the query sequence. The nucleotide sequences were used in a multiple 
sequence alignment with the sequenced PCR product for the identification of NbPR-3Q. 

 
Gene Name Sequence ID1 e-value Identities Species 
NtPR-3Q TC122985 4.8e-139 657/679 (96%) Nicotiana tabacum 
NtPR-3P TC122995 4.1e-130 635/679 (93%) Nicotiana tabacum 
NtCHN-134 TC125642 7.5e-58 277/392 (70%) Nicotiana tabacum 
NbPR-3 homolog TC18292 1.1e-48 278/404 (68%) Nicotiana benthamiana 
NtPR-3A TC122952 1.8e-48 265/391 (67%) Nicotiana tabacum 
NtPR-3B TC122981 2.9e-48 266/392 (67%) Nicotiana tabacum 
NtPR-3 TC140786 4.0e-48 267/384 (69%) Nicotiana tabacum 
NtPR-3 homolog TC130551 8.1e-48 278/403 (68%) Nicotiana tabacum 
NbPR-3A homolog TC16827 1.1e-47 266/391 (68%) Nicotiana benthamiana 
NtPR-3B homolog FG635402 3.5e-43 245/365 (67%) Nicotiana tabacum 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory N. tabacum (version 6.0) or N. benthamiana (version 4.0) Gene Index 
(http://compbio.dfci.harvard.edu/index.html). 
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Table 2.12 Results of BLASTN in Gene Index databases using NbPR-4B, total length of 
399 bp, as the query sequence. The nucleotide sequences were used in a multiple 
sequence alignment with the sequenced PCR product for the identification of NbPR-4B. 

 
Gene Name Sequence ID1 e-value Identities Species 
NbPR-4B  EH365959 1.0e-83 397/400 (99%) Nicotiana benthamiana 
NtPR-4A TC136138 2.7e-78 383/400 (95%) Nicotiana tabacum 
NtPR-4B TC164344 4.4e-76 378/400 (94%) Nicotiana tabacum 
NbCBP20 homolog TC19312 5.9e-42 298/400 (74%) Nicotiana benthamiana 
NtCBP20 TC136163 4.2e-41 296/401 (73%) Nicotiana tabacum 
NtCBP20 TC140948 4.5e-41 296/401 (73%) Nicotiana tabacum 
NtPR-4A FG179825 5.8e-40 212/225 (94%) Nicotiana tabacum 
NtPR-4A FG179917 1.8e-34 199/226 (88%) Nicotiana tabacum 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory N. tabacum (version 6.0) or N. benthamiana (version 4.0) Gene Index 
Databases (http://compbio.dfci.harvard.edu/index.html). 
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Table 2.13 Results of BLASTN in Gene Index databases using acidic NbPR-5, total 
length of 552 bp, as the query sequence. The nucleotide sequences were used in a 
multiple sequence alignment with the sequenced PCR product for the identification of 
acidic NbPR-5. 

 
Gene Name Sequence ID1 e-value Identities Species 
NbPR-R minor homolog TC18126 5.5e-117 547/554 (98%) Nicotiana benthamiana
NtPR-R major  TC123454 2.0e-104 512/547 (93%) Nicotiana tabacum 
NtPR-R minor  FS434384 4.9e-68 335/346 (96%) Nicotiana tabacum 
Osmotin-like protein TC145038 1.4e-38 360/535 (67%) Nicotiana tabacum 
Osmotin protein TC123149 7.1e-34 367/559 (65%) Nicotiana tabacum 
Osmotin homolog TC17631 2.7e-31 334/502 (66%) Nicotiana benthamiana
NtPR protein homolog EH666074 9.7e-31 169/252 (67%) Nicotiana tabacum 
Osmotin-like protein  TC165661 2.2e-27 303/444 (68%) Nicotiana tabacum 
NbPR protein homolog TC22920 3.2e-27 359/572 (62%) Nicotiana benthamiana
Thaumatin-like protein TC138069 3.3e-27 254/372 (68%) Nicotiana tabacum 
NtPR protein TC162204 5.8e-27 320/493 (64%) Nicotiana tabacum 
Osmotin-like protein TC165944 1.2e-25 315/492 (64%) Nicotiana tabacum 
Neutral NtPR-5 TC149896 1.6e-25 315/492 (64%) Nicotiana tabacum 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory N. tabacum (version 6.0) or N. benthamiana (version 4.0) Gene Index 
(http://compbio.dfci.harvard.edu/index.html). 
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Table 2.14 Results of BLASTN in Gene Index databases using NbS25-PR6, total length 
of 353 bp, as the query sequence. The nucleotide sequences were used in a multiple 
sequence alignment with the sequenced PCR product for the identification of NbS25-
PR6.  

 
Gene Name Sequence ID1 e-value2 Identities2 Species 
NtS25-PR6 homolog TC129921 e-169 341/355 (96%) Nicotiana tabacum 
NtS25-PR6 homolog TC147019 e-162 337/354 (95%) Nicotiana tabacum 
NbS25-PR6 CK284481 e-154 333/354 (94%) Nicotiana benthamiana
NtS25-PR6 homolog TC169356 e-127 301/319 (94%) Nicotiana tabacum 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory N. tabacum (version 6.0) or N. benthamiana (version 4.0) Gene Index 
(http://compbio.dfci.harvard.edu/index.html).  
2Values obtained after pair wise alignments were made between sequenced NbS25-PR6 
and the various database sequences using BL2SEQN. 
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Table 2.15 Results of BLASTN in Gene Index databases using NbSAR8.2a-like, total 
length of 361 bp, as the query sequence. The nucleotide sequences were used in a 
multiple sequence alignment with the sequenced PCR product for the identification of 
NbSAR8.2a-like. 

 
Gene Name Sequence ID1 e-value2 Identities2 Species 
NtSAR8.2c homolog TC160756 6e-98 280/314 (89%) Nicotiana tabacum 
NtSAR8.2d TC136690 6e-98 274/306 (89%) Nicotiana tabacum 
NtSAR8.2a homolog TC144859 3e-97 277/310 (89%) Nicotiana tabacum 
NtSAR8.2d homolog TC166482 2e-95 289/326 (88%) Nicotiana tabacum 
NgSAR8.2a AJ853477 2e-93 207/220 (94%) Nicotiana glauca 
NtSAR8.2d homolog TC132623 4e-93  295/337 (87%) Nicotiana tabacum 
NtSAR8.2c homolog TC153612 4e-93 284/323 (87%) Nicotiana tabacum 
NtSAR8.2d homolog TC148909 5e-83 171/178 (96%) Nicotiana tabacum 
NtSAR8.2e homolog TC145459 3e-82 163/169 (96%) Nicotiana tabacum 
NtSAR8.2a homolog BP136000 7e-82 202/222 (90%) Nicotiana tabacum 
NtPRb-1b TC161643 2e-80 179/190 (94%) Nicotiana tabacum 
NtSAR8.2e homolog TC138494 5e-74 158/167 (94%) Nicotiana tabacum 
NtSAR8.2e TC136550 9e-67 155/167 (92%) Nicotiana tabacum 
NtSAR8.2e EH621183 9e-61 154/169 (91%) Nicotiana tabacum 
NtSAR8.2b homolog TC142556 3e-41 140/166 (84%) Nicotiana tabacum 
1TC Sequences were obtained from The Computational Biology and Functional 
Genomics Laboratory N. tabacum (version 6.0) Gene Index 
(http://compbio.dfci.harvard.edu/index.html).  
2Values obtained after pair wise alignments were made between sequenced NbSAR8.2 
and the various database sequences using BL2SEQN. 
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Table 2.16 Results of BLASTN in Gene Index databases using NbCYP1, total length of 
582 bp, as the query sequence. The nucleotide sequences were used in a multiple 
sequence alignment with the sequenced PCR product for the identification of NbCYP1. 

 

Gene Name Sequence 
ID1 e-value Identities Species 

NbCYP1 TC16660 2.5e-126 581/582 (99%) Nicotiana benthamiana
Cysteine protease TC122954 8.7e-120 564/580 (97%) Nicotiana tabacum 
Cysteine protease homolog TC129618 2.6e-113 549/582 (94%) Nicotiana tabacum 
Cysteine protease homolog TC135985 3.8e-83 416/448 (92%) Nicotiana tabacum 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory N. tabacum (version 6.0) or N. benthamiana (version 4.0) Gene Index 
(http://compbio.dfci.harvard.edu/index.html). 
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Table 2.17 Results of BLASTN in Gene Index databases using NbHSR203J, total length 
of 513 bp, as the query sequence. The nucleotide sequences were used in a multiple 
sequence alignment with the sequenced PCR product for the identification of 
NbHSR203J. 

 
Gene Name Sequence ID1 e-value Identities Species 
NbHSR203J TC18631 2.9e-110 512/514 (99%) Nicotiana benthamiana 
NtHSR203J TC122972 7.8e-88 394/423 (93%) Nicotiana tabacum 
NtHSR203J TC130416 1.6e-85 462/515 (89%) Nicotiana tabacum 
NbHSR203J homolog CK298515 3.5e-76 400/443 (90%) Nicotiana benthamiana 
NtHSR203J TC129614 1.4e-70 365/401 (91%) Nicotiana tabacum 
NbHSR203J homolog TC19220 1.5e-41 245/300 (81%) Nicotiana benthamiana 
NtHSR203J homolog TC124898 1.9e-40 229/251 (91%) Nicotiana tabacum 
NbHSR203J homolog TC17620 1.1e-38 222/260 (85%) Nicotiana benthamiana 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory N. tabacum (version 6.0) or N. benthamiana (version 4.0) Gene Index 
(http://compbio.dfci.harvard.edu/index.html). 
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Table 2.18 Results of BLASTN in Gene Index databases using NbEF1α, total length of 
262 bp, as the query sequence. The nucleotide sequences were used in a multiple 
sequence alignment with the sequenced PCR product for the identification of NbEF1α, a 
constitutive control gene in Nicotiana benthamiana. 

 
Gene Name Sequence ID1 e-value Identities Species 
NtEF1α TC128349 6.8e-53 258/262 (98%) Nicotiana tabacum 
NtEF1α TC128075 6.8e-53 258/262 (98%) Nicotiana tabacum 
NbEF1α TC20535 2.6e-51 254/262 (96%) Nicotiana benthamiana 
NbEF1α TC18197 2.7e-50 249/255 (97%) Nicotiana benthamiana 
NtEF1α homolog EH665887 8.8e-50 252/263 (95%) Nicotiana tabacum 
NtEF1α TC141641 2.7e-49 249/262 (95%) Nicotiana tabacum 
NtEF1α homolog EH666061 2.2e-44 251/273 (91%) Nicotiana tabacum 
NtEF1α homolog TC127278 2.5e-43 235/262 (89%) Nicotiana tabacum 
NtEF1α homolog FG134870 2.8e-43 235/262 (89%) Nicotiana tabacum 
NtEF1α AF120093 2.3e-42 232/262 (88%) Nicotiana tabacum 
NbEF1α TC19582 2.3e-42 232/262 (88%) Nicotiana benthamiana 
NbEF1α TC20465 1.2e-39 223/254 (87%) Nicotiana benthamiana 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory N. tabacum (version 6.0) or N. benthamiana (version 4.0) Gene Index 
Databases (http://compbio.dfci.harvard.edu/index.html). 
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Fig. 2.1 Relative RT-PCR of NbPR-1a in Nicotiana benthamiana after treatment with 1.2 
mM BTH, 5 % Harmonizer or water. Levels of mRNA for NbPR-1a were determined 
relative to NbEF1α mRNA levels. Data points represent mean values from four 
replications with error bars showing LSD values. 
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Fig. 2.2 Relative RT-PCR of acidic NbPR-2 (GGL1) in Nicotiana benthamiana after 
treatment with 1.2 mM BTH, 5 % Harmonizer or water. Levels of mRNA for acidic 
NbPR-2 (GGL1) were determined relative to NbEF1α mRNA levels. Data points 
represent mean values from four replications with error bars showing LSD values. 
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Fig. 2.3 Relative RT-PCR of NbPR-4B in Nicotiana benthamiana after treatment with 1.2 
mM BTH, 5 % Harmonizer or water. Levels of mRNA for NbPR-4B were determined 
relative to NbEF1α mRNA levels. Data points represent mean values from four 
replications with error bars showing LSD values. 

 
 
 
 
 
 
 

R
el

at
iv

e 
Ex

pr
es

si
on BTH

Harmonizer

Inoculation

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4 5 6 7 8 9 10 11

Days Post Treatment

water

BTH

Harmonizer

Inoculation

R
el

at
iv

e 
Ex

pr
es

si
on Inoculation

 
124 

 
 
 



 

 
 
 
 
 
 
 

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 1 2 3 4 5 6 7 8 9 10 11

Days Post Treatment

R
el

at
iv

e 
Ex

pr
es

si
on

water
BTH
Harmonizer

Inoculation

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 1 2 3 4 5 6 7 8 9 10 11

Days Post Treatment

R
el

at
iv

e 
Ex

pr
es

si
on

water
BTH
Harmonizer

InoculationInoculation
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.4 Relative RT-PCR of acidic NbPR-5 in Nicotiana benthamiana after treatment 
with 1.2 mM BTH, 5 % Harmonizer or water. Levels of mRNA for acidic NbPR-5 were 
determined relative to NbEF1α mRNA levels. Data points represent mean values from 
four replications with error bars showing LSD values. 
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Fig. 2.5 Relative RT-PCR of NbSAR8.2a in Nicotiana benthamiana after treatment with 
1.2 mM BTH, 5 % Harmonizer or water. Levels of mRNA for NbSAR8.2a were 
determined relative to NbEF1α mRNA levels. Data points represent mean values from 
four replications with error bars showing LSD values.
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Fig. 2.6 Relative RT-PCR of NbPR-3q in Nicotiana benthamiana after treatment with 1.2 
mM BTH, 5 % Harmonizer or water. Levels of mRNA for NbPR-3q were determined 
relative to NbEF1α mRNA levels. Data points represent mean values from four 
replications with error bars showing LSD values. 
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Fig. 2.7 Relative RT-PCR of NbS25-PR6 in Nicotiana benthamiana after treatment with 
1.2 mM BTH, 5 % Harmonizer or water. Levels of mRNA for NbS25-PR6 were 
determined relative to NbEF1α mRNA levels. Data points represent mean values from 
four replications with error bars showing LSD values. 
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Fig. 2.8 Relative RT-PCR of NbCP23 in Nicotiana benthamiana after treatment with 1.2 
mM BTH, 5 % Harmonizer or water. Levels of mRNA for NbCP23 were determined 
relative to NbEF1α mRNA levels. Data points represent mean values from four 
replications with error bars showing LSD values. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 1 2 3 4 5 6 7 8 9 10 11

Days Post Treatment

BTH

R
el

at
iv

e 
Ex

pr
es

si
on

Harmonizer
Inoculation

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 1 2 3 4 5 6 7 8 9 10 11

Days Post Treatment

BTH

Harmonizer
InoculationInoculation

R
el

at
iv

e 
Ex

pr
es

si
on

 
129 

 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0 1 2 3 4 5 6 7 8 9 10 11

Days Post Treatment

 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 

Fig. 2.9 Relative RT-PCR of NbHSR203J in Nicotiana benthamiana after treatment with 
1.2 mM BTH, 5 % Harmonizer or water. Levels of mRNA for NbHSR203J were 
determined relative to NbEF1α mRNA levels. Data points represent mean values from 
four replications with error bars showing LSD values. 
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Fig. 2.10 Relative RT-PCR of basic NbPRb-1b in Nicotiana benthamiana after treatment 
with 1.2 mM BTH, 5 % Harmonizer or water. Levels of mRNA for NbPRb-1b were 
determined relative to NbEF1α mRNA levels. Data points represent mean values from 
two replications with error bars showing LSD values. 
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Fig. 2.11 Relative RT-PCR of basic NbPR-2 in Nicotiana benthamiana after treatment 
with 1.2 mM BTH, 5 % Harmonizer or water. Levels of mRNA for basic NbPR-2 were 
determined relative to NbEF1α mRNA levels. Data points represent mean values from 
two replications with error bars showing LSD values. 
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Fig. 2.12 Relative RT-PCR of basic NbPR5-dB in Nicotiana benthamiana after treatment 
with 1.2 mM BTH, 5 % Harmonizer or water. Levels of mRNA for NbPR5-dB were 
determined relative to NbEF1α mRNA levels. Data points represent mean values from 
two replications with error bars showing LSD values. 
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Fig. 2.13 An un-rooted dendrogram showing the degree of similarity among PR-1 genes 
in N. tabacum. Alignment of nucleotide sequences was performed using MUSCLE, and 
bootstrap analysis with 1000 replications was conducted using the NJ-bootstrap 
procedure of CLUSTALX. Values near major branch points represent the number of 
times out of 1000 that the branch was supported. A list of the sequences can be found in 
Table 2.9. The scale bar of 0.01 represents 1% estimated sequence divergence based on 
the Nei (1978) distance coefficient. 
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Fig. 2.14 An un-rooted dendrogram showing the degree of similarity among acidic PR-2 
genes in N. tabacum. Alignment of nucleotide sequences was performed using MUSCLE, 
and bootstrap analysis with 1000 replications was conducted using the NJ-bootstrap 
procedure of CLUSTALX. Values near major branch points represent the number of 
times out of 1000 that the branch was supported. A list of the sequences can be found in 
Table 2.10. The scale bar of 0.1 represents 10% estimated sequence divergence. 
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Fig. 2.15 An un-rooted dendrogram showing the degree of similarity among PR-3 genes 
in N. tabacum and N. benthamiana. Alignment of nucleotide sequences was performed 
using MUSCLE, and bootstrap analysis with 1000 replications was conducted using the 
NJ-bootstrap procedure of CLUSTALX. Values near major branch points represent the 
number of times out of 1000 that the branch was supported. A list of the sequences can be 
found in Table 2.11. The scale bar of 0.1 represents 10% estimated sequence divergence. 
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Fig. 2.16 An un-rooted dendrogram showing the degree of similarity among PR-4 genes 
in N. tabacum and N. benthamiana. Alignment of nucleotide sequences was performed 
using MUSCLE, and bootstrap analysis with 1000 replications was conducted using the 
NJ-bootstrap procedure of CLUSTALX. Values near major branch points represent the 
number of times out of 1000 that the branch was supported. A list of the sequences can be 
found in Table 2.12. The scale bar of 0.1 represents 10% estimated sequence divergence. 
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Fig. 2.17 An un-rooted dendrogram showing the degree of similarity among PR-5 genes 
in N. tabacum and N. benthamiana. Alignment of nucleotide sequences was performed 
using MUSCLE, and bootstrap analysis with 1000 replications was conducted using the 
NJ-bootstrap procedure of CLUSTALX. Values near major branch points represent the 
number of times out of 1000 that the branch was supported. A list of the sequences can be 
found in Table 2.13. The scale bar of 0.1 represents 10% estimated sequence divergence. 

 
138 

 
 
 



 

 
 

0.01

NbS25-PR6

TC147019

CK284481

TC129921
TC169356

937

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.18 An un-rooted dendrogram showing the degree of similarity among S25-PR6 
genes in N. tabacum and N. benthamiana. Alignment of nucleotide sequences was 
performed using MUSCLE, and bootstrap analysis with 1000 replications was conducted 
using the NJ-bootstrap procedure of CLUSTALX. Values near major branch points 
represent the number of times out of 1000 that the branch was supported. A list of the 
sequences can be found in Table 2.14. The scale bar of 0.01 represents 1% estimated 
sequence divergence. 
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Fig. 2.19 An un-rooted dendrogram showing the degree of similarity among SAR8.2 
genes in N. tabacum. Alignment of nucleotide sequences was performed using MUSCLE, 
and bootstrap analysis with 1000 replications was conducted using the NJ-bootstrap 
procedure of CLUSTALX. Values near major branch points represent the number of 
times out of 1000 that the branch was supported. A list of the sequences can be found in 
Table 2.15. The scale bar of 0.01 represents 1% estimated sequence divergence. 
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Fig. 2.20 An un-rooted dendrogram showing the degree of similarity among cysteine 
protease genes in N. tabacum and N. benthamiana. Alignment of nucleotide sequences 
was performed using MUSCLE, and bootstrap analysis with 1000 replications was 
conducted using the NJ-bootstrap procedure of CLUSTALX. Values near major branch 
points represent the number of times out of 1000 that the branch was supported. A list of 
the sequences can be found in Table 2.16. The scale bar of 0.01 represents 1% estimated 
sequence divergence. 
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Fig. 2.21 An un-rooted dendrogram showing the degree of similarity HSR203J genes in 
N. tabacum and N. benthamiana. Alignment of nucleotide sequences was performed 
using MUSCLE, and bootstrap analysis with 1000 replications was conducted using the 
NJ-bootstrap procedure of CLUSTALX. Values near major branch points represent the 
number of times out of 1000 that the branch was supported. A list of the sequences can be 
found in Table 2.17. The scale bar of 0.01 represents 1% estimated sequence divergence. 
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Fig. 2.22 An un-rooted dendrogram showing the degree of similarity among EF1α genes 
in N. tabacum and N. benthamiana. Alignment of nucleotide sequences was performed 
using MUSCLE, and bootstrap analysis with 1000 replications was conducted using the 
NJ-bootstrap procedure of CLUSTALX. Values near major branch points represent the 
number of times out of 1000 that the branch was supported. A list of the sequences can be 
found in Table 2.18. The scale bar of 0.01 represents 1% estimated sequence divergence. 
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Chapter 3 Harmonizer activates disease resistance and gene expression in Agrostis 
stolonifera 

3.1 Introduction 

Agrostis stolonifera (= Agrostis palustris) is the most common grass species used 

for golf course putting greens (Belanger et al. 2003). There are several major fungal 

diseases which are known to affect A. stolonifera, such as brown patch caused by 

Rhizoctonia solani, gray leaf spot caused by Magnaporthe oryzae, dollar spot caused by 

Sclerotinia homoeocarpa, pink snow mold caused by Microdochium nivale, Pythium 

blight caused by Pythium aphanidermatum, and anthracnose caused by Colletotrichum 

graminicola (Smiley et al., 2005). 

To maintain the aesthetics of turfgrass under intensive management regimes, such 

as at golf courses, extensive efforts are required to minimize disease, and a variety of 

fungicides are currently registered for control of diseases (OMAFRA, 2011a). However, 

resistance to fungicides as well as the possible risks to the environment, animals and 

humans has raised concerns, and increased the need for fungicide reduction programs 

(Smiley et al., 2005). In addition, de-registration of various fungicides and 

implementation of pesticide bans, such as the Cosmetic Pesticides Ban Act in Ontario 

(OMAFRA, 2011b), has led to the need for alternative methods of disease control. 

One alternative would be to induce naturally occurring disease resistance 

mechanisms in the plant (Métraux et al., 2002). During induced resistance in plants, 

biological or chemical stimuli activate signal transduction pathways thereby promoting 

the induction of resistance responses, which can include the hypersensitive response (HR) 

and activation of defense gene expression (Edreva, 2004). Two commonly studied forms 

of induced resistance are systemic acquired resistance (SAR) (Ryals et al., 1996) and 
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induced systemic resistance (ISR) (Pieterse et al., 1996). SAR was initially identified 

when resistance was induced in upper leaves of Nicotiana tabacum against tobacco 

mosaic virus (TMV) following the development of the HR on lower leaves caused by 

TMV (Ross, 1961). SAR requires the signaling molecule salicylic acid (SA) for the 

systemic response (Gaffney et al., 1993). ISR was initially identified when beneficial 

plant growth-promoting rhizobacteria (PGPRs) colonizing plant roots were found to 

induce foliar resistance of Cucumis sativus to Colletotrichum orbiculare (Wei et al., 

1991) and Phaseolus vulgaris to Pseudomonas syringae pv. phaseolicola (Alström, 

1991). ISR requires the signaling molecules ethylene (ET) and jasmonic acid (JA) for the 

systemic response (Pieterse et al., 2000). 

Aside from biological activators, SAR and ISR can be activated by a variety of 

natural and synthesized compounds (Schreiber and Desveaux, 2008). Compounds which 

have been identified to activate a SAR-like response in plants include a synthetic 

benzothiadiazole-based compound, benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl 

ester (BTH) (Friedrich et al., 1996), a mobile plant metabolite, azelaic acid (AZA) (Jung 

et al., 2009), a diterpene isolated from resin of Pinus species, abietic acid (Narusaka et 

al., 2009), a major component of fungal cell walls, chitin and chitosan, which is a 

deacetylated derivative of chitin (Yin et al., 2010), an extract from Reynoutria 

sachalinensis, Regalia (Daayf et al., 1995) and a synthetic isothiazole-based compound, 

isotianil (Ogawa et al., 2011). Chemicals which have activated ISR-like responses 

include the bacterial volatile organic compound (VOC) (2R,3R)-butanediol (Ryu et al., 

2004), a fungal carboxylic acid, hexanoic acid (HA) (Leyva et al., 2008) and an 

isoparaffin-based mixture, Civitas (Cortes-Barco et al., 2010b). There are also chemical 
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activators which induce resistance differently from SAR or ISR. For example, the non-

protein amino acid β-aminobutyric acid (BABA) primes SA-dependent responses, as well 

as induces resistance against certain pathogens independently of SA and ET (Cohen, 

2002), silicon (Si) activates resistance related to both SA and JA (Fauteux et al., 2006; 

Ghareeb et al., 2011), and the bacterial effector, HopZ1a, activates resistance 

independently of both SA or JA (Macho et al., 2010).  

Harmonizer is a commercial green pigment mixture containing a polychlorinated 

copper (Cu) II phthalocyanine (CuPh) (Fefer et al., 2009). Petro-Canada developed 

Harmonizer to be combined with the isoparaffin-based activator Civitas at final 

application concentrations of 0.5% Harmonizer and 5% Civitas (Petro Canada, 2009). 

The addition of Harmonizer to Civitas allowed for increased efficacy relative to Civitas 

alone, with the combination having been designed for control of turfgrass diseases (Fefer 

et al., 2009). Although Harmonizer’s potential mode of action is currently not known, 

treatment of several plant species with nutrient solutions containing copper sulfate has 

shown the possibility for induced disease resistance, such as to root disease caused by 

Verticillium dahliae (Chmielowska et al., 2010), and increased expression of defense-

related genes (Chmielowska et al., 2010; Oh et al., 1999; Sudo et al., 2008; Taddei et al., 

2007). 

Studies on gene expression in monocots undergoing induced resistance are 

limited. For example, application of the SAR activator BTH induced a set of genes 

referred to as chemically inducible genes in Triticum aestivum (Görlach et al., 1996), 

Oryza sativa (Schaffrath et al., 2000) and Hordeum vulgare (Beßer et al., 2000). In A. 

stolonifera, transcriptome analysis revealed that BTH treatment lead to greater than two-
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fold induction of over 2000 contigs, including three defense-related genes, annotated as 

AsLOX-1, AsASP-2 and AsHRI-1 (Tung, 2011). For ISR, examples are induced 

expression of JA- and green leaf volatile-biosynthesis genes of maize by the 

hydrophobin-like elicitor Sm1 from Trichoderma virens (Djonović et al., 2007), and 

induced expression of the JA-biosynthesis genes, AsAOS1 and AsOPR-7, and the PR 

protein gene, AsGns5, of A. stolonifera by (2R,3R)-butanediol (Cortes-Barco et al. 

2010b).  

Transcriptome analysis is very useful for visualizing the broad array of genes that 

are enhanced after particular treatments. A variety of Next Generation Sequencing 

platforms (NGS) are currently available which allow for large scale sequencing of 

transcriptomes (RNA-seq). These include Roche/454 Life Science pyrosequencing, 

Illumina/Solexa bridge-PCR-based sequencing and Applied Biosystems oligo ligation 

and detection (SOLiD) sequencing (Wang et al., 2010). These technologies have been 

utilized in plant studies and have successfully detected novel transcripts in species such 

as Medicago, Zea, Arabidopsis (Wang et al., 2010), Glycine (Libault et al., 2010) and 

Castanea (Barakat et al., 2009). Although studies have been done with microarrays and 

disease-resistance activators in plants (e.g. Sugano et al., 2010), no studies were found 

which had used RNA-seq for identification of novel transcripts following treatment with 

disease-resistance activators in plants. 

To understand the mode of action of Harmonizer, this study evaluated the 

interaction between A. stolonifera, S. homoeocarpa and Harmonizer. Experiments were 

designed to test the direct effects of Harmonizer on the growth of turfgrass pathogens, to 

separate direct effects by placing Harmonizer on roots and pathogen inoculum on leaves, 
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and to monitor defense-related gene expression in A. stolonifera following Harmonizer 

treatment. As a comparison, known SAR and ISR activators plus other putative activators 

from the literature were also tested for resistance induction in comparison to Harmonizer. 

In addition, transcriptome sequencing of A. stolonifera was performed following 

Harmonizer treatment to reveal genome-wide changes in gene expression, and to select 

genes for further time course analyses with Harmonizer application on the first day and 

pathogen inoculation 7 d later.  

3.1.1 Hypothesis 

 There are a variety of chemical inducers of disease resistance which have been 

shown to activate SAR, ISR and other forms of induced resistance in various plant 

species. My hypothesis is that application of Harmonizer will induce a resistance 

response in A. stolonifera to S. homoeocarpa, in a manner similar to other resistance 

activators, and that this resistance response will correlate with increased expression of 

resistance-related genes, either previously described or as identified through 

transcriptome sequencing of A. stolonifera, and that this information can be used to 

identify the mode of action of Harmonizer. 

3.1.2 Objectives 

a. Assess phytotoxic effects of previously characterized defense activators, such as AZA, 

abietic acid, BABA, Regalia, chitosan, water-soluble oligochitosan, HA, isotianil or 

Harmonizer, on Agrostis stolonifera. 

b. Determine antimicrobial activity of Harmonizer, BTH and Harmonizer combined with 

Civitas against R. solani, M. nivale, S. homoeocarpa, C. cereale and M. oryzae. 
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c. Evaluate disease resistance in plants treated with Harmonizer, and compare this to 

disease resistance activated by other putative or known disease-resistance activators. 

d. Evaluate disease resistance following inoculation with S. homoeocarpa in A. 

stolonifera treated with combinations of disease-resistance activators to determine if 

combinations of activators can improve efficacy relative to individual activators. 

e. Test previously described SAR- and ISR-responsive A. stolonifera genes for increased 

expression following treatment with Harmonizer. 

f. Sequence the transcriptome of A. stolonifera following treatment with Harmonizer and 

compare with water treatment to find potential disease resistance genes that respond to 

Harmonizer treatment. 

g. Design primers for selected Harmonizer-responsive genes observed with transcriptome 

sequencing to confirm increased expression over a time course of A. stolonifera treated 

with Harmonizer and inoculated with S. homoeocarpa. 
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3.2 Materials and Methods 

3.2.1 Biological Materials 

Agrostis stolonifera cv. Penncross was grown in 500 ml wide mouth Mason jars 

(BERNARDIN®, Toronto, ON, Canada). Mason jars were filled with approximately 70 

ml of thrice autoclaved sand rootzone mix, which was composed of 80 % high pH sand 

from Hutcheson sand (Huntsville, ON, Canada) plus 20 % peat moss (v:v). The sand was 

moistened with 13 ml of sterile de-ionized water to give 26% moisture (w/w) calculated 

as wet weight less dry weight all divided by wet weight Approximately 0.15 grams of 

non surface-sterilized seeds were then placed in each Mason jar. Each jar was loosely 

covered with the lid of a 9-cm-diameter Petri-plate and placed under constant 

illumination at 50 µmol/m2/s for 7 d. After 7 d of growth, plants were treated with disease 

resistance activator compounds followed with fungal inoculation. 

Rhizoctonia solani isolate RS100, S. homoeocarpa isolate 04288, M. nivale 

isolate 96072, C. cereale isolate 00143 and M. oryzae isolate 08085 were obtained from 

the current lab stock culture collection of Dr. T. Hsiang (School of Environmental 

Sciences, University of Guelph, Guelph, ON, Canada), and grown on PDA (Becton, 

Dickinson and Company, Sparks, MD, USA) at room temperature in the dark.  

3.2.2 Antimicrobial Activity Test 

For determining antimicrobial activity of Harmonizer (Petro-Canada, aqueous 

suspension), agar plates were prepared by the addition of different volumes of 100% 

Harmonizer solution without Civitas or emulsifier to PDA which had been allowed to 

cool to between 50 and 60ºC, to give final concentrations of 0.01, 0.1, 1, 2, 5, or 10% 

(v/v). For determining antimicrobial activity of Harmonizer plus Civitas (Petro Canada) 
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without emulsifier (-e), plates were prepared by the addition of a 1:1 mixture of 100% 

Harmonizer solution plus 100% Civitas(-e) solution, similarly to above, to give final 

concentrations of 0.1%, 1%, or 2% (v/v) of each component in the mixture. For 

determining antimicrobial activity of BTH (Actigard 50WG, Syngenta), plates were 

prepared by the addition of different weights of Actigard wettable granules (50% BTH, 

210.3 g/mol), similarly to above, to give final concentrations of 0.12, 1.2, or 12 mM 

BTH. Once target concentrations were achieved, 10 ml of amended media was added to 

plates using 10 ml sterile disposable serological pipettes (Fisher) and an Integra 

Biosciences electric Pipetboy acu (Mandel Scientific, Guelph, ON, Canada). 

Cultures of R. solani, S. homoeocarpa, M. nivale, M. oryzae, and C. cereale were 

grown on non-amended PDA for 3 d as described above, and then were transferred to 

amended PDA as one 5-mm-diameter PDA plug per plate. Control plates with non-

amended PDA were likewise inoculated. Inoculated plates were sealed with Parafilm 

(Pechiney Plastic Packaging, Menasha, WI, USA) and incubated in the dark at room 

temperature for up to 7 d. Growth of each fungus was measured on four replicate plates 

for Harmonizer and Harmonizer plus Civitas(-e) or three replicate plates for BTH per 

concentration tested. Measurements of radial growth began 24 hr after inoculation and 

continued daily until the respective non-amended plates were overgrown for each species.  

The concentration at which fungal growth was inhibited by 50% (EC50) was 

calculated by determining the inhibition (1-(mean colony diameter on amended 

media/mean colony diameter on non-amended media) in percent and then determining 

the percent inhibition values using probit analysis with SAS version 9.1 for Windows 

(SAS Institute, Cary, NC, USA). An example of the SAS Probit program statements is 
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listed in Appendix I. To calculate the EC50 of Harmonizer in mg/ml, the EC50 was 

converted from % (v/v) to mg/ml by multiplying by the density of Harmonizer (1.198 

mg/µl). To calculate the EC50 of Harmonizer plus Civitas(-e) in mg/ml, the EC50 

concentration was converted from % (v/v) to mg/ml by separately multiplying by the 

density of Harmonizer and the density of Civitas(-e) (0.8245 mg/µl), and then adding 

those two values together. To calculate the EC50 of BTH in mg/ml, the EC50 

concentration was converted from mM to mg/ml by multiplying by the molecular weight 

of BTH (210.3 g/mol). 

3.2.3 Inoculum preparation 

 To prepare inoculum, five different isolates of S. homoeocarpa (isolates SH06, 

SH30, SH15, 04219, and SH84 from the collection of Dr. T. Hsiang) were cultured on 

PDA and allowed to grow until they covered approximately 90% of a 9-cm-diameter 

Petri-plate (Fisher). The agar was cut into small pieces and then transferred to 500 g 

wheat seed in each Western Biologicals bag (8 x 2.5 x 19” Western Biologicals Ltd., 

Aldergrove, BC, Canada) to which 450 ml water had been added and  previously 

autoclaved three times. The inoculated wheat seed was incubated for two to three weeks 

in the dark at room temperature. The inoculum was then air dried and ground using a 

grain mill (Bosch® motor powered Family Grain Mill®, Cris Enterprises, Daytona 

Beach, FL, USA), and stored at 4ºC.  

3.2.4 Plant treatments for Mason jar experiments 

 Disease resistance activators were applied individually to 7-day-old A. stolonifera 

plants grown in Mason jars. Treatments including 1 mM BABA (Sigma-Aldrich), 1.2 

mM BTH (Syngenta), 100 µM (2R,3R)-BD (Fisher), 5% (v/v) Civitas containing 2% 
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emulsifier (+e) (Petro-Canada), 16 mM HA (Acros Organics), 750 µg/ml water-soluble 

oligochitin (DNP Canada Inc.), 10% (v/v) Harmonizer (Petro-Canada) and 1% Regalia 

(Marrone BioInnovations) were dissolved in water; 5 mM AZA (Acros Organics) was 

made in 5 mM MES (pH 5.6) (Sigma-Aldrich) according to Jung et al. (2009); 500 μg/ml 

chitosan (Sigma-Aldrich) was made in 2% acetic acid; 5 mM abietic acid (Alfa Aesar) 

was made in 95% ethanol; and 3.4 mM isotianil (Sigma-Aldrich) was made in 100% 

DMSO (Sigma-Aldrich). These stock solutions of up to 200X were diluted to their final 

concentrations as listed in the results section of Chapter Two. Treatments were applied 

either to soil or to foliage. For soil applications, 10 ml of activator solution was applied 

directly to the sand by pipette to avoid contact with the aerial portions of the plant. For 

foliar applications, plants were sprayed with 5 ml of activator solution. For activators 

dissolved in water, control plants were treated with autoclaved de-ionized water. For 

other activators, control plants were treated with the appropriate controls, as discussed in 

Chapter Two. 

Table 3.1 shows combinations of various disease resistance activators applied to 

7-d-old A. stolonifera plants grown in Mason jars. The compounds used in combination 

were dissolved in water or the corresponding solvents described in the results section of 

Chapter Two, except that the combination of 5 mM AZA with 5% Civitas(+e) made it no 

longer necessary to use 5 mM MES pH 5.6. Soil and foliar activator applications were 

done as described above. If both activators were to be applied in the same manner, either 

soil or foliar, then the activators were mixed and diluted to the appropriate concentration 

prior to treatment. If the combined activators were applied differently (one soil, one 

foliar), then the activators were applied separately. The control plants included treatment 
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with either water, 5 mM MES (pH 5.6), 2% acetic acid, 6.3 % (v/v) ethanol or 10% 

DMSO. The controls were applied to either foliage or roots in the same way as the 

compound was applied in the combination.  

3.2.5 Inoculation and Disease assessment 

 Agrostis stolonifera plants grown in 500 ml Mason jars were inoculated 7 d after 

activator or control treatment with wheat seed inoculum of S. homoeocarpa at a rate of 

0.18 g per Mason jar. Prior to applying the inoculum, the foliage of A. stolonifera was 

moistened by spraying a fine mist of non-sterile de-ionized water (1 mL) using a hand 

pump sprayer. Following inoculation, Mason jars were again loosely covered with the lid 

of a 9-cm-diameter Petri-plate and placed back under constant illumination (50 

µmol/m2/s) at room temperature for up to 21 d post treatment (DPT). Disease ratings 

were taken at 12, 14 and 16 DPT, with disease levels being estimated visually based on 

percent yellowing or browning of leaf tissue. Ratings from 0 to 10% were considered 

minor chlorosis, 10 to 40% for chlorosis and low levels of necrosis, 40 to 60% for 

chlorosis and necrosis on approximately half of the turfgrass, 60 to 80% for chlorosis and 

high levels of necrosis, an 80 to 100% for chlorosis and extensive necrosis or complete 

browning of all plant tissues. For statistical analyses, actual values from disease ratings 

were used. 

 The experiments were conducted using a completely randomized design, with 

three replicates per treatment. Each experiment was repeated three times unless otherwise 

stated. An analysis of variance (ANOVA) with SAS procedure general linear models 

(GLM) at p=0.05 was used to estimate significant differences among treatments. If 

significant treatment effects were observed, means were separated using the test of least 
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significant difference (LSD) at p=0.05. For all time course experiments where leaf 

samples were collected for gene expression analyses, disease levels were monitored to 

ensure that there was a reduction in disease. 

3.2.6 Field Trials 

 Field trials were conducted at the Guelph Turfgrass Institute (GTI) (Guelph, ON) 

from November 8, 2010 to May 4, 2011 using a randomized complete block design with 

4 replicates. Treatments consisted of 2, 5 or 10% (v/v) Harmonizer, or a combination of 

5% (v/v) Civitas(+e) plus 0.5% Harmonizer, which is the recommended label rate for 

both compounds. All treatments were applied at a rate of 25 ml per 0.5 m by 0.5 m plot 

on A. stolonifera mown at fairway height (11 mm) once weekly for five weeks from 

November 8 to December 6, 2010. Growth measurements were taken at green-up (April 

29 and May 4) by measuring the height (mm) of A. stolonifera at four different locations 

per 0.25 m2 plot using a ruler for a total of 16 measurements per treatment (measurements 

performed by T. Hsiang). Analysis of variance was performed on the height 

measurements with SAS using a general linear model analysis to estimate significant 

differences among treatments. If significant treatment effects were observed, means were 

separated using the test of least significant difference (LSD) at p=0.05. 

3.2.7 RNA extraction 

  For each sample, 100 mg of fresh leaf tissue from 14-day-old A. stolonifera cv. 

Penncross was collected and immediately homogenized in 1ml of Trizol® (Invitrogen, 

Carlsbad, CA, USA) reagent using a chilled mortar and pestle. The remainder of the 

RNA extraction was performed following the manufacturer’s protocol with the following 

modifications: during phase separation, a second extraction was performed against 
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chloroform to remove residual phenols, and during RNA precipitation, 0.8 M sodium 

citrate (Fisher) and 1.2 M sodium chloride (Fisher) were added followed by isopropanol 

to prevent excess polysaccharides from precipitating with the RNA. For quantitation and 

quality assessment, RNA samples were assessed using a NanoVue spectrophotometer 

(GE Healthcare, Cambridge, UK) and run out on a 1% TAE agarose (BioBasic Inc., 

Markham, ON) gel, respectively.  

3.2.8 RNA-seq Analysis 

 Agrostis stolonifera treated with water or 5% Harmonizer was subjected to RNA 

extraction at 7 DPT as described above. RNA quality and quantity were assessed as 

above. RNA samples were kept frozen on dry ice and sent to the Analytical Genetics 

Technology Centre (now Clinical Genomics Centre, Princess Margaret Hospital/ 

University Health Network, Toronto, ON). Synthesis of cDNA and library construction 

was done from total RNA, and sequencing was performed with the Illumina/Solexa 

GAIIx NGS platform using a single lane to give 36 bp paired-end reads with a 200 bp 

insert size. After sequencing, there were over 19 million 36 bp reads for the water control 

sample and over 17 million reads for the Harmonizer-treated sample.  

Bioinformatic analysis of the raw reads was conducted by T. Hsiang using the 

assembly program Velvet (ver 1.0.12, www.ebi.ac.uk/~zerbino/velvet, Zerbino and 

Birney, 2008) over a range of Kmers, with Kmer 29 being selected as yielding the largest 

assembled contigs (highest N50 value). Read data from another sequencing project (86 

million 36 bp reads) with the same plant species were also combined with this data, and 

used for contig assembly to map out as much of the transcriptome of A. stolonifera as 

possible, since the genome of this plant has not yet been sequenced. Following assembly, 
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36 bp reads from the Harmonizer data set were compared to the assembled contigs (called 

"nodes" by the assembly program) to determine read counts, and to compare between 

Harmonizer and water treated samples, to assess genes for over expression. The data was 

normalized by adjusting for read counts between the Harmonizer-treated sample and 

water control sample. The adjusted counts were then subjected to a chi-square test at 

p=0.05 to assess whether increased expression at two-fold or greater was significant for 

each node.   

3.2.9 Annotation of RNA-seq nodes 

 Annotation of the nodes which showed greater than two-fold expression for the 

Harmonizer treatment compared to water was performed using Blast client 3 (BlastCL3) 

available from NCBI Genbank NR database (http://www.ncbi.nlm.nih.gov/). The 

BlastCl3 used the over expressed nodes query sequences in a BLASTN search against the 

NCBI Genbank NR database. To reduce the time required for BlastCL3 to annotate these 

nodes, the maximum expectation value for blast results was set to 1e-05 with only the top 

alignment being returned.  Among the nodes showing over expression, many matched 

sequences on GenBank which had no definitive annotations, such as hypothetical protein. 

The ones with functional annotations were manually reviewed, and ones that might have 

some association with disease resistance were selected for primer design and gene 

expression analysis. 

3.2.10 Primer Design  

Primer sequences for AsAOS1, AsOPR-7, AsGns5 and AsUBI-3 were obtained 

from Cortes-Barco et al. (2010b), primer sequences for AsBCI-4 and AsWCI-2 were 

obtained from Cortes (2008) and primer sequences for AsLOX-1, AsHRI-1 and AsASP-2 
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were obtained courtesy of Jonathan Tung (Tung, 2011). In addition, due to the small 

product size of AsLOX-1, AsHRI-1 and AsASP-2, primers were used for amplification of 

a 457 bp AsUBI-3 product (Table 3.2) (Tung, 2011). To design primers for AsPR-1, 

AsPR-5, AsPR-10, AsPR-like, AsPAL-4, AsEG1, AsCht1, AsGns and As4Cl2 (Table 3.3), 

NODE sequences from the RNA-seq analysis for each gene were used as queries in a 

BLASTN search against the NCBI Genbank NR database. Sequences with e-values lower 

than 10-10 were collected from several monocot species and aligned using MUSCLE 

(Edgar, 2004). Primers were chosen from highly conserved regions within the alignments 

and using other criteria described in results. The program GeneRunner (Hastings 

Software, Hastings, NY) was used to check potential primers for hairpin loops, dimers, 

bulge loops, or internal loops, and to identify melting temperatures and GC content.  

To confirm primers were specific to the sequence of interest, the primer 

sequences were used as queries in primer-BLAST against the Genbank NR database. 

Primers that matched the sequence of interest with 100% nucleotide identity, but different 

from other sequences, were used for relative RT-PCR. 

3.2.11 Collection of leaf samples and extraction of RNA for relative RT-PCR 

 Leaf samples of A. stolonifera treated with 5% Harmonizer or water were 

harvested at 0, 1, 3, 5, 7, 8, 10, 12 and 14 DPT. Inoculation with S. homoeocarpa 

occurred at 7 DPT. Leaf samples were immediately frozen at -70ºC for RNA extraction as 

described above. 

3.2.12 Relative RT-PCR 

 Moloney Murine Leukemia Virus (MMLV) reverse transcriptase (Invitrogen, 

Burlington, ON) and oligo (dT) primer with total RNA were used to synthesize single-
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stranded cDNA using the manufacturer’s instructions. Relative RT-PCR, which involves 

the co-amplification of a constitutively expressed control gene, the A. stolonifera 

ubiquitin 3 (AsUBI-3) (Cortes-Barco et al., 2010b), with a gene of interest, was used to 

assess relative transcript levels by comparing band intensities (Dean et al., 2002). 

 RT-PCRs for putative SAR and ISR genes were performed in 15 µl reactions with 

1 µl cDNA, 0.75 units Tsg polymerase (Biobasic, Toronto, ON), 10x Tsg polymerase 

buffer, 0.33 mM dNTPs, and 2.4 mM Mg2+, with 0.83 µM of each primer (Table 3.2) 

(Cortes-Barco et al., 2010b). Amplification conditions for AsAOS1, AsOPR-7, AsGns5, 

AsBCI-4, AsWCI-2, AsLOX-1, AsHRI-1 and AsASP-2 consisted of 1 cycle at 94ºC for 3 

min followed by 30 cycles of 94ºC for 30 s; gene-specific annealing temperature for 1 

min; and 72ºC for 1 min, with a final extension cycle of 10 min at 72ºC. The gene-specific 

annealing temperatures were 55ºC for AsBCI-4, 60ºC for AsLOX-1, AsHRI-1 and AsASP-

2, 62ºC for AsAOS1, 64ºC for AsWCI-2, 65ºC for AsOPR-7 or 70ºC for AsGns5 (Cortes-

Barco et al., 2010b; Tung, 2011). 

RT-PCRs for Harmonizer-responsive genes were performed in 15 µl reactions 

with 1 µl cDNA, 0.75 units Tsg polymerase (Biobasic, Toronto, ON), 10x Tsg 

polymerase buffer, 0.33 mM dNTPs, and 1.2 mM Mg2+, with 0.83 µM of each primer 

(Table 3.3) (modified from Cortes-Barco et al., 2010b). Amplification conditions 

consisted of 1 cycle at 94ºC for 3 min followed by 30 cycles of 94ºC for 30 s; 55ºC or 

59ºC for 1 min for AsPR-1a and AsPR-10, respectively; and 72ºC for 1 min, with a final 

extension cycle of 10 min at 72ºC. Amplification conditions for AsPR-5 consisted of 1 

cycle at 94ºC for 3 min followed by 35 cycles of 94ºC for 30 s; 55ºC for 1 min; and 72ºC 

for 1 min, with a final extension cycle of 10 min at 72ºC.  
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All reactions were carried out in an Eppendorf AG 22331 Master Cycler 

(Eppendorf, Hamburg, DE) or a BioRad MyCyclerTM thermal cycler (BioRad, Hercules, 

CA, USA). To confirm that the number of cycles required to give accurate quantification 

of relative expression of AsPR-1a, AsPR-10 or AsPR-5 was used, relative RT-PCR was 

also done with 5 fewer cycles than that used for quantification. Expression patterns were 

then compared to that obtained with 30 (AsPR-1a and AsPR-10) or 35 (AsPR-5) cycles to 

show that results using fewer cycles did not give expression pattern results that differed 

significantly.  

RT-PCR products were separated in 1% TBE agarose gels containing 1% 

ethidium bromide. Visualization of the bands was conducted using an UV 

transilluminator and gel images were taken using a CCTV camera fitted with a 23A 

orange filter. The images were then saved as TIFF electronic image files, and 

quantification was done using NIH Image (Scion Corporation, Frederick, MD, USA). For 

each gel lane, the intensities of the bands were determined for both the gene of interest 

and the constitutive control, AsUBI-3. Relative expression values were calculated by 

taking the ratio of the band intensity of the gene of interest over the band intensity of 

AsUBI-3 to standardize for RNA concentrations. Confirmation of RT-PCR products was 

performed through direct sequencing of the respective RT-PCR products at Laboratory 

Services Division (University of Guelph, Guelph, ON). For AsPR-1a, AsPR-5, AsPR-10 

and the 232 bp portion of AsUBI-3, the RT-PCR product from 10 DPT was sequenced. 

Purification of RT-PCR products from 1% TAE agarose gels was performed using 

AMBIOGEN Gel Extraction Mini Kit (Ambiogen Life-Science Technology Ltd. 

Berkeley, CA, U.S.A.) following the manufacturer’s instructions. 
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3.2.13 Sequence alignments and dendrograms  

To determine the identity of the sequenced RT-PCR products, a BLASTN search 

of each sequence was performed against The Computational Biology and Functional 

Genomics Laboratory (http://compbio.dfci.harvard.edu/index.html) Gene Indices for H. 

vulgare (version 11.0), T. aestivum (version 12.0), O. sativa (version 18.0), Zea mays 

(version 19.0), Panicum virgatum (version 1.0), Festuca pratensis (version 1.0), Secale 

cereale (version 4.0) and Sorghum bicolor (version 9.0) or the NCBI Genbank NR 

database. Matching sequences with e-values lower than 10-25 were selected and aligned 

using MUSCLE (Edgar, 2004). In cases where several sequences were available with the 

same annotation within a species, only the top match for that species was used in the 

alignment. The sequences were trimmed to match that of the sequenced PCR product and 

then used in CLUSTALX to generate un-rooted dendrograms using the neighbor-joining 

(NJ) algorithm with 1000 bootstrap replications. Identities of RT-PCR products were 

based on the top match of the BLASTN search, and/or from the closest sequence in the 

dendrogram. 
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3.3 Results 

3.3.1 Harmonizer as a plant growth promoter 

 A combination of 5% Civitas(+e) with 0.5% Harmonizer as well as Harmonizer 

alone at 2, 5, or 10% (v/v) was applied to A. stolonifera greens at the Guelph Turfgrass 

Institute once weekly from November 8, 2010 to December 6, 2010. Height 

measurements on April 29, 2011 (by T. Hsiang) showed that all plants treated with the 

various concentrations of Harmonizer, which ranged from 4 to 20 times the label rate, 

and the combination with Civitas had significant increases in height growth relative to 

that of a non-treated control (11.9 mm, Table 3.4): In addition Harmonizer at 5% (21.1 

mm) and 10% (20.6 mm) Harmonizer and Civitas(+e) + Harmonizer (20.3 mm) were 

significantly higher compared to 2% Harmonizer alone (17.3 mm). Measurements from 

May 4, 2011 (by T. Hsiang) showed that all plants treated with concentrations of 

Harmonizer alone had significant increases in height growth relative to the non-treated 

control, whereas the combination with Civitas (5%) and Harmonizer (0.5%) at the label 

rate was no longer significantly different from the non-treated control (Table 3.4) which 

had grown to 19.2 mm. These results indicate that Harmonizer had a greater effect on 

growth promotion early during green-up, allowing enhanced growth before the untreated 

control caught up in both height and density (data not shown). 

3.3.2 Antimicrobial activity 

Even at the highest concentrations amended in PDA, BTH, Harmonizer or 

Harmonizer plus Civitas(-e) did not fully inhibit growth of any of the fungi tested (Table 

3.5). Based on EC50 values, R. solani, S. homoeocarpa and M. nivale were less sensitive 

to direct effects of Harmonizer than C. cereale, which was 100-fold more sensitive. The 
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EC50 values for Harmonizer plus Civitas(-e) showed that S. homoeocarpa was least 

sensitive with M. nivale and R. solani being 4 to 5 times more sensitive and C. cereale 

being 243 times more sensitive. For BTH, there was an approximately 6-fold difference 

in EC50 values, with R. solani being the least sensitive, and C. cereale being the most 

sensitive. At all concentrations where inhibition was observed, the inhibitory effect of 

Harmonizer (>19% on average), Harmonizer plus Civitas(-e) (>5% on average) and BTH 

(>15% on average) was maintained for the duration of the experiment. 

Treatment of A. stolonifera for induction of resistance and gene expression was 

done with 5% (59.9 mg/ml) Harmonizer. Therefore, the concentration of Harmonizer was 

approximately 2-fold below the EC50 values for R. solani and S. homoeocarpa, and up to 

as much as 50-fold above the EC50 value for C. cereale. This indicates that when 

Harmonizer was applied to the soil, it could directly inhibit fungi. Treatment of A. 

stolonifera with 1.2 mM (0.3 mg/ml) BTH would likely have negligible direct impacts on 

any fungi, while application of the label rate for Harmonizer plus Civitas(-e) (0.5% plus 

5% (v/v), respectively), which is 46.4 mg/ml for the combination, would likely only 

directly inhibit more sensitive fungi, such as C. cereale (EC50 1.2 mg/ml) until the 

solution was diluted by irrigation or rainfall. 

3.3.3 Screening of defense activators for dollar spot reduction in A. stolonifera 

Preliminary trials with Harmonizer treatment in inoculated Magenta boxes 

revealed that disease assessments based solely on S. homoeocarpa hyphal proliferation on 

leaf tissue were not an accurate reflection of disease, because prolific growth could be 

observed even in the absence of yellowing and browning. Possibly the fungus may have 

been feeding on the ground wheat seed tissues, despite not being able to effectively feed 
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on grass. Therefore, disease levels were monitored based on percent yellowing or 

browning of leaf tissue for all disease resistance activator experiments.  

Based on the level of disease reduction and the consistency with which the 

disease reduction was observed, the defense activators applied individually to A. 

stolonifera were divided into three groups. Those that were effective, which provided 

consistent significant reductions in yellowing/browning; those that were variable, which 

provided significant reductions in yellowing/browning in at least one experiment, but not 

all experiments; and those that were ineffective, which either did not significantly reduce 

the level of yellowing/browning or caused disease levels to be higher on treated plants. 

The effective compounds were Civitas(+e) applied to the soil, foliar application of 

Regalia, and foliar applications of Harmonizer above 2% (v/v), with the most effective 

being foliar application of 5% and 10% Harmonizer, providing a 93% and 94% reduction 

in the level of yellowing/browning, respectively, at 14 DPT (Table 3.6). The only 

variable compound was (2R,3R)-BD. Lastly, ineffective compounds at the rates and 

conditions tested were BABA, abietic acid, isotianil, chitosan, HA, AZA, soil application 

of Regalia, BTH and a water-soluble oligochitin.  

Combinations of disease resistance activating compounds were also tested on A. 

stolonifera to see if they could reduce the level of yellowing/browning to a greater extent 

than that of individual activators; however, none of the combinations tested (Table 3.1) 

provided significant reductions in the level of yellowing/browning relative to the control 

provided by the individual activators (data not shown). 
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3.3.4 Harmonizer as a dollar spot defense activator 

Harmonizer was more closely studied for dollar spot suppression in vitro. Since 

both Harmonizer and the inoculum of S. homoeocarpa were applied to the foliage and 

Harmonizer showed antimicrobial activity when amended in PDA (Table 3.5), it is 

possible that the reduction in disease may have been due to direct inhibition of the 

fungus. As an alternative, soil application of Harmonizer was also tested to physically 

separate Harmonizer from the inoculum of S. homoeocarpa. Two concentrations, 2% and 

5%, were tested since foliar applications below 2% Harmonizer were not found to be 

effective, and there was no increase in control with foliar application of 10% Harmonizer 

(Table 3.6). Soil application of Harmonizer at 2% (22.7% yellowing/browning) was not 

significantly different (p=0.088) from the water control (31.7% yellowing/browning) at 

12 DPT, whereas Harmonizer at 5% (18.0 % yellowing/browning) was significantly 

different (p=0.016). It appears that 2% Harmonizer was able to significantly reduce 

disease when applied to the foliage but not to the soil, but 5% Harmonizer applied to soil 

could significantly reduce disease. Testing additional time points revealed that 5% 

Harmonizer significantly reduced the level of yellowing/browning by approximately 

22%, 39% and 32% at 12, 14 and 16 DPT, respectively, with no disease present at the 

time of inoculation (7 DPT) (Table 3.7). Testing additional time points up to 16 DPT 

showed that the effect of Harmonizer could persist at least up to 9 days after inoculation 

(16 DPT).  
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3.3.5 Putative ISR and SAR-related gene expression after treatment with 

Harmonizer  

 Primers for AsAOS1, AsOPR-7 and AsGns5 (Table 3.2) that were described as 

responding to (2R,3R)-butanediol and Civitas(-e) in A. stolonifera, and being related to 

ISR by Cortes-Barco et al. (2010b), showed no significant differences in expression with 

5% Harmonizer relative to the water control at any time points (Figs. 3.1, 3.2 and 3.3). 

Expression of AsGns5 was not detected at 0 DPT, while AsAOS1 and AsOPR-7 had basal 

levels of expression. Following treatment with Harmonizer, expression levels of AsAOS1 

and AsGns5 did not change significantly from 0 through 7 DPT, at which point 

expression levels increased rapidly through 10 DPT. For AsOPR-7, expression levels 

decreased from 0 DPT until 7 DPT, at which point expression levels also increased 

rapidly through 10 DPT. For the water control, expression of all three genes also 

increased following infection at 10 DPT indicating that they are pathogen-inducible 

genes. 

 Primers for AsBCI-4 and AsWCI-2 (Table 3.2) that were described as being 

putatively related to SAR in A. stolonifera by Cortes (2008) were never found to amplify 

a detectable band, either before treatment at 0 DPT or with Harmonizer or water treated 

plants at 7 DPT. This indicates that the PCR was not working like that reported by Cortes 

(2008), who noted relative expression values at 0 DPT of approximately 0.18 for AsBCI-

4 and 0.75 for AsWCI-2 using the same cultivar of A. stolonifera.   

Primers for  AsLOX-1, AsHRI-1 and AsASP-2 (Table 3.2) that were described as 

responding to BTH treatment and putatively related to SAR in A. stolonifera by J. Tung 

(Tung, 2011) showed no significant differences following Harmonizer treatment relative 
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to the water control at any time point (Figs. 3.4, 3.5 and 3.6). Expression of AsHRI-1 was 

not detected at 0 DPT, while AsLOX-1 and AsASP-2 had basal levels of expression. 

Following treatment with Harmonizer, expression levels of AsHRI-1 and AsASP-2 did not 

change significantly from 0 through 10 DPT. For AsLOX-1, expression levels decreased 

from 0 DPT until 7 DPT and then remained constant through 10 DPT. For the water 

control, expression of all three genes followed a similar pattern to that of Harmonizer-

treated plants, with none of the genes appearing to respond to infection. Therefore, none 

of these eight genes putatively related to ISR and SAR were responsive to treatment with 

Harmonizer, indicating the mode of action of Harmonizer is likely different from that of 

SAR or ISR.   

3.3.6 RNA-seq of total RNA from A. stolonifera treated with Harmonizer 

In order to identify genes that respond to Harmonizer treatment in A. stolonifera, 

sequencing of the A. stolonifera transcriptome was performed following treatment with 

5% Harmonizer or water at 7 DPT using the Illumina/Solexa GAIIx NGS platform. 

Following the sequencing run on one lane of a flow cell, 19 million reads of 36 bp were 

obtained for the water sample, and 17 million reads of 36 bp were obtained for the 

Harmonizer-treated sample. Dr. T. Hsiang conducted the bioinformatic analysis, read 

assembly and frequency analyses. These raw reads were assembled with Velvet 1.0.14 

(Zerbino and Birney, 2008), and based on an initial bioinformatics analysis, only 118 

nodes were identified as having increased expression following treatment with 

Harmonizer. Since this was considered a low number, data from another parallel 

sequencing project with the same plant species was combined with the above data to 

allow more of the 36 bp reads to be linked into nodes. This increased the total number of 
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nodes that could be assembled 3 fold, from 70,343 with the initial analysis (median 

weighted node length (N50) = 576 nt) to 224,670 with the combined data (N50 = 553 nt). 

The expression analysis was then conducted again by comparing the 36 bp reads from the 

Harmonizer-treated or water-treated samples to the new set of assembled nodes. With the 

additional data, greater than 1000 nodes were identified as having more than two times 

increased expression with Harmonizer. From these 1000 nodes, 633 had strong matches 

(e-values < 1e-05) with functional annotations in the NCBI Genbank NR database, and 

among these, 20 were identified from their annotations as potentially related to disease 

resistance (Table 3.8). Among these 20 putative genes as represented by nodes, primer 

sets were designed for nine sequences to confirm the sequencing results using relative 

RT-PCR. These nine sequences were chosen since they were either members of PR gene 

families or were involved in phenylpropanoid metabolism (Lee et al., 1995; Lois et al., 

1989). However, any of the 20 sequences could have been chosen for primer design. 

3.3.7 Primers for amplification of Harmonizer induced genes 

Using NODE_332619 as a query, 15 PR-1 sequences from H. vulgare, T. 

monococcum and T. aestivum were obtained from the NCBI Genbank NR database 

(Table 3.9). The closest matching sequence was HvPR-1a (X74939) from H. vulgare 

with 88% nt identity in the overlapping regions. Therefore, the NODE_332619 sequence 

was tentatively named AsPR-1a. A forward primer (Table 3.3) was designed in a highly 

conserved region matching NODE_332619; however, since NODE_332619 was only 285 

nucleotides long, a reverse primer (Table 3.3) was designed in a highly conserved region 

matching the H. vulgare sequence, X74939. 
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Using NODE_236953 as a query, 12 PR-5 sequences from P. edulis, T. aestivum, 

Avena sativa and Z. mays were obtained (Table 3.9). The closest matching sequence was 

a thaumatin-like protein (L39775) from Avena sativa with 91% nt identity in the 

overlapping regions. Therefore, since thaumatin-like proteins are synonymous with acidic 

PR-5 (Ward et al., 1991), the NODE_236953 sequence was tentatively named AsPR-5. A 

forward primer (Table 3.3) was designed in a highly conserved region outside of the 

NODE_236953 sequence matching the A. sativa sequence, L39775, and a reverse primer 

(Table 3.3) designed in a highly conserved region matching NODE_236953.  

Using NODE_100852 as a query against the NCBI Genbank NR database, 11 PR-

10 sequences from O. sativa, H. vulgare and Phyllostachis edulis were obtained. In 

addition, three sequences from A. stolonifera and A. capillaris with high sequence 

similarity to NODE_100852 were also obtained from the NCBI Genbank EST_others 

database (Table 3.9). The closest matching sequence was AsPR-10 (DV866744) from A. 

stolonifera with 99% nt identity in the overlapping regions indicating that they are the 

same sequence. Therefore, the NODE_100852 sequence was tentatively named AsPR-10. 

Since NODE_100852 was only 122 bp and matched DV866744, which was 716 bp, the 

forward and reverse primers (Table 3.3) were designed in highly conserved regions 

matching DV866744. 

Using NODE_61400 as a query, five PR sequences from L. perenne, T. aestivum 

and H. vulgare were obtained (Appendix XVIII). The closest matching sequence was 

TaPR-like (AK330749) from T. aestivum with 90% nt identity in the overlapping regions. 

Therefore, the NODE_61400 sequence was tentatively named AsPR-like. A forward 

primer (Table 3.3) was designed in a highly conserved region matching NODE_61400; 
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however, since NODE_61400 was only 129 nucleotides long, a reverse primer (Table 

3.3) was designed in a highly conserved region matching AK330749. 

 Using NODE_109498 as a query, ten 4-coumarate CoA ligase sequences from L. 

perenne, O. sativa, S. bicolor and Neosinocalamus affinis were obtained (Appendix 

XVIII). The closest matching sequence was Lp4Cl2 (AF052222) from Lolium perenne 

with 96% nt identity in the overlapping regions. Therefore, the NODE_109498 sequence 

was tentatively named As4Cl2. A forward primer (Table 3.3) was designed in a highly 

conserved region matching NODE_109498; however, since NODE_109498 was only 248 

nucleotides long, a reverse primer (Table 3.3) was designed in a highly conserved region 

matching AF052222. 

 Using NODE_68502, NODE_22322 and NODE_60223 as queries in the 

BLASTN search resulted in matches to PAL sequences, with the closest match being 

TaPAL-4 (AK332608) from T. aestivum with 97%, 96% and 96% nt identity in the 

overlapping regions, respectively, for all three NODE sequences. Based on these results, 

it was assumed that NODE_68502, NODE_22322 and NODE_60223 were portions of 

the same gene, with the sequences being tentatively named AsPAL-4. In total, 13 PAL 

sequences from T. aestivum, H. vulgare, P. edulis, Bambusa oldhamii, Saccharum 

officinarum and O. sativa were obtained (Appendix XVIII). A forward primer (Table 3.3) 

was designed in a highly conserved region matching NODE_60223, while a reverse 

primer was designed in a highly conserved region matching NODE_68502. 

 Using NODE_99948 as a query, six chitinase sequences from O. sativa, T. 

aestivum and S. bicolor were obtained (Appendix XVIII). The closest matching sequence 

was TaCht1 (AK332684) from T. aestivum with 90% nt identity in the overlapping 
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regions. Therefore, the NODE_99948 sequence was tentatively named AsCht1. Since 

NODE_99948 was only 286 nucleotides long, a forward primer (Table 3.3) was designed 

in a highly conserved region matching AK332684, while a reverse primer (Table 3.3) 

was designed in a highly conserved region matching NODE_99948. 

 Using NODE_90102 as a query, five hydrolase sequences from Z. mays and S. 

bicolor were obtained (Appendix XVIII). The closest matching sequence was ZmGns 

(BT063200) from Z. mays with 90% nt identity in the overlapping regions. Therefore, the 

NODE_90102 sequence was tentatively named AsGns. A forward and reverse primer 

(Table 3.3) was designed in highly conserved regions matching NODE_90102. 

 Using NODE_264719 and NODE_218685 as queries in the BLASTN search 

resulted in matches to endoglucanase sequences, with the closest match being HvEG1 

(AK363849) from H. vulgare with 95% and 89% nt identity in the overlapping regions, 

respectively, for both NODE sequences. Based on these results, it was assumed that 

NODE_264719 and NODE_218685 were portions of the same gene, with the sequences 

being tentatively named AsEG1. In total, 14 endoglucanase sequences from O. sativa, Z. 

mays, S. bicolor and T aestivum were obtained (Appendix XVIII). A forward primer 

(Table 3.3) was designed in a highly conserved region matching NODE_264719, while a 

reverse primer (Table 3.3) was designed in a highly conserved region matching 

NODE_218685. 

3.3.8 NODE gene expression after treatment with Harmonizer  

 To test their suitability for monitoring the effect of Harmonizer on gene 

expression in A. stolonifera, an initial test of the primers mentioned above was conducted 

on cDNA from plants treated with water or Harmonizer at 7 DPT. Single bands of the 
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predicted size were obtained from all primer sets; however, only AsPR-1a, AsPR-5 and 

AsPR-10 showed increases in relative expression in A. stolonifera treated with 

Harmonizer, relative to that of the water control. Therefore, only these three genes were 

utilized for time course evaluation of gene expression.  

 Expression of AsPR-1a was barely detectable at 0 DPT, which was prior to 

treatment with Harmonizer (Figure 3.7). Following treatment, expression remained 

relatively unchanged for Harmonizer-treated and control plants up to 7 DPT when there 

was a major increase with Harmonizer treatment giving a relative expression of 1.39 that 

was approximately 23 times greater than the water control (relative expression = 0.06).  

By comparison, RNA-seq results showed a 20 times difference between Harmonizer and 

control at 7 DPT. Following inoculation at 7 DPT, expression levels from Harmonizer-

treated plants decreased slightly at 8 DPT before increasing significantly at 10 DPT 

followed by a decline. Expression levels from the water control showed a similar pattern, 

except for the decline at 8 DPT, showing that the gene was infection-inducible. 

Expression of AsPR-1a was induced but not primed by Harmonizer.   

Expression of AsPR-5 and AsPR-10 showed very similar patterns to that of AsPR-

1a, with a few exceptions (Figures 3.8 and 3.9). There was no detectable expression of 

AsPR-5 and AsPR-10 at 0 DPT, nor was there a transitory peak in expression of AsPR-5 

at 7 DPT. At 7 DPT, AsPR-5 had a relative expression of 0.10 following Harmonizer 

treatment, whereas the water control had a relative expression of 0, while AsPR-10 had a 

relative expression of 1.08 following Harmonizer treatment, whereas the water control 

had a relative expression of 0. By comparison, RNA-seq results showed a 2.8 and 4.5 

times difference between Harmonizer and control at 7 DPT for AsPR-5 and AsPR-10, 
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respectively. These results indicate that AsPR-5 and AsPR-10 were similar to AsPR-1a in 

showing induction but not priming by Harmonizer.  

3.3.9 Identification of constitutive and Harmonizer-induced genes  

The sequenced RT-PCR product of the putative AsPR-1a matched 

NODE_332619, which was used to design the primers for the gene, with 99% nt identity 

(196/197 bp) in the overlapping regions demonstrating the targeted gene was amplified 

(data not shown). From a BLASTN search, the best matches to the sequenced RT-PCR 

product were more than 40 PR-1 sequences in six monocot species with TC5820 

annotated as a FpPR-1a in Festuca pratensis having the lowest e-value and highest 

percent identity at 92% (Table 3.10). An NJ tree of the sequenced RT-PCR product and 

the top match from each monocot species from the BLASTN results (Table 3.10) also 

showed that the sequenced RT-PCR product had the greatest similarity with TC5820 

(Fig. 3.10). This implies that the sequenced RT-PCR product is a homolog of FpPR-1a, 

which confirmed the nomenclature of the gene as AsPR-1a.  

The sequenced RT-PCR product of the putative AsPR-5 matched NODE_236953, 

which was used to design the primers for the gene, with 100% nt identity (281/281 bp) in 

the overlapping regions demonstrating that the targeted gene was amplified (data not 

shown). From a BLASTN search, the best matches to the sequenced RT-PCR product 

were more than 70 PR-5 sequences in 10 monocot species with L39776 annotated as 

AsRASTL-3 in Avena sativa having the lowest e-value and highest percent identity at 91% 

(Table 3.11). An NJ tree of the sequenced RT-PCR product and the top match from each 

monocot species from the BLASTN results (Table 3.11) also showed that the sequenced 

RT-PCR product had the greatest similarity with L39776 (Fig. 3.11). This implies that the 
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sequenced RT-PCR product is a homolog of AsRASTL-3 which confirmed the 

nomenclature of the gene as AsPR-5 since AsRASTL-3 is a thaumatin-like protein, which 

is synonymous with acidic PR-5 (Ward et al., 1991). 

The sequenced RT-PCR product of the putative AsPR-10 matched DV866744, 

which was used to design the primers for the gene, with 98% nt identity (267/272 bp) in 

the overlapping regions demonstrating that the targeted gene was amplified (data not 

shown). From a BLASTN search of the NCBI Genbank NR database, only one sequence, 

AY220734 annotated as HvPR-10 in H. vulgare, provided a significant match (185/222 

bp, 83%) to the sequenced RT-PCR product. Therefore, an additional BLASTN search of 

the H. vulgare, T. aestivum, O. sativa, Z. mays, P. virgatum, F. pratensis, S. cereale and 

S. bicolor Gene Indices was conducted with the sequenced RT-PCR product. From this 

search, the best matches to the sequenced RT-PCR product were 13 PR-10 sequences in 

three monocot species with TC393108 annotated as TaPR-10 in T. aestivum having the 

lowest e-value and highest percent identity at 81% (Table 3.12) and was included in the 

multiple sequence alignment (Appendix XVI). A NJ tree of the sequenced RT-PCR 

product and the top match from each monocot species from the BLASTN results (Table 

3.12) showed that the sequenced RT-PCR product had the greatest similarity with 

GO888940, annotated as FpPR-10 in Festuca pratensis (Fig. 3.12). This implies that the 

sequenced RT-PCR product is a homolog of FpPR-10, which confirmed the 

nomenclature of the gene as AsPR-10. 

The sequenced RT-PCR product of the putative AsUBI-3 matched the AsUBI-3 

sequence from Cortes-Barco et al. (2010b) with 99% nt identity (228/231 bp) in the 

overlapping region (data not shown). From a BLASTN search, the best matches to the 
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sequenced RT-PCR product were more than 90 UBI sequences in both monocot and dicot 

species with EF470423 annotated as LpUBQ in Lolium perenne having the lowest e-value 

and highest percent identity at 98% (Table 3.13). A NJ tree of the sequenced RT-PCR 

product and the top match for each monocot species from the BLASTN results (Table 

3.13) also showed that the sequenced RT-PCR product had the greatest similarity with 

EF470423 (Fig. 3.13). This implies that the sequenced RT-PCR product is a homolog of 

LpUBQ; however, since the sequenced RT-PCR product matched the AsUBI-3 sequence 

from Cortes-Barco et al. (2010b), the name was kept as AsUBI-3. 
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3.4 Discussion 

 A variety of disease resistance activators reported in the literature was tested in A. 

stolonifera for control of disease caused by S. homoeocarpa. Based on this study, the 

activators were divided into two groups: those that did not effectively give significant 

reductions in yellowing/browning, and those that effectively and consistently gave 

significant reductions. 

 Ineffective activators included AZA, abietic acid, HA, isotianil, chitosan, 

oligochitin, BTH and soil application of Regalia. Even though AZA, abietic acid, HA and 

isotianil were ineffective in this study, they have been reported to be effective in other 

plant-pathogen systems. For example, disease severity was significantly reduced with 

AZA in Arabidopsis against P. syringae pv. maculicola (Jung et al., 2009), abietic acid in 

Arabidopsis against Colletotrichum higginsianum (Narusaka et al., 2009), HA in 

Lycopersicon esculentum and arabidopsis against Botrytis cinerea (Kravchuk et al., 2011; 

Leyva et al., 2008), isotianil in O. sativa against Pyricularia oryzae (= M. grisea) 

(Ogawa et al., 2011), chitosan in H. vulgare against B. graminis f. sp. hordei (Faoro et 

al., 2008), water-soluble oligochitosan in Z. mays against Sphacelotheca reiliana, 

Exserohilum turcicum and Bipolaris maydis (Yin et al., 2010), BTH in T. aestivum 

against Puccinia recondita, a Septoria sp. and Erysiphe graminis f. sp. tritici (Görlach et 

al., 1996) and Regalia (also known as Milsana) in C. sativus against Sphaerotheca 

fuliginea (Daayf et al., 1995) and Lycopersicon esculentum against Leveillula taurica 

(Konstantinidou-Doltsinis et al., 2006). Thus, the lack of effectiveness of so many of 

these reported defense activators in A. stolonifera against S. homoeocarpa was surprising. 
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For AZA and abietic acid, there is only one report on efficacy for each compound 

(Jung et al., 2009; Narusaka et al., 2009), and only two reports for HA (Leyva et al., 

2008; Kravchuk et al., 2011). Both AZA and abietic acid were only tested on a single 

dicotyledonous plant species, while HA was tested on two dicotyledonous plant species, 

and thus may not be effective in A. stolonifera. However, they were also not effective in 

N. benthamiana against C. orbiculare (Chapter 2). Another difference could be that in the 

studies by Jung et al. (2009), Narusaka et al. (2009), Leyva et al. (2008) and Kravchuk et 

al. (2011), plants were inoculated either 1 or 2 d after chemical treatment, whereas in this 

study, A. stolonifera was inoculated 7 d after treatment. Since the length of period of 

protection by AZA, abietic acid or HA was not reported, it is possible that effects from 

these compounds may have diminished by 7 d. However, induced resistance is generally 

considered to be long lasting, usually for weeks after application of an activator (Gaffney 

et al., 1993). 

 Isotianil is reported to induce resistance in a monocot, O. sativa, where it reduced 

infections by two pathogens, including P. oryzae (= M. grisea), but was ineffective 

against three other pathogens, including R. solani (Ogawa et al., 2011). It has also been 

reported to effectively control disease in nine different crops against a variety of 

pathogens, including bacteria, viruses and fungi, with induction of defense-related genes 

like lipoxygenase (LOX), phenylalanine ammonia-lyase (PAL), chitinase (CHT) and a 

BTH- and SA-inducible WRKY transcription factor, WRKY45 (Shimono et al., 2007), 

indicating that SAR was the mechanism of action (Ogawa et al., 2011). Since P. oryzae is 

hemibiotrophic (De Vleesschauwer et al., 2009), and there is a speculation that S. 

homoeocarpa also has a hemibiotrophic lifestyle (Orshinsky and Boland, 2009), the 
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initial growth of the pathogens in their respective hosts is probably not the differentiating 

factor. However, S. homoeocarpa may be a necrotroph (Budak et al., 2006), and typical 

of other SAR-inducing agents, isotianil was not effective against two necrotrophic 

pathogens of O. sativa, R. solani and Cochliobolus miyabeanus, as well as necrotrophic 

pathogens of other crops (Ogawa et al., 2011). Therefore, it is not surprising that isotianil 

is ineffective in A. stolonifera cv. Pencross against a pathogen like S. homoeocarpa if it is 

a necrotroph. The isotianil used in this study was non-soluble in water and thus needed to 

be dissolved in DMSO, which may have affected its efficacy. The ability of isotianil to 

activate resistance may have required it to be completely dissolved for proper uptake by 

the plant. 

 Although chitosan was not effective in this study, a purified chitosan reduced 

infections by over 50% in H. vulgare against B. graminis f. sp. hordei (Faoro et al., 

2008). In Pennisetum glaucum, chitosan reduced disease caused by Sclerospora 

graminicola by 80.5% (Manjunatha et al., 2009). Chitosan is involved in non-host 

resistance to pathogens as well as priming of SAR (Iriti and Faoro, 2009). SAR, which 

requires SA, is generally associated with the induction of defense responses against 

biotrophic pathogens, whereas ISR, which requires JA/ET, is generally associated with 

defense responses against necrotrophic pathogens (Bari and Jones, 2009). Both B. 

graminis and S. graminicola are biotrophic pathogens, whereas S. homoeocarpa is 

necrotrophic or hemibiotrophic, and thus chitosan may not be effective against pathogens 

like S. homoeocarpa. Another factor is the specific concentration and physicochemical 

properties of chitosan (deacetylation degree, molecular weight and viscosity), which are 

important for activation of HR during SAR (Iriti and Faoro, 2009). They also mention 
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that the type of acid solvent could be a determinant for the biological activity of the 

chitosan. These various factors need to be evaluated for different plant species, and 

activity might have been observed if these had been optimized.  

Due to the issues with solubility of chitosan and its lack of efficacy, a water-

soluble oligochitin was also tested for disease control; however, it was not found to be 

effective at reducing disease. Oligochitin and oligochitosan are water-soluble forms of 

chitin and chitosan, respectively, with chitosan being the de-acetylated derivative of 

chitin (Shibuya and Minami, 2001). For monocots, water-soluble oligochitosan reduced 

infection of M. oryzae by 71 to 92% in O. sativa, and of S. reiliana, E. turcicum and B. 

maydis by 24 to 45% in Z. mays (Yin et al., 2010), while an oligochitin (N-

acetylchitoheptaose) reduced infection of M. oryzae (= M. grisea) up to 41% in O. sativa 

and induced expression of PR-1 and PR-10 (PBZ1) systemically (Tanabe et al., 2006). 

The oligochitin preparation used in this study was derived by hydrolysis of crustacean 

shells (Diversified Natural Products, now part of Thorne Research) and the N-

acetylchitoheptaose (Tanabe et al., 2006) was from hydrolysis of crab shells (Seikagaku 

Corp. and Yaizu Suisankagaku Industry Co.). However, after hydrolysis, there was re-N-

acetylation of the chitooligosaccharides to convert this to N-acetylchitoheptaose. 

Although the physicochemical properties of these compounds are not mentioned, it is 

possible that differences in characteristics, such as the degree of acetylation or molecular 

weight could been the reason for the lack of efficacy observed here.  

Application of BTH was also ineffective in this study, although in T. aestivum, 

BTH reduced Puccinia recondita and Septoria sp. and Erysiphe graminis f. sp. tritici 

infections by up to 35% (Görlach et al., 1996), and in H. vulgare, BTH treatment reduced 
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Blumeria graminis f. sp. hordei by 70% (Beßer et al., 2000). In A. stolonifera, BTH 

reduced infections by S. homoeocarpa by up to 65% (Cortes, 2008). It was therefore 

unexpected that BTH did not work in this study. Possible reasons could be that a sand 

rootzone mix (80% sand and 20% peat moss) was used in this study, while Cortes (2008) 

grew A. stolonifera in pure sand (Play sand, Hillview-Nugro IP Inc., Brantford, ON, 

Canada). Sand rootzone mix has more organic matter than play sand, and this may have 

caused the turfgrass to respond more readily to BTH treatment. Another difference is that 

Cortes (2008) used sealed Magenta boxes; while for the current study the plants were 

grown in Mason jars covered with Petri-plate lids, which may have allowed for greater 

airflow than the more tightly sealed Magenta boxes. Since BTH in this study was 

associated with higher levels of disease, it is possible that the ROS produced by BTH 

may have been too high making the plants more susceptible to disease rather than induce 

SAR. BTH applied to A. stolonifera at 2.4 mM instead of 1.2 mM caused phytotoxicity 

and increased susceptibility to M. nivale (Cortes and Goodwin, unpublished).  

While application of Regalia to soil was not effective, foliar application 

significantly reduced yellowing/browning by 47%. Regalia applied as a foliar spray has 

been shown to significantly reduce disease in cucumber and tomato to powdery mildew 

when applied (Daayf et al., 1995; Konstantinidou-Doltsinis et al., 2006). There are no 

other reports of Regalia applied to the soil; therefore, it is possible that soil applications 

of this compound are not effective in A. stolonifera, although additional tests with soil 

and foliar applications will need to be conducted to confirm the results of this study. 

Application of (2R,3R)-butanediol effectively and consistently reduced browning 

and yellowing by S. homoeocarpa by 13%, while in the only other study to test this 
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compound in a monocot, Cortes-Barco et al. (2010b) observed a significant disease 

reduction of 91% against S. homoeocarpa. A possible reason for the reduced efficacy 

could be related to differences in the growth conditions between the studies described 

previously. A likely issue is the source of the (2R,3R)-butanediol. As mentioned in 

Chapter 2, the same level of control was not observed when new bottles of (2R,3R)-

butanediol were purchased from Sigma and Fisher Scientific, even when ordering the 

same product from Sigma as Cortes-Barco et al. (2010b). This could indicate that there 

may be a lot of variability when purchasing different batches of (2R,3R)-butanediol from 

different sources. 

Application of 5% Civitas also effectively and consistently reduced disease. The 

level was 62%, which is a greater level of control than that observed by Cortes-Barco et 

al. (2010b), where 10% Civitas applied to A. stolonifera reduced disease by 35% against 

S. homoeocarpa. A possible reason for the difference in efficacy could once again be 

related to the differences in growth conditions used between the studies. Agrostis 

stolonifera may have been more sensitive to treatment with Civitas under the conditions 

tested in this study, particularly since a lower concentration was more effective. 

Harmonizer, effectively and consistently reduced dollar spot disease in A. 

stolonifera by up to 39%. There are no reports on the efficacy of Harmonizer against 

plant diseases; however, the research in Chapter 2 demonstrated that Harmonizer could 

reduce infection of N. benthamiana by 38% by C. orbiculare, which is a similar level of 

control compared to these results. This indicates a possible wide spectrum of similar 

levels of activity against different pathogens in very different types of plants. 
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Combinations of activators were also tested for induction of disease resistance; 

however, none of the combinations tested significantly reduced disease to a greater extent 

than individual compounds. However, studies by Mur et al. (2006), van Wees et al. 

(1999), van Wees et al. (2000) and Niu et al. (2011) showed that synergism can occur 

when different resistance pathways are simultaneously activated. In contrast, Koornneef 

et al. (2008), Leon-Reyes et al. (2009), Liu et al. (2008), Mur et al. (2006) and van Wees 

et al. (1999) have also shown that antagonism can occur when non-optimal 

concentrations of activators are applied, or during prolonged co-accumulation of 

signaling molecules. Perhaps the ineffectiveness of the combinations of activators, 

including those that were individually effective, was due to non-optimal concentrations. 

Future research may require testing various concentrations of activators tested to see if 

combinations can be made more efficacious. 

Due to its effectiveness and novelty, Harmonizer was monitored more closely for 

antimicrobial activity and defense gene expression. Harmonizer is a CuPh containing 

compound, where copper is chelated into a phthalocyanine molecule. CuPh-containing 

compounds have been used on turfgrasses for over 50 years as colorants for improving 

appearance (Liu et al., 2007c; Ostmeyer, 1994). While there are no published reports on 

controlling plant diseases with CuPh, a patent was filed regarding using CuPh-containing 

compounds as an additive to fungicides to improve control of turfgrass diseases, such as 

crown and root rot caused by C. cereale (Lucas and Mudge, 1997). Also, Ostmeyer 

(1994) stated that according to W.A. Cleary Chemical Corp, which manufactures a 

pigment-containing solution for use on turfgrass, that a combination of a CuPh and an 

unnamed fungicide increased the duration of efficacy of snow mold fungicides in the 
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northeastern United States compared to the fungicide alone. Although pigments have 

been traditionally applied as foliar sprays (Hodge and Riso, 2008; Liu et al., 2007c; 

Lucas and Mudge, 1997), resistance to S. homoeocarpa was observed in this study when 

Harmonizer was applied to either the foliage or soil. Application of Harmonizer to the 

soil followed by S. homoeocarpa to the foliage demonstrates that it can induce systemic 

resistance.  

Ostmeyer (1994) also stated that W.A. Cleary Chemical Corp claimed that winter 

applications of a pigment-containing solution to dormant bermudagrass enhanced spring 

green-up, which is the first spring growth of turfgrass after winter dormancy. In this 

study, application of Harmonizer to A. stolonifera in late fall significantly enhanced early 

season growth in spring of the following year. The mechanism behind the growth 

promotion is unknown. One possibility could be that the dark pigment allows the soil to 

warm up more rapidly in the spring allowing the turf to initiate growth at an earlier date. 

It is also possible that Harmonizer has some kind of stimulatory effect on the turfgrass 

itself, or the rhizosphere microorganisms, leading to enhanced growth. However, A. 

stolonifera grown in Mason jars in the laboratory did not show enhanced growth from 

Harmonizer, and so this effect may be limited to grass growing under specific conditions.  

Because CuPh is directly added to fungicides, it is unclear if the increased 

effectiveness due to CuPh is related to antimicrobial activity of the CuPh compound. 

Therefore, Harmonizer was tested for antimicrobial activity by adding it to PDA, which 

inhibited radial fungal growth at concentrations up to 10%, but did not have direct 

fungitoxicity. However, there was a considerable range in the sensitivity of different 

fungi to CuPh. At the field rate of 0.5% (v/v) (6 mg/ml), it is likely that there would be 
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negligible effects on the growth of most turfgrass pathogens, as this was 15 to 21 fold 

below the EC50 values for M. nivale, S. homoeocarpa and R. solani but was 5 fold higher 

than the EC50 value for C. cereale. Addition of a CuPh to spores of M. oryzae (= M. 

grisea) at 0.1 mg/ml directly inhibited germination (Vol’pin et al., 2000), and 1 mg/ml to 

2 mg/ml directly inhibited conidia germination of Peronosclerospora sorghi (Achar et 

al., 1992). However, 0.01 mg/ml to 2 mg/ml of a CuPh in PDA lead to radial hyphal 

growth promotion of Aspergillus niger (Achar et al., 1992). In this study, 0.1 mg/ml of 

Harmonizer resulted in a significant increase in growth of 4 to 9% for M. nivale, R. solani 

and S. homoeocarpa relative to a non-amended control, while inhibition was observed at 

12 mg/ml or higher Harmonizer. The growth promoting effect may be related to 

hormesis, which is a process where a low dose of an otherwise toxic compound has 

beneficial effects (Calabrese and Baldwin, 2000). A hormetic effect was also observed 

with Civitas at a concentration of 1% (Cortes, 2008). 

The copper in CuPh may be responsible for the antimicrobial activity associated 

with Harmonizer. Copper can affect the permeability of microbial plasma membranes, 

integrity of nucleic acids and functionality of enzyme active sites (Cervantes and 

Gutierrez-Corona, 1994; Ohsumi et al., 1988). However, the entire CuPh may be 

responsible as CuPh can generate ROS, which could exert antimicrobial properties 

(Vol’pin et al., 2000). Metal phthalocyanines have been proposed to generate ROS 

through photosensitized oxidation (Rosenthal and Ben-Hur, 1995), and this is consistent 

with the study by Vol’pin et al. (2000), where antimicrobial activity of CuPh was greater 

in the presence of light. The test for antimicrobial activity of Harmonizer was done with 

cultures grown in the dark, and thus, the antimicrobial effect was not likely due to 
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photosensitized oxidation. A comparison of the inhibition of fungal growth in light versus 

dark would help address the question of whether the inhibition is due to Cu or ROS.  

In comparison, BTH, the active ingredient in Actigard, showed a 10 to 40 fold 

greater inhibition towards radial growth of R. solani, S. homoeocarpa and M. nivale than 

Harmonizer on a mass to volume basis. For C. cereale, BTH and Harmonizer had similar 

effects on radial growth. Since the EC50 values for BTH in this study ranged from 1.6 to 

9.8 mg/ml, whereas the application rate is only 0.3 mg/ml, it is unlikely that foliar 

application of this compound would have anything more than a temporary inhibitory 

effect on fungal growth. 

The combination of Harmonizer with Civitas is recommended on the product 

label for the greatest efficacy when used as a treatment for reducing turfgrass diseases. 

The combination of Civitas to Harmonizer had little to no effect on EC50 values with M. 

nivale and C. cereale, a greater inhibitory effect with R. solani and a lesser inhibitory 

effect with S. homoeocarpa. Civitas at 1% promoted growth of S. homoeocarpa (Cortes 

2008), while 2% Civitas was present in the combination with Harmonizer, but it is 

possible that some Civitas was reducing the negative effects of Harmonizer in the 

combination for S. homoeocarpa. In contrast, Cortes (2008) found M. nivale and C. 

cereale were the most sensitive to Civitas, while R. solani was listed as one of the least 

sensitive. This could indicate that different fungi react differently to Civitas and 

Harmonizer alone compared to the combination. Additional experiments would be 

required which include Civitas alone as a control to better assess the patterns in inhibition 

observed in this study. 
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To avoid any antimicrobial activity, Harmonizer was applied to the soil to 

physically separate it from the inoculum of S. homoeocarpa. It was thus assumed that the 

reduction in disease observed following Harmonizer treatment to the soil was likely due 

to induced resistance of A. stolonifera. To monitor induced resistance, eight genes of A. 

stolonifera were chosen that had been previously shown to respond to resistance-

activating compounds. Five of these were to test for SAR. AsWCI-2 and AsBCI-4 were 

chosen based on the corresponding BTH-induced genes in T. aestivum (Görlach et al., 

1996) and H. vulgare (Beßer et al., 2000), respectively, although they did not respond to 

BTH treatment in A. stolonifera Penncross (Cortes, 2008). AsLOX-1, AsHRI-1 and 

AsASP-2 were found to be induced by BTH in A. stolonifera PennA4 (Tung, 2011). 

Three genes were selected to test for ISR. AsAOS1, AsOPR-7 and AsGns5 were primed 

by the ISR-inducing compound (2R,3R)-butanediol (Cortes-Barco et al. 2010b). 

Harmonizer did not significantly alter the expression of any of these genes relative to the 

water control. Based on the expression of these genes, Harmonizer is likely not activating 

resistance in a similar manner to that of the SAR activator BTH, or the ISR activator 

(2R,3R)-butanediol. In order to try to identify genes responsive to Harmonizer-treatment, 

sequencing of the A. stolonifera transcriptome was performed using RNA-seq from 

Illumina/Solexa, one of the NGS technologies. 

RNA-seq allows for the mass sequencing of RNA pools isolated from 

differentially-treated tissues, and in this study, this was done on the Illumina/Solexa 

GAIIx platform. The benefit of using this type of technology is that prior knowledge of 

the transcriptome of the organism of interest is not required, actual reads are generated 

allowing for quantification, and sequences of novel transcripts can be identified. In 
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comparison, older technologies, such as microarrays, require extensive working 

knowledge of the genome of interest, only indicate fold changes in expression and do not 

identify novel transcript sequences (Wang et al., 2010). RNA-seq has allowed for the 

identification of novel plant transcripts in many systems, such as Artemisia annua 

glandular trichomes (Wang et al., 2009), Medicago truncatula flowers, stems and seeds 

(Cheung et al., 2006), Z. mays shoot apical meristem tissues (Emrich et al., 2007), 

Castanea dentata and Castanea mollissima stems inoculated with Cryphonectria 

parasitica (Barakat et al., 2009) and Glycine max root hairs inoculated with 

Bradyrhizobium japonicum (Libault et al., 2010). However, there are not any studies 

which have utilized RNA-seq for identification of genes up-regulated by defense 

activators in plants.  

One of the major challenges encountered when using this technology is contig 

assembly in organisms without a sequenced genome, which is called denovo assembly 

(DiGuistini et al. 2009; Haridas et al., 2011). In such a case, a genome from a very 

closely related species might be used as a reference genome (Bräutigam and Gowik, 

2010); however, this is not always successful (T. Hsiang, personal communication). 

When assembling contigs denovo, sequences from the same species obtained from other 

sources, such as existing EST libraries or other RNAseq experiments, may be used to 

improve the performance of contig assembly, to more closely approach the complete 

gene set of the target organism (T. Hsiang, personal communication). In this study, 

identification of more than 1000 genes up-regulated following Harmonizer-treatment 

were identified, with 20 being most clearly related to disease resistance. It is possible that 

there are more defense-related genes being induced by Harmonizer; however, the 
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pathways involved in production of antimicrobial compounds is not known and there 

were numerous genes for which no annotation was obtained. 

Among those 20 genes, two were annotated as lipoxygenase genes 

(NODE_207349 and NODE_175290). AsLOX-1 was identified from RNA-seq analysis 

of A. stolonifera cv. PennA4 following treatment with BTH, where AsLOX-1 was found 

to be induced greater than 2-fold following BTH treatment (Tung, 2011). However, RT-

PCR showed that Harmonizer-treatment had no significant effect on its expression. This 

is not completely surprising as the NODE sequences did not match that of AsLOX-1, and 

it was likely from different LOX genes. 

For confirmation of RNA-seq results, primer sets were designed for nine genes. 

Six of those had single bands of the predicted size; however, no differential expression 

pattern was observed with the Harmonizer-treated samples relative to a water control 

when using relative RT-PCR. Since the RT-PCR products were not sequenced, it is 

unknown if they were identical to the target sequences or were similar but different. 

Another reason could be that there was over-representation of fragments for certain genes 

in Harmonizer-treated samples due to either positional or sequence-specific biases during 

the sequencing stage (Roberts et al., 2011). The data was normalized for the size of the 

Harmonizer and water treatments, but no efforts were made to adjust for node size (T. 

Hsiang, personal communication). Other possibilities for the lack of gene expression 

observed with these selected genes are: (1) the nodes were not properly assembled, so the 

reads did not match the particular node; (2) the primers were designed in regions 

conserved among several genes or contained a sequencing error; or (3) human error in 

bioinformatic or experimental analysis. However, these results may be correct in that the 
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six of the nine selected genes did not show increased expression after treatment with 

Harmonizer. 

Three genes selected from the RNA-seq results showed increased expression with 

Harmonizer, AsPR-1a, AsPR-5 and AsPR-10, and all showed a similar pattern of 

expression with induction but no priming. The genes were selected from RNA-seq data 

for samples taken at 7 DPT with Harmonizer, which is prior to pathogen inoculation, and 

therefore, there was a selection for genes that are induced by Harmonizer, but not for 

those being primed. Sequencing of treated and inoculated samples may have provided 

target genes showing priming with Harmonizer.  

AsPR-1a belongs to the PR-1 gene family, which have an unknown function with 

antifungal activity against oomycetes (van Loon and van Strien, 1999). Expression of PR-

1 genes in monocots has been detected following inoculation of Z. mays with Fusarium 

monoliforme (Cordero et al., 1992), H. vulgare with Rhynchosporium secalis (Steiner-

Lange et al., 2003), T. aestivum with E. graminis (Molina et al., 1999) and O. sativa with 

M. oryzae (= M. grisea) (Schweizer et al., 1997). Expression of an acidic PR-1 gene was 

also induced following treatment with SA and ET (Agrawal et al., 2001). However, PR-1 

genes are not always induced following infection or treatment with signaling molecules 

in monocots. In T. aestivum, expression of a basic PR-1 gene was not affected following 

treatment with JA (Bertini et al., 2003), and expression of two basic PR-1 genes were not 

affected following treatment with SA, BTH or INA (Molina et al., 1999). In O. sativa, 

expression of basic PR-1 genes was not affected following treatment with JA (Schweizer 

et al., 1997). However, PR-1 genes belong to large families in plants, such as the 39 PR-

1-type genes in O. sativa (van Loon et al., 2006). Therefore, variation in the response of 
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different PR-1 genes would be expected, but some are able to respond to infection and 

defense activators, like SA, which induces SAR, and Harmonizer. 

AsPR-5 is a member of the PR-5 gene family, which encode thaumatin-like 

proteins that can disrupt fungal plasma membranes (Ward et al., 1991). Expression of 

PR-5 genes in monocots has been detected following inoculation of O. sativa with M. 

oryzae (= M. grisea) (Schweizer et al., 1997), Z. mays with Fusarium verticillioides 

(Sekhon et al., 2006), H. vulgare with R. secalis (Steiner-Lange et al., 2003), but not 

following inoculation of T. aestivum with F. culmorum (Bertini et al., 2003). In O. sativa, 

PR-5 genes were also induced following treatment with JA (Schweizer et al., 1997), 

CuCl2 (Rakwal et al., 1999) and ET (Agrawal et al., 2001), while in T. aestivum, 

expression of PR-5 was not induced following treatment with SA, BTH or JA (Bertini et 

al., 2003). This variation in response to pathogens, metals and signaling molecules could 

be due to the large size of PR-5 gene families in plants, such as the 24 PR-5-type genes in 

Arabidopsis (van Loon et al., 2006). Therefore, variation in the response of different PR-

5 genes would be expected, but some are able to respond to infection and defense 

activators, like JA and ET, which are related to ISR, and Harmonizer.  

AsPR-10 is part of the PR-10 gene family that are structurally related to 

ribonucleases (van Loon and van Strien, 1999) with ribonuclease activity being 

demonstrated by PR-10 genes from birch and white lupin (Bantignies et al., 2000; 

Swoboda et al., 1996). Expression of PR-10 genes in monocots has been detected 

following inoculation O. sativa with M. oryzae (= M. grisea) (Hashimoto et al., 2004; 

McGee et al., 2001) and H. vulgare with R. secalis (Steiner-Lange et al., 2003). In O. 

sativa, a PR-10 gene from roots was also induced following treatment with JA, 
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probenazole, as well as salt and drought stress, but not by treatment with abscisic acid or 

SA (Hashimoto et al., 2004), while a PR-10 gene from seedling leaves was induced by 

ET (Agrawal et al., 2001), SA and JA (McGee et al., 2001). This indicates that PR-10 

genes are differentially regulated in roots and leaves, and that PR-10 genes in leaves can 

be activated through both the SA and JA/ET pathways. PR-10 and PR-10-related genes 

appear to belong to a very large gene family, with more than 100 related sequences 

identified in flowering plants (Liu and Ekramoddoullah, 2006). Therefore, some variation 

in the response of different PR-10 genes would be expected, but some are able to respond 

to infection and both SA and ET, that are related to SAR and ISR, respectively, as well as 

Harmonizer.  

The lack of Harmonizer to induce differential expression with the putative SAR 

and ISR-related genes of A. stolonifera coupled with the up-regulation of other genes 

suggests that Harmonizer activation does not match the SAR or ISR response. In 

addition, expression of SAR and ISR-related genes in N. benthamiana following 

Harmonizer treatment showed that Harmonizer activation also did not match a SAR or 

ISR response in that plant (Chapter 2). Although Harmonizer induced expression of three 

PR-genes in A. stolonifera, which in dicotyledonous plants would likely indicate SAR or 

ISR depending upon the family of the PR genes (Heil and Bostock, 2002; Ryals et al., 

1996), expression of PR-1, PR-5 and PR-10 genes in other monocots were not a 

conclusive indicator for SAR or ISR, as described above. Also, treatment of O. sativa 

(Schaffrath et al., 2000), T. aestivum (Görlach et al., 1996) and H. vulgare (Beßer et al., 

2000) with BTH induced types of genes that differed from that observed in SAR-induced 

dicotyledonous plants (Molina et al., 1999), and so it is not yet possible to state that 
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activation of expression of a particular PR gene in monocots is a reliable indicator of 

SAR unlike for a dicotyledonous plant like Arabidopsis. It is not clear how much the 

effect of Harmonizer differs from that of the SAR or ISR response.  

Other defense activators that induce resistance differently from SAR or ISR 

include BABA, which in N. tabacum induced resistance to TMV requiring an intact SA-

signaling pathway but induced resistance to Peronospora tabacina without requiring SA, 

as induced resistance was unaffected in a NahG mutant, which is impaired in the SA 

signaling pathway (Cohen, 2002). Another example is silicon (Si), which has been shown 

to prime expression of genes for SA, JA and ET biosynthesis (Fauteux et al., 2006), 

JA/ET marker genes, and oxidative stress markers (Ghareeb et al., 2011). Thus, silicon 

induced resistance (SiIR) is claimed to be similar to both ISR (Ghareeb et al., 2011) and 

SAR (Cai et al., 2009). There are also biological activators which can activate resistance 

independent of SA or JA/ET pathways. Inoculation of tomato with a non-pathogenic 

strain of Alternaria alternata induced resistance to a pathogenic strain of the same 

fungus, with the mode of action being reported to be independent of SA or JA/ET 

pathways, although some SA- and JA-dependent genes were expressed during the 

response (Egusa et al., 2009). In Arabidopsis, treatment with an aqueous extract from 

Penicillium chrysogenum induced resistance against Hyaloperonospora parasitica, 

Botrytis cinerea, Alternaria brassicicola and Pseudomonas syringae pv. tomato DC3000 

(Thuerig et al., 2006). The aqueous extract did not have any direct antimicrobial activity, 

and based on analysis of mutants defective in SA or JA/ET responses, it was identified 

that the aqueous extract was inducing resistance independent of these pathways.  
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Although this is the first report of a copper-containing pigment inducing 

resistance in a monocot, there are reports of free copper or copper salts activating 

resistance-related genes in monocots (Rakwal et al., 1999; Sudo et al., 2008; Tamas et 

al., 1997). Foliar or root applications of copper salts also can alter plant gene expression. 

In O. sativa, microarray and real time PCR data identified 30 defense-related genes up-

regulated with CuCl2 applied to roots in hydroponics (Sudo et al., 2008). Foliar 

application of CuSO4 also induced five proteins in H. vulgare (Tamas et al., 1997) and 

foliar application of CuCl2 induced a PR-5 protein in O. sativa (Rakwal et al., 1999). 

Copper may induce gene expression by the generation of ROS (Oh et al., 1999). 

Harmonizer does not contain free copper, but copper chelated by a phthalocyanine 

molecule, and thus the copper molecule itself is not free to interact with the plants cells. 

However, a variety of metal phthalocyanines, including iron, cobalt, aluminum and 

copper phthalocyanines, have been shown to generate ROS (Vol’pin et al., 2000), which 

could explain how a compound like Harmonizer could activate expression of at least 

1000 A. stolonifera genes, including a set putatively related to disease resistance. The 

induction of such a wide range of genes indicates that other factors in the physiology of 

A. stolonifera may also be affected. This could explain other effects, like the faster spring 

time growth observed in the field; however, the possibility of enhanced growth affecting 

the increased expression of some of the putative disease resistance-related genes can not 

be ruled out. 

In conclusion, this study demonstrated that Harmonizer has resistance-inducing 

capabilities and the ability to activate expression of plant genes. A form of induced 

resistance occurring systemically in A. stolonifera is the most likely explanation for this 
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effect. However, the exact nature of this resistance and its relationship with SAR and ISR 

signaling pathways requires further study.   
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Table 3.1 Disease resistance activator compounds applied in combination to Agrostis 
stolonifera for monitoring disease levels following inoculation with Sclerotinia 
homoeocarpa. Seven-day-old plants were treated with 10 ml of activator solution or their 
respective control for soil applications, or 5 ml of activator solution or their respective 
control for foliar applications. Soil applications were applied directly to the soil, while 
foliar applications were sprayed on the foliage until runoff. At 7 DPT, plants were 
inoculated with 0.18 g of wheat seed inoculum of S. homoeocarpa. 

  

Combinations of Activators1

(chemical 1 + chemical 2) 

Method of 
application for 
chemical 1 

Method of 
application for 
chemical 2 

2.5% Civitas(+e) + 0.6 mM benzothiadiazole Foliar2 Foliar 

2.5% Civitas(+e) + 0.33 mM abietic acid Foliar Foliar 

2.5% Civitas(+e) + 1% Regalia Foliar Foliar 

2.5% Civitas(+e) + 1 mM β-aminobutyric acid Foliar Foliar 

2.5% Civitas(+e) + 5 mM azelaic acid Foliar Foliar 

2.5% Civitas(+e) + 150 µg/ml water-soluble oligochitin Foliar Foliar 

10% Civitas(+e) + 1 mM hexanoic acid Soil3 Soil 

10% Civitas(+e) + 1 mM azelaic acid Soil Soil 

10% Civitas(+e) + 100 µM (2R,3R)-butanediol Soil Soil 

10% Civitas(+e) + 1.2 mM benzothiadiazole Soil Soil 

5% Civitas(+e) + 0.5% Harmonizer Soil Foliar 

5% Civitas(+e) + 2% Harmonizer Soil Foliar 

5% Civitas(+e) + 5% Harmonizer Soil Foliar 

1Two sets of control plants were included for each combination, with one set being 
treated with chemical 1 from the combination, and the other set being treated with 
chemical 2 from the combination. The control treatments were applied using the same 
method as that used in the combination. 
2Foliar applications were applied to leaves of A. stolonifera until runoff, at a rate of 
approximately 5 ml of solution per Mason jar. 
3Soil applications were applied directly to the sand at a rate of 10 ml solution per Mason 
jar. 
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Table 3.2 Primers used for the amplification of AsUBI-3 (control) and genes putatively 
related to SAR and ISR in A. stolonifera following treatment with Harmonizer or water. 

 

Target Gene Primer Name Forward (F) and Reverse (R) primers Product 
Size 

AsAOS11 AsAOS_F78 
AsAOS_R520 

F: 5’-GGCGCTGGAGAAGATGGA-3’ 
R: 5’-GGACGTGGCCTTGGTGAC-3’ 437 bp 

    

AsOPR-71 AsOPR_F125 
AsOPR_R615 

F: 5’-CAACGACCGCACCGACGAG-3’ 
R: 5’-GAGGAAGGGGTAGTCGGTGTA-3’ 490 bp 

    

AsGns51 AsGns5_F1085 
AsGns_R1598 

F: 5’-CCTGCAGGCCCTCAGCGG-3’ 
R: 5’-GCCACCCGCTCTCCGACA -3’ 562 bp 

    

AsUBI-31 AsUBI-3_F217 
AsUBI-3_R449 

F: 5’-CAGGACAAGGAGGGCATC-3’ 
R: 5’-TTCCTGAGCCTGGTGACC-3’ 232 bp 

    

AsBCI-42 AsBCI-4_F205 
AsBCI-4_R626 

F: 5’-TGTCTCCTTTTTCGACCG-3’ 
R: 5’-CTTCCATCGTATATACCTCTGA-3’ 421 bp 

    

AsWCI-22 AsWCI-2_F21 
AsWCI-2R_483 

F: 5’-GTGGCCCAAGATGACAAC-3’ 
R: 5’-GAGGAGTGGTTGGACAAA-3’ 462 bp 

    

AsLOX-13 AsLOX_2_F_1011 
AsLOX_2_R_1188 

F: 5’-CCAGCAATACCTCGGCAA-3’ 
R: 5’-GCTTGAGGGTGTCATCGTC-3’ 178 bp 

    

AsHRI-13 AsHRI1_F_224 
AsHRI1_R_539 

F: 5’-CACTGTGTGCCATGGATTAT-3’ 
R: 5’-CAAACATAGCCTTCTCAAGC-3’ 315 bp 

    

AsASP-23 AsASP1_F_180 
AsASP_R_1354 

F: 5’-GTGTACATGGCCCTGAGCAA-3’ 
R: 5’-AACGTCTGCTGCTGCTTGTT-3’ 263 bp 

    

AsUBI-33 AsUBI3_2_F120 
AsUBI3_2_R567 

F: 5’-GATGCAGATCTTCGTGAAG-3' 
R: 5’-CTGGTTGTAGACGTAGGTGA-3' 457 bp 

1Primer sequences obtained from Cortes-Barco et al., 2010b. 
2Primer sequences obtained from Cortes, 2008. 
3Primer sequences obtained from Tung, 2011. 
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Table 3.3 Primers used for the amplification of Harmonizer-induced genes putatively 
related to disease resistance in A. stolonifera following treatment with Harmonizer or 
water. 

 

Target Gene1 Primer Name Forward (F) and Reverse (R) primers Product 
Size 

AsPR-1a AsPR1b_F 
AsPR1b_R 

F: 5'-TCCCAGGCGCAGAACTC-3' 
R: 5'-GTTGCAGGTGATGAAGACG-3' 390bp 

    

As4CL2 Aslig_F2 
Aslig_R2 

F: 5'-AGCCTCGTCACCAGCGT-3' 
R: 5'-GCGAAGGCCAGGCACAT-3' 434bp 

    

AsPR-10 AsPR10_F2 
AsPR10_R2 

F: 5'-ATGCAGTGGACGTCGAGG-3' 
R: 5'-TTAGGCGTATTCGGCAGG-3' 377bp 

    

AsPR-5 AsPR5_F 
AsPR5_R 

F: 5'-CATCACCAACAACTGCGG-3' 
R: 5'-GAAGGTGATCTGGTAGTTGC-3' 427bp 

    

AsPR-like AsPR_F 
AsPR_R 

F: 5'-CGTGTGGAGGAATGGAGC-3' 
R: 5'-GCGTCAGTGGCTTCAKC-3' 200bp 

    

AsPAL-4 AsPAL_F 
AsPAL_R 

F: 5'-GCCATCATGGAGCACATC-3' 
R: 5-'ATGAGCTTGAGGATGTCCAC-3' 578bp 

    

AsCht1 AsChit2_F 
AsChit2_R 

F: 5'-TCGTGGGGCTACTGCTTC-3' 
R: 5'-ACGCTGGTAGAACCCGATC-3' 423bp 

    

AsGns AsGluc_F 
AsGluc_R 

F: 5'-TCTTCGCGCTCTTCAACG-3' 
R: 5'-CCGTTGCGCTGGTAGTAG-3' 430bp 

    

AsEG1 AsGluc_F3 
AsGluc_R3 

F: 5'-AAGGCGGAGCACTACGTGT-3' 
R: 5'-CGCCTCCGTCTGCATGTA-3' 530bp 

1AsPR-1a, AsPR-10 and AsPR-5 were used for time course evaluation of gene expression 
following Harmonizer treatment. 

 
197 

 
 
 



 

Table 3.4 Effect of foliar applications of Harmonizer and Civitas(+e) on the growth of 
Agrostis stolonifera in the field. Treatments were applied in late autumn (November 8, 
2010) and growth measurements recorded twice upon green-up in the spring (April 29 
and May 4, 2011). 

 
Height (mm)1

Treatment 
April 29 May 4 

10% Harmonizer 20.6 a 25.0 a 

5% Harmonizer 21.1 a 23.3 ab 

2% Harmonizer 17.3 b 24.9 a 

0.5% Harmonizer + 5% Civitas(+e)  20.3 a 21.4 bc 

Non-treated 11.9 c 19.2 c 

LSD (p=0.05) 2.57 2.48 

1Means averaged from 4 replicates, with 4 measurements per replicate for a total of 16 
measurements per treatment. To test for significant differences among the treatments, an 
analysis of variance using SAS procedure GLM was performed. The test of Least 
Significant Difference (LSD) was used to separate means. Means followed by a letter in 
common are not significantly different (p=0.05). 
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Table 3.5 Effect of Harmonizer, Harmonizer plus Civitas(-e), or BTH on the growth of 
five fungal pathogens of Agrostis stolonifera. Values represent the concentration (mg/ml) 
at which the Harmonizer, Harmonizer plus Civitas(-e), or BTH inhibited radial growth of 
the fungi by 50% (EC50). Inhibitory concentrations were calculated based on radial 
growth of mycelium over the range of Harmonizer concentrations (0, 0.01, 0.1, 1, 2, 5 
and 10%), Harmonizer plus Civitas(-e) concentrations (0, 0.1, 1 and 2%), or BTH 
concentrations (0, 0.12, 1.2 and 12 mM), with four replicates for isolate by concentration 
for Harmonizer and Harmonizer plus Civitas(-e), or three replicates for BTH. 

 
Mean EC50 (mg/ml) 1,2

Fungal Pathogen (isolate number) 
Harmonizer Harmonizer + Civitas(-e) BTH 

Rhizoctonia solani (RS100) 125.2 62.3 9.8 

Sclerotinia homoeocarpa (04288) 111.8 291.2 2.9 

Microdochium nivale (96072) 88.9 75.2 3.1 

Colletotrichum cereale (00143) 1.2 1.2 1.6 

Magnaporthe grisea (08085) - - 3.0 

1Data are means averaged from four replicates (Harmonizer or Harmonizer plus Civitas(-
e)) or three replicates (BTH), with 2 measurements per replicate for each fungi by 
concentration combination. 
2Experiment was conducted once. 

 
199 

 
 
 



 

Table 3.6 Effect of application of activator treatments on Agrostis stolonifera inoculated 
with Sclerotinia homoeocarpa. Seven-day-old plants were treated with 10 ml of activator 
solution or their respective control for soil method of application, or 5 ml of activator 
solution or their respective control for foliar method of application. Soil applications 
were applied directly to the soil, while foliar applications were sprayed on the foliage 
until runoff. At 7 DPT, plants were inoculated with 0.18 g of wheat seed inoculum of S. 
homoeocarpa. Assessment of disease was conducted at 14 DPT. 

 
Percent Disease Rating1

Activator Method Activator Control Ratio11 p-value

10% Harmonizer2 Foliar 1.0 a 17.7 b 0.0612 <0.0001
5% Harmonizer2 Foliar 1.3 a 17.7 b 0.0712 <0.0001
2% Harmonizer2 Foliar 5.0 a 17.7 b 0.2812 <0.0001
5% Civitas(+e)2,8 Soil 26.1 a 69.4 b 0.3812 <0.0001
1% Regalia2 Foliar 16.0 a 30.0 b 0.5312 0.0024 
0.33 mM abietic acid3 Foliar 25.0 a 29.3 a 0.8514 0.3265 
100 μM (2R,3R)-butanediol2,9 Soil 65.0 a 75.0 b 0.8713 0.0238 
750 μg/ml H2O-soluble oligochitin2 Foliar 26.3 a 30.3 a 0.8714 0.3645 
1% Regalia2 Soil 33.0 a 35.0 a 0.9414 0.6677 
1 mM azelaic acid6 Foliar 63.1 a 65.6 a 0.9614 0.7952 
750 μg/ml H2O-soluble oligochitin7,9 Foliar 73.3 a 75.0 a 0.9814 0.5185 
500 μg/ml chitosan5,10 Foliar 9.0 a 9.0 a 1.0014 0.2935 
10 mM hexanoic acid2 Foliar 69.7 a 68.7 a 1.0114 0.6774 
5 mM azelaic acid6 Soil 73.0 a 72.5 a 1.0114 0.8439 
1 mM hexanoic acid2  Soil 70.7 a 68.7 a 1.0314 0.4085 
1.2 mM benzothiadiazole2 Foliar 61.9 a 59.4 a 1.0414 0.9097 
16 mM hexanoic acid2  Foliar 80.5 a 75.5 a 1.0714 0.1027 
1.2 mM benzothiadiazole2 Soil 75.0 a 70.0 a 1.0714 0.2254 
0.5% Harmonizer2 Foliar 19.3 a 17.7 a 1.0914 0.3989 
5 mM azelaic acid6 Foliar 84.0 a 74.5 b 1.1314 0.0066 
0.6 mM benzothiadiazole2 Foliar 90.5 a 78.0 b 1.1614 0.0027 
0.05% Harmonizer2 Foliar 21.7 a 17.7 a 1.2314 0.0606 
1 mM β-aminobutyric acid2,10 Foliar 8.0 a 5.0 a 1.6014 0.7972 
1 mM β-aminobutyric acid2,10 Soil 12.3 a 5.0 a 2.4614 0.7079 
0.34 mM isotianil4 Foliar 69.0 a 22.3 b 3.0914 <0.0001
1Student’s t-test was used to separate means within rows. Means followed by a letter in 
common are not significantly different. Unless otherwise indicated, means represent data 
from one experiment. 
2Control plants were treated with water. 
3Control plants were treated with 6.3% ethanol 
4Control plants were treated with 10% DMSO 
5Control plants were treated with 2% acetic acid 
6Control plants were treated with 5 mM MES (pH 5.6) 
7Control plants were treated with 0.025% silwet 
8Experiment was repeated 3 times. 
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9Experiment was repeated 2 times. 
10Disease levels assessed at 12 DPT. 
11Ratio of mean percent disease on activator treated plants/mean percent disease on 
control plants. Values below 1 indicate less disease on activator treated plants relative to 
control plants, and values above 1 indicate greater disease on activator treated plants 
relative to control plants. 
12Activator compounds which provided consistent, significant reductions in disease. 
13Activator compounds which provided inconsistent reductions in disease. 
14Activator compounds which were ineffective at reducing disease. 
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Table 3.7 Effect of soil application of Harmonizer on Agrostis stolonifera inoculated with 
Sclerotinia homoeocarpa in Mason jars. Seven-day-old plants were treated with 10 ml of 
5% Harmonizer or water (inoculated control). Solutions were applied directly to the soil, 
and at 7 DPT, plants were inoculated with 0.18 g of wheat seed inoculum of S. 
homoeocarpa per Mason jar. Assessment of disease was conducted at 7, 12, 14 and 16 
DPT. 

 
Percent Disease Rating1,2

Treatment 
7 DPT 12 DPT 14 DPT 16 DPT 

Inoculated control 0 a 27.7 a 53.7 a 68.1 a 

5% Harmonizer 0 a 21.6 b 33.0 b 46.2 b 

LSD (p=0.05) 0 2.22 3.24 4.22 

1Data are means pooled from three separate experiments with a total of 9 replications. An 
analysis of variance with SAS procedure GLM at p=0.05, was used to test for significant 
differences among treatments, with means being separated by the test of least 
significance difference (LSD, p=0.05). Means followed by a letter in common are not 
significantly different. Non-inoculated controls were also used for each experiment; 
however, all 9 replications showed no disease. Therefore, the data was not shown. 
2Values from two of the three experiments correspond to the time course experiments 
used for gene expression analyses. 
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Table 3.8 Expression values of putative disease resistance-related genes identified from 
RNA-seq of Harmonizer or water-treated Agrostis stolonifera. Total RNA was isolated 
from Agrostis stolonifera leaves 7 d after soil application of 5% Harmonizer or water 
(inoculated control) and sent to the Analytical Genetics Technology Centre for 
transcriptome sequencing using the Illumina/Solexa GAIIx next generation sequencing 
platform. Node assembly was performed by Tom Hsiang using the program Velvet. 
Expression values represent the fold increase in transcript number of genes from 
Harmonizer-treated plants compared to water-treated plants. 

 
Putative Disease Resistance-related Gene RNA-seq Expression2

Pathogenesis-related-like (PR-like)1 2.0x 
Phenylalanine ammonia lyase 4 (PAL-4) 1 2.0x 
Cell wall-associated hydrolase (Gns) 1 2.0x 
Pathogenesis-related class i 2.1x 
Phenylalanine ammonia lyase 1 2.1x 
WRKY transcription factor 6 2.1x 
Bacterial-induced peroxidase 2.2x 
Harpin-induced protein 2.2x 
Ethylene responsive protein 2.3x 
Hypersensitivity related protein 2.5x 
Pathogenesis-related 5 (PR-5) 1 2.8x 
Disease resistance protein 2.8x 
Chitinase (Cht1) 1 3.0x 
Jasmonate-induced protein 3.2x 
Lipoxygenase 3.3x 
Nematode-resistance protein 3.5x 
Endo-β-glucanase (EG1) 1 3.6x 
Rapidly elicited protein 4.1x 
Pathogenesis-related 10 (PR-10) 1 4.5x 
4-coumarate coenzyme A ligase (4Cl) 1 4.5x 
Pathogenesis-related 1a (PR-1a) 1 20.0x 
1Genes from which primer sequences were designed. 
2Sequencing was performed on a single lane of a flow cell to give 36 bp paired-end reads 
with a 200 bp insert size. Synthesis of cDNA and library construction was performed by 
the Analytical Genetics Technology Centre. 
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Table 3.9 Sequences used in multiple sequence alignment for design of individual primer 
sets to amplify target genes found to be up-regulated by Harmonizer treatment using 
RNA-seq. 

 
Target 
Gene Gene Name Sequence ID1 Species Reference 

AsPR-1a NODE_3326193 Agrostis stolonifera Appendix XVIII 
HvPR-1a X74939 Hordeum vulgare Bryngelsson et al., 1994 
TmPR-1b DQ167192 Triticum 

monococcum 
Liu et al., 2007b 

TaPR-1.1 FJ815170 Triticum aestivum Xu et al., 20092

TaPR-1.1 AJ007348 Triticum aestivum Molina, 19982

TaPR-1.1 FJ815169 Triticum aestivum Xu et al., 20092

TaPR-1 AY258615 Triticum aestivum Ray et al., 2003 
TaPR-1 FJ815168 Triticum aestivum Xu et al., 20092

TaPR-1 AF384143 Triticum aestivum Yu et al., 20012

TaPR-1 FJ815167 Triticum aestivum Xu et al., 20092

HvPBR1-2 Z26320 Hordeum vulgare Mouradov et al., 1994 
HvPR-1 AK251990 Hordeum. Vulgare Sato et al., 2009 
HvPR-1 Z21494 Hordeum vulgare Muradov et al., 1993 
HvPR-1b X74940 Hordeum vulgare Bryngelsson et al., 1994 
HvPBR1-3 Z26321 Hordeum vulgare Mouradov et al., 1994 

AsPR-1a 

HvPR Z26333 Hordeum vulgare Mouradov et al., 1994 
     

AsPR-10 NODE_1008524 Agrostis stolonifera Appendix XVIII 
OsPR-10a AF274850 Oryza sativa McGee and Hodges, 20002

OsPBZ1 D82066 Oryza sativa Midoh, 19952

OsPR-10 CT828610 Oryza sativa Liu et al., 2007d 
OsPR-10 NM_001073530 Oryza sativa Itoh et al., 2007 
PR protein GQ848029 Oryza sativa Yoon et al., 20092

PR protein EF122476 Oryza sativa Yoon et al., 20062

PR protein AK071613 Oryza sativa Kikuchi et al., 2003 
OsPBZ1 D38170 Oryza sativa Midoh et al., 1996 
HvPR-10 AK249942 Hordeum vulgare Sato et al., 2009 
HvPR-10 AY220734 Hordeum vulgare Steiner-Lange et al., 2003 
PePR-10 FP098801 Phyllostachys edulis Peng et al., 2010 
AsPR-10 DV8667445,6 Agrostis stolonifera Rotter et al., 2007 
AcPR-10 DV8574306 Agrostis capillaris Rotter et al., 2007 

AsPR-10 

AcPR-10 DV8601586 Agrostis capillaris Rotter et al., 2007 
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Table 3.9 continued 
AsPR-5 NODE_2369534 Agrostis stolonifera Appendix XVIII 
PePR-5 FP095436 Phyllostachys edulis Peng et al., 2010 
PePR-5 FP092229 Phyllostachys edulis Peng et al., 2010 
PePR-5 FP096319 Phyllostachys edulis Peng et al., 2010 
TaPR-5-like AF384146 Triticum aestivum Yu et al., 20012 
AsRast1-4 L39777 Avena sativa Lin et al., 1996 
ZmPR-5 AY106175 Zea mays Gardiner et al., 2004 
ZmPR-5-p1 DQ147120 Zea mays Moeller and Tiffin, 2005
ZmPR-5-p11 DQ147128 Zea mays Moeller and Tiffin, 2005
ZmPR-5 HM230665 Zea mays Liu and Zhang, 20102 
AsRast1-3 L39776 Avena sativa Lin et al., 1996 
AsRast1-1 L39774 Avena sativa Lin et al., 1996 

AsPR-5 

AsRast1-2 L397755 Avena sativa Lin et al., 1996 
1NODE sequences were obtained from contig assembly of RNA-seq data. Additional 
sequences were obtained from the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/). 
2Direct submission. 
3Sequence used to design both forward and reverse primer. 
4Sequence used to design reverse primer. 
5Sequence used to design forward primer. 
6Sequence obtained from the NCBI Genbank EST_others database. 
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Table 3.10 Results of BLASTN in Gene Index and NCBI Genbank NR databases using 
AsPR-1a, total length of 341 bp, as the query sequence. The nucleotide sequences were 
used in a multiple sequence alignment with the sequenced PCR product for the 
identification of AsPR-1a, a pathogenesis-related protein in Agrostis stolonifera. 

 
Gene Name Sequence ID e-value3 Identities3 Species 
FpPR-1a TC58201  1e-138 311/335 (92%) Festuca pratensis 
HvPR-1a basic X749392   1e-129 313/342 (91%) Hordeum vulgare 
TaPR-1.1 AJ0073482 1e-119 309/342 (90%) Triticum aestivum 
TmPR-1b DQ1671922 1e-117 308/342 (90%) Triticum monococcum 
PePR-1 FP0936992 1e-64 286/342 (83%) Phyllostachis edulis 
OsPR1b EF0612472 1e-50 143/160 (89%) Oryza sativa 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html).  
2Sequences were obtained from the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/). 
3Values obtained from pair-wise comparison of AsPR-1a and respective sequence using 
BL2SEQN. 
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Table 3.11 Results of BLASTN in Gene Index and NCBI Genbank NR databases using 
AsPR-5, total length of 393 bp, as the query sequence. The nucleotide sequences were 
used in a multiple sequence alignment with the sequenced PCR product for the 
identification of AsPR-5, a pathogenesis-related protein in Agrostis stolonifera. 

 
Gene Name Sequence ID e-value3 Identities3 Species 
AsRASTL-3 L397762   1e-144 354/387 (91%) Avena sativa 
TaTLP X583942       1e-100 319/366 (87%) Triticum aestivum 
PePR-5 FP0954362     7e-85 292/338 (86%) Phyllostachis edulis 
HvTLP2 AY8392932 3e-80 313/369 (84%) Hordeum vulgare 
HvPR-5 AJ2762252 7e-78 312/369 (84%) Hordeum vulgare 
ScTLP1 AF0969272 1e-77 312/369 (84%) Secale cereale 
ZmPR-5 DQ1471202     2e-63 287/342 (83%) Zea mays 
SbPR-5 XM_0024435752 8e-63 211/241 (87%) Sorghum bicolor 
ZdPR-5 DQ1471422     2e-59 208/239 (87%) Zea diploperennis 
Similar to ZmPR-5 TC624051     3e-56 284/342 (83%) Panicum virgatum 
OsTLP X681972 1e-39 232/280 (82%) Oryza sativa 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html).  
2Sequences were obtained from the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/). 
3Values obtained from pair-wise comparison of AsPR-1 and respective sequence using 
BL2SEQN. 
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Table 3.12 Results of BLASTN in Gene Index database using AsPR-10, total length of 
273 bp, as the query sequence. The nucleotide sequences were used in a multiple 
sequence alignment with the sequenced PCR product for the identification of AsPR-10, a 
pathogenesis-related protein in Agrostis stolonifera. 
 
Gene Name Sequence ID e-value Identities Species 
TaPR-10 TC3931081 4.7e-34 224/276 (81%) Triticum aestivum 
HvPR-10 TC2401411 3.8e-33 220/275 (80%) Hordeum vulgare 
HvPR-10 homolog TC2477851 3.0e-32 218/275 (79%) Hordeum vulgare 
HvPR-10 BE5583291 2.4e-29 209/274 (76%) Hordeum vulgare 
TaPR-10 TC4428951 6.0e-25 195/252 (77%) Triticum aestivum 
FpPR-10 GO8889401 6.1e-25 198/273 (72%) Festuca pratensis 
1Sequences were obtained from The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html).  
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Table 3.13 Results of BLASTN in NCBI Genbank NR database using AsUBI-3, total 
length of 231 bp, as the query sequence. The nucleotide sequences were used in a 
multiple sequence alignment with the sequenced PCR product for the identification of 
AsUBI-3, a constitutive control gene in Agrostis stolonifera. 

 
Gene Name Sequence ID e-value Identities Species 
LpUBQ EF4704231     1e-105 212/217 (98%) Lolium perenne 
HvMUB1 M601751       9e-101 210/217 (97%) Hordeum vulgare 
LtUBQ EU3285361 9e-101 210/217 (97%) Lolium temulentum 
OsUBI AK2887751    3e-91 206/217 (95%) Oryza sativa 
TaUBI-like AY2907301     2e-89 195/202 (97%) Triticum aestivum 
PeUBI FP0962841     2e-86 204/217 (94%) Phyllostachys edulis 
SbUBI XM_0024392931 1e-84 195/206 (95%) Sorghum bicolor 
ZmUBF9 NM_0011381301 2e-77 189/202 (94%) Zea mays 
1Sequences were obtained from the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/). 
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Fig. 3.1 Relative RT-PCR of AsAOS1 in Agrostis stolonifera after treatment with 5 % 
Harmonizer or water. Levels of mRNA for AsAOS1 were determined relative to AsUBI-3 
mRNA levels. Data points represent mean values from two replications with error bars 
showing LSD values. 
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Fig. 3.2 Relative RT-PCR of AsOPR-7 in Agrostis stolonifera after treatment with 5 % 
Harmonizer or water. Levels of mRNA for AsOPR-7 were determined relative to AsUBI-
3 mRNA levels. Data points represent mean values from two replications with error bars 
showing LSD values. 
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Fig. 3.3 Relative RT-PCR of AsGns5 in Agrostis stolonifera after treatment with 5 % 
Harmonizer or water. Levels of mRNA for AsGns5 were determined relative to AsUBI-3 
mRNA levels. Data points represent mean values from two replications with error bars 
showing LSD values. 
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Fig. 3.4 Relative RT-PCR of AsLOX-1 in Agrostis stolonifera after treatment with 5 % 
Harmonizer or water. Levels of mRNA for AsLOX-1 were determined relative to AsUBI-
3 (457 bp) mRNA levels. Data points represent mean values from two replications with 
error bars showing LSD values. 
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Fig. 3.5 Relative RT-PCR of AsHRI-1 in Agrostis stolonifera after treatment with 5 % 
Harmonizer or water. Levels of mRNA for AsHRI-1 were determined relative to AsUBI-3 
(457 bp) mRNA levels. Data points represent mean values from two replications with 
error bars showing LSD values. 
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Fig. 3.6 Relative RT-PCR of AsASP-2 in Agrostis stolonifera after treatment with 5 % 
Harmonizer or water. Levels of mRNA for AsASP-2 were determined relative to AsUBI-3 
(457 bp) mRNA levels. Data points represent mean values from two replications with 
error bars showing LSD values. 
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Fig. 3.7 Relative RT-PCR of AsPR-1a in Agrostis stolonifera after treatment with 5 % 
Harmonizer or water. Levels of mRNA for AsPR-1a were determined relative to AsUBI-3 
mRNA levels. Data points represent mean values from four replications with error bars 
showing LSD values.  
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Fig. 3.8 Relative RT-PCR of AsPR-5 in Agrostis stolonifera after treatment with 5 % 
Harmonizer or water. Levels of mRNA for AsPR-5 were determined relative to AsUBI-3 
mRNA levels. Data points represent mean values from four replications with error bars 
showing LSD values. 
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Fig. 3.9 Relative RT-PCR of AsPR-10 in Agrostis stolonifera after treatment with 5 % 
Harmonizer or water. Levels of mRNA for AsPR-10 were determined relative to AsUBI-3 
mRNA levels. Data points represent mean values from four replications with error bars 
showing LSD values. 
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Fig. 3.10 An un-rooted dendrogram showing the degree of similarity among PR-1 genes 
in six monocot species. Alignment of nucleotide sequences was performed using 
MUSCLE, and bootstrap analysis with 1000 replications was conducted using the NJ-
bootstrap procedure of CLUSTALX. Values near major branch points represent the 
number of times out of 1000 that the branch was supported. A list of the sequences can be 
found in Table 3.10. The scale bar of 0.1 represents 10% estimated sequence divergence 
based on the Nei (1978) distance coefficient. 
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Fig. 3.11 An un-rooted dendrogram showing the degree of similarity among PR-5 genes 
in 10 monocot species. Alignment of nucleotide sequences was performed using 
MUSCLE, and bootstrap analysis with 1000 replications was conducted using the NJ-
bootstrap procedure of CLUSTALX. Values near major branch points represent the 
number of times out of 1000 that the branch was supported. A list of the sequences can be 
found in Table 3.11. The scale bar of 0.1 represents 10% estimated sequence divergence. 
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Fig. 3.12 An un-rooted dendrogram showing the degree of similarity among PR-10 genes 
in four monocot species. Alignment of nucleotide sequences was performed using 
MUSCLE, and bootstrap analysis with 1000 replications was conducted using the NJ-
bootstrap procedure of CLUSTALX. Values near major branch points represent the 
number of times out of 1000 that the branch was supported. A list of the sequences can be 
found in Table 3.12. The scale bar of 0.1 represents 10% estimated sequence divergence. 
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Fig. 3.13 An un-rooted dendrogram showing the degree of similarity among UBI genes in 
four monocot species. Alignment of nucleotide sequences was performed using 
MUSCLE, and bootstrap analysis with 1000 replications was conducted using the NJ-
bootstrap procedure of CLUSTALX. Values near major branch points represent the 
number of times out of 1000 that the branch was supported. A list of the sequences can be 
found in Table 3.13. The scale bar of 0.01 represents 1% estimated sequence divergence. 
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Chapter 4 General Discussion 

Using a plant's natural defense response mechanisms is an attractive method of 

reducing disease, particularly in intensive management programs as an alternative to high 

levels of pesticides. There are a variety of chemicals which have been shown to activate 

disease resistance responses in plants (Schreiber and Desveaux, 2008). These include 

compounds, such as benzothiadiazole (BTH), which activate systemic acquired resistance 

(SAR) that is associated with the accumulation of salicylic acid (SA) (Friedrich et al., 

1996). Treatment of plants with BTH has been found to control a wide variety of 

pathogens over a range of host species (Gozzo, 2003), such as against Cercospora 

nicotianae or Colletotrichum orbiculare in the dicots Nicotiana tabacum (Friedrich et al., 

1996) and Nicotiana benthamiana (Cortes-Barco et al., 2010a), respectively, or against 

Sclerotinia homoeocarpa in the monocot, Agrostis stolonifera (Cortes-Barco et al., 

2010b).  

Induced systemic resistance (ISR) is a response associated with the jasmonic acid 

(JA)/ethylene (ET) signaling pathways activated by non-pathogenic root-colonizing plant 

growth-promoting rhizobacteria (PGPRs) and plant growth-promoting fungi (PGPFs) (De 

Vleesschauwer and Höfte, 2009). However, Civitas, a mixture of food-grade isoparaffins 

and emulsifiers, was also able to activate ISR against C. orbiculare in N. benthamiana 

(Cortes-Barco et al., 2010a) as well as Microdochium nivale, Rhizoctonia solani and S. 

homoeocarpa in A. stolonifera (Cortes-Barco et al., 2010b). There are also several 

defense activators which appear to induce resistance responses differently from SAR or 

ISR, such as silicon induced resistance (SiIR), which has similarities to ISR and SAR in 

that it primes expression of genes that are SA- (Fauteux et al., 2006), ET- and JA-
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dependent (Ghareeb et al., 2011). Silicon has been reported to induce resistance in A. 

stolonifera to Pythium aphanidermatum, S. homoeocarpa and R. solani (Datnoff, 2005). 

 For disease control compounds, it is important to understand the mode of action in 

order to ensure that the chemical will be effective against the targeted pathogen(s). For 

Harmonizer, a pigment dispersion containing polychlorinated copper phthalocyanines, a 

mode of action is not known but has been suspected to be some form of resistance 

activation. If so, then it is important to determine the defense signaling pathway because 

pathogens are limited only by certain defense responses in the plant. Induction of SAR is 

commonly associated with defense responses against biotrophic or hemibiotrophic 

pathogens (Ryals et al., 1996), while ISR is commonly associated with defense responses 

against necrotrophic pathogens (Vlot et al., 2009). For example, BTH was found to 

induce SAR-related genes and can induce resistance in N. tabacum against C. nicotianae, 

Erwinia carotovora, Peronospora tabacina, Phytophthora parasitica, P.  syringae pv. 

tabaci and TMV (Friedrich et al., 1996), but is ineffective against the necrotroph Botrytis 

cinerea (Achuo et al., 2004). Therefore, the selection of BTH would differ if the target 

pest was a biotroph versus a necrotroph on N. tabacum. 

 The current study found that Harmonizer may have some minor direct effects on 

fungi at normal field rates (0.5%), but it could induce disease resistance against C. 

orbiculare in N. benthamiana and S. homoeocarpa in A. stolonifera. This indicates that 

Harmonizer can be effective in both dicots and monocots against a hemibiotrophic (Shen 

et al., 2001b) and necrotrophic (Budak et al., 2006) pathogen, respectively. This is the 

first study to observe induced resistance with a copper phthalocyanine containing 

solution, such as Harmonizer, when spatially separated from fungal inoculum. However, 
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the mode of action of Harmonizer was not clearly related to SAR or ISR. A comparison 

of the expression patterns of known SAR, ISR and programmed cell death-related genes 

following Harmonizer or BTH application demonstrated that, at least in N. benthamiana, 

Harmonizer was likely not inducing ISR or SAR, but induced gene expression did have 

some similarities to that of SAR.  

In A. stolonifera, which has less genomic information publicly available 

compared to N. benthamiana, RNA-seq was used to identify a variety of Harmonizer-

responsive defense-related genes. The genes with induced expression included ones 

previously found to be activated by ISR or SAR or both. For example, the genes AsPR-

1a, AsPR-5 and AsPR-10, which showed increased expression as identified by RNA-seq 

and confirmed by RT-PCR, have previously been shown to respond to both SAR and/or 

ISR activators in other monocots.  In O. sativa, an acidic PR-1 gene (96% nt identity to 

OsPR1#011) was induced following treatment with SA or ET (Agrawal et al., 2001), a 

PR-5 gene was induced following treatment with JA (Schweizer et al., 1997) and ET 

(Agrawal et al., 2001), and a PR-10 gene was induced by ET (Agrawal et al., 2001), SA 

and JA (McGee et al., 2001). However, comparisons between plants are difficult because 

of the degree of diversity of gene expression among members within a single gene 

family. For example, among 12 PR-1 genes in O. sativa, nine were up-regulated by 

application of one or more of the signaling molecules, JA, SA and the ET precursor, 1-

aminocyclopropane-1-carboxylic acid (ACC). OsPR1#074 and #101 were up-regulated 

by JA, SA and ACC; OsPR1 #011 and #012 were up-regulated only by SA; and 

OsPR1#071, #073, #021, #121 and #052 were up-regulated only by JA. Three were 

down-regulated by one or more signaling molecules. OsPR1#071 was down-regulated by 
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ACC and SA; OsPR1#072 was down-regulated by SA; and OsPR1#011 was down-

regulated by ACC. In contrast, two PR-1 genes, OsPR1#022 and #052, were not 

particularly sensitive to any of these signaling molecules (Mitsuhara et al., 2008). The 

ability of closely related genes to respond differently to activators of SAR and ISR shows 

why it is difficult to classify these genes as either SAR- or ISR-responsive. Even within 

the same cultivar of O. sativa (Nipponbare), treating cut leaf segments (Agrawal et al., 

2001) compared to treating whole plants (Mitsuhara et al., 2008) may have affected the 

responsiveness of OsPR1#011 following induction of ET responses. 

The comparison of Harmonizer-induced resistance in N. benthamiana with that of 

BTH-induced resistance also showed that Harmonizer is not very effective at controlling 

disease on its own. The level of disease control following Harmonizer treatment in N. 

benthamiana (38%) and A. stolonifera (22 to 39%) was statistically significantly but 

would not be acceptable to a grower or a turfgrass manager. This indicates that a 

compound like Harmonizer would need to be combined with another resistance activator, 

or perhaps a fungicide, to provide an economically acceptable level of control. In 

practical use, Harmonizer is registered to be applied with the ISR activator, Civitas. In 

this thesis, combining Harmonizer with Civitas for control of C. orbiculare in N. 

benthamiana resulted in a 99% reduction in disease at 5 DPI, similar to that observed 

with BTH. The effect of Civitas alone (53% reduction) added to that of Harmonizer alone 

(38% reduction) would give a 91% reduction, which was close to the observed 99% 

reduction. For S. homoeocarpa in A. stolonifera at 7 DPI, Civitas alone (62% reduction) 

plus Harmonizer alone (39% reduction) predicts a 101% reduction, which was similar to 
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the observed value for Civitas combined with Harmonizer (86% reduction). These results 

show that the combination had an additive rather than a synergistic effect on efficacy. 

Civitas was shown to be related to ISR (Cortes-Barco et al., 2010a; Cortes-Barco 

et al., 2010b), and the current study indicates that Harmonizer-induced resistance is 

different from SAR or ISR. Therefore, it is likely that simultaneous activation of two 

different resistance pathways has allowed for the improved resistance. Previous studies 

identified the potential for combining activators, such as the SAR-inducing non-

pathogenic P. syringae pv. tomato DC3000 carrying the avirulence gene, avrRpt2, 

combined with the ISR-inducing Pseudomonas fluorescens strain WCS417r, to enhance 

disease suppressive capabilities (van Wees et al., 2000). 

 The beneficial effects of copper phthalocyanine-containing solutions, such as 

Harmonizer, are not limited to disease reduction. There are anecdotal reports of growth 

promotion, including enhanced root growth (Fefer et al., 2009) or enhanced spring green-

up (Ostmeyer, 1994), following application of copper phthalocyanine or copper 

phthalocyanine with an ISR activator, such as Civitas. This study observed a similar 

effect on A. stolonifera in field trials, where fall application of Harmonizer lead to 

enhanced growth in the spring of the following year. This side effect would be of 

particular interest to turfgrass managers in locations, such as southern Ontario, where 

harsh winters can delay spring green-up due to winter damage. 

 The effects of BTH in N. benthamiana on gene expression pre- and post-infection 

in this study provided interesting insights into the transcriptional re-programming that 

can occur following BTH treatment. Previous studies have monitored expression of genes 

post-treatment but not post-inoculation (e.g. Cortes-Barco et al., 2010a; Friedrich et al., 
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1996; Qiu et al., 2004), or post-inoculation with only one time point prior to inoculation 

(e.g. Cools and Ishii, 2002; Deepak et al., 2006; Herman et al., 2008). The current study 

monitored expression of several defense related genes at several time points both post-

treatment and post-inoculation. This allowed for the identification of genes which are 

induced quickly or slowly to BTH treatment, as well as the identification of genes which 

are primed by BTH treatment. 

The induction of SAR and programmed cell death marker genes combined with 

the priming of a subset of those genes together with priming of ISR marker genes may be 

the reason why BTH is so effective at controlling a hemibiotrophic pathogen, such as C. 

orbiculare. The induction of defense genes may provide sufficient accumulation of 

defense compounds and structures to slow the penetration and initial biotrophic phase of 

C. orbiculare, which should be better controlled by SAR, while the priming of additional 

genes, particularly those related to ISR, could further limit the pathogen as it switches to 

the necrotrophic phase, which should be better controlled by ISR. Silencing some of 

these genes by virus-induced gene silencing (VIGS) in N. benthamiana (Goodin et al., 

2008) may be a way to determine which genes are important in defense responses during 

the initial biotrophic phase versus during the subsequent necrotrophic phase. 

 This thesis shows that analysis of gene expression associated with compounds 

activating disease resistance can provide useful information on their mode of action. 

Through the identification of plant responses to resistance activators, a management 

strategy based on the plant’s response and the types of pathogens that can be limited by 

certain activators could be utilized. Activation of SAR and ISR requires an induction 

period, which can vary depending on the plant species and the compound applied 
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(Edreva, 2004), and so applications may need to be orchestrated to activate resistance 

responses before major disease pressures take place. For example, in this thesis, 

expression of AsPR-1a, AsPR-5 and AsPR-10 were not induced until 5 to 7 d after 

Harmonizer treatment, indicating an induction period of approximately 5 d was likely 

required for activation of resistance responses. In addition, the expression of these same 

three genes began to decline by 7 DPI (14 DPT), potentially indicating the effect of 

Harmonizer was beginning to diminish, although it is also possible that A. stolonifera not 

infected with S. homoeocarpa was beginning to grow in place of the infected turf. 

 This study has also demonstrated the usefulness of RNA-seq for determining 

transcriptome-wide changes that may be associated with the application of defense 

activators, like Harmonizer. RNA-seq was also useful to select marker genes for 

examining expression over a time course. Although the results with Harmonizer did not 

match ISR or SAR, this may be due to the limitations of only choosing one time point for 

RNA-seq analysis with A. stolonifera. Analysis of further time points by RNA-seq would 

help to better elucidate the range of genes up- or down-regulated by Harmonizer. Other 

future work could use RNA-seq to better characterize the response associated with 

Harmonizer treatment in N. benthamiana. This may be more informative than A. 

stolonifera, since a greater number of specific defense-related genes in N. benthamiana 

have been characterized. Also, a comparative RNA-seq study on gene expression with 

Harmonizer alone, Civitas alone, Harmonizer in combination with Civitas and a range of 

known SAR or ISR activators in N. benthamiana and A. stolonifera would further clarify 

their roles. This would help determine if combining Harmonizer and Civitas is associated 

with increases in defense-related gene expression similar to that of Harmonizer and 
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Civitas alone and how that compares to gene expression using other defense activators. 

As the cost of RNA-seq and other sequencing technologies continues to decrease, it will 

prove to be a valuable tool in determining the effects of defense activators on the pattern 

of plant gene expression. 

 Future work could also determine if Harmonizer application affects other changes 

associated with induced resistance, such as reactive oxygen species (ROS) production 

(Torres et al., 2006), SA accumulation (Vlot et al., 2009), callose deposition and cell 

wall-strengthening (Chisholm et al., 2006), and phytoalexin production (Nürnberger and 

Lipka, 2005), and relate these to the observed induction of the putative defense related 

genes (e.g. Bell et al., 1984). Finally, the effect of Harmonizer could be studied in the 

well-defined model plant, Arabidopsis. Pieterse et al. (2001) listed 11 ecotypes and 15 

mutants that differed in their response to ISR and SAR induction. If Harmonizer was 

applied to these plants, then one could observe if any mutants were compromised in their 

response to Harmonizer and relate this to the types of signaling pathways, SA, JA or ET. 

Also, ecotype variation in responsiveness to Harmonizer could be compared to that 

observed with SAR and ISR. This would further help to identify whether Harmonizer-

induced resistance is related to SAR or ISR, or whether it is independent of those 

pathways.  
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APPENDICES 

Appendix I Program statements for statistical analysis of amended agar data using Proc 
Probit in SAS. This analysis was used to obtain the EC50 values shown in tables 2.15 and 
3.9. 

 
data temp; 
options pagesize=80 linesize=70; 
infile cards; 
* data in columns as fungicide, concentration, isolate, growth at 48hr, growth at 96hr; 
  input species$ conc rep$ d1 d2 d3 d4 d5; 
  diam= d4 - d2 ; output; 
* diameter is the growth difference between 4 and 2 days to account for establishment 
effects; 
cards; 
 
*data removed; 
 
run; 
data temp; 
set; 
 
number = 1; 
if conc = 0 then delete; 
 
lconc=log10(conc); 
 
if species = "Cg" then response = 1-(diam/22.9); 
if species = "cgm" then response = 1-(diam/11.5); 
if species = "MN" then response = 1-(diam/19.6); 
if species = "N150" then response = 1-(diam/19.1); 
if species = "Sh" then response = 1-(diam/18.6); 
if response <= 0 then response = 0; 
* this resets all stimulated (non inhibitory) responses to 0; 
run; 
proc sort; by species ;run; 
proc probit log10; by species; 
model response/number=conc /lackfit inversecl itprint; run; 
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Appendix II Program statements for statistical analysis of disease assessments using 
Proc GLM in SAS. This analysis was used to determine if mean lesion/cm2 values shown 
in tables 2.6 and 2.7 were significantly different between water-treated and Harmonizer- 
or BTH-treated plants. 

 
data first; 
 
input exp treat$ plant leaf les_cm; 
 
cards; 
 
*data removed; 
 
proc glm; 
class exp treat plant leaf; 
model les_cm=exp treat plant leaf; 
lsmeans treat /stderr pdiff; 
run; 
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Appendix III Alignment of nucleotide sequences used to identify NbPR-1a. Sequences 
used in multiple sequence alignment are listed in table 2.9. Sequences were obtained after 
a BLASTN search using The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html). 

 
TC129848        CTTCTCTTATTCCTAATAATATCCCACTCTTGTCATGCTCAAAACTCTCAACAAGACTAT 60 
TC140845        CTTCTCTTATTCCTAATAATATCTCACTCTTCTCATGCCCAAAACTCTCAACAAGATTAT 60 
TC129018        CTTCTCTTATTCCTAATAATATCTCACTCTTCTCATGCCCAAAACTCTCAACAAGACTAT 60 
NbPR1a          CTTCTCTTATTCCTAATAATATCCCACTCTTGTCGTGCCCAAAATTCTCAACAAGACTAT 60 
TC145668        CTTCTCTTATTCCTAGTAATATCCCACTCTTGCCGTGCCCAAAATTCTCAACAAGACTAT 60 
                *************** ******* *******  * *** ***** *********** *** 
 
TC129848        TTGGATGCCCATAACACAGCTCGTGCAGATGTAGGTGTAGAACCTTTGACCTGGGACGAC 120 
TC140845        TTGGATGCCCATAACACAGCTCGTGCAGATGTAGCCGTGGAACCATTAACTTGGGACGAC 120 
TC129018        TTGGATGCCCATAACACAGCTCGTGCAGATGTAGGCGTGGAACCATTAACTTGGGACAAC 120 
NbPR1a          TTGGATGCCCATAATACAGCTCGTGCAGATGTAGGCGTAGAACCTTTAACCTGGGACGAC 120 
TC145668        TTGGATGCCCATAACACAGCTCGTGCAGATGTAGGTGTAGAACCTTTGACCTGGGACGAC 120 
                ************** *******************  ** ***** ** ** ****** ** 
 
TC129848        CAGGTAGCAGCCTATGCACAAAATTATGCTTCCCAATTGGCTGCAGATTGTAACCTCGTA 180 
TC140845        GATGTAGCAGCCTATGCACAAAATTATGTTTCTCAATTGGCTGCAGACTGCAACCTCGTA 180 
TC129018        GGGGTAGCAGCCTATGCACAAAATTATGTTTCTCAATTGGCTGCAGACTGCAACCTCGTA 180 
NbPR1a          GAGGTAGCAGCTTATGCAGAAAATTATGCTTCTCAATTGGCTGCAGACTGCAACCTCGTA 180 
TC145668        CAGGTAGCAGCCTATGCGCAAAATTATGCTTCCCAATTGGCTGCAGATTGTAACCTCGTA 180 
                   ******** *****  ********* *** ************** ** ********* 
 
TC129848        CATTCTCATGGTCAATACGGCGAAAACCTAGCTTGGGGAAGTGGCGATTTCTTGACGGCC 240 
TC140845        CATTCTCATGGCCAATACGGCGAAAACCTAGCTCAGGGAAGTGGCGATTTTATGACGGCT 240 
TC129018        CATTCTCATGGCCAATACGGCGAAAACCTAGCTCAGGGAAGTGGCGATTTTATGACGGCT 240 
NbPR1a          CATTCTCATGGTCAATACGGCGAAAACTTAGCTGAGGGAAGTGACGATTTCATGACGGCT 240 
TC145668        CATTCTCATGGTCAATACGGCGAAAACCTAGCTGAGGGAAGTGGCGATTTCATGACGGCT 240 
                *********** *************** *****  ******** ******  *******  
 
TC129848        GCTAAGGCCGTCGAGATGTGGGTCAATGAGAAACAGTATTATGCCCACGACTCAAACACT 300 
TC140845        GCTAAGGCCGTCGAGATGTGGGTCGATGAGAAACAGTACTATGACTATGACTCAAATACT 300 
TC129018        GCTAAGGCCGTCGAGATGTGGGTCGATGAGAAACAGTACTATGACCATGACTCAAATACT 300 
NbPR1a          GCTAAGGCCGTTGAGATGTGGGTCGATGAGAAGCAGTATTATGACCATGACTCAAATACT 300 
TC145668        GCTAAGGCCGTTGAGATGTGGGTCGATGAGAAACAGTATTATGACCATGACTCAAATACT 300 
                *********** ************ ******* ***** **** * * ******** *** 
 
TC129848        TGTGCCCAAGGACAGGTGTGTGGACACTATACTCAGGTGGTTTGGCGTAACTCGGTTCGT 360 
TC140845        TGTGCAGAAGGACAGGTGTGTGGACACTATACTCAGGTGGTTTGGCGTAACTCGGTTCGT 360 
TC129018        TGTGCACAAGGACAGGTGTGTGGACACTATACTCAGGTGGTTTGGCGTAACTCGGTTCGT 360 
NbPR1a          TGTGCACGAGGACAGGTGTGTGGACACTATACTCAAGTGGTTTGGCGTAACTCGGTTCGT 360 
TC145668        TGTGCACAAGGACAGGTGTGTGGACACTATACTCAGGTGGTTTGGCGTAACTCGGTTCGT 360 
                *****   *************************** ************************ 
 
TC129848        GTTGGATGTGCTAGGGTTCAGTGTAACAATGGAGGATATATTGTCTCTTGCAACTATGAT 420 
TC140845        GTTGGATGTGCTAGGGTGCAGTGTGACAATGGAGGATATGTTGTCTCTTGCAACTATGAT 420 
TC129018        GTTGGATGTGCTAGGGTTAAGTGCAACAATGGAGGATATGTTGTCTCTTGCAACTATGAT 420 
NbPR1a          GTTGGATGTGCTAGGGTTCAGTGTAACAATGGAGGATATGTTGTCTCTTGCAACTATGAT 420 
TC145668        GTTGGATGTGCTAGGGTTCAGTGTAACAATGGAGGATATGTTGTCTCTTGCAACTATGAT 420 
                *****************  ****  ************** ******************** 
 
TC129848        CCTCCAGGT 429 
TC140845        CCTCCAGGT 429 
TC129018        CCTCCAGGT 429 
NbPR1a          CCTCCAGGA 429 
TC145668        CCTCCAGGT 429 
                ********  
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Appendix IV Alignment of nucleotide sequences used to identify NbPR-2. Sequences 
used in multiple sequence alignment are listed in table 2.10. Sequences were obtained 
after a BLASTN search using The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html). 

 
NbPR2           GCTCTCAAAGGAAGTAACATTGAGATCATTCTCGATGTCCCAAATCAAGATCTTCAATCC 60 
TC122967        GCTCTCAGAGGAAGTAACATTGAGATCATTCTCGACGTCCCACTTCAAGATCTTCAATCC 60 
TC165491        GCTCTCAAGGGAAGTAACATTGAGATCATTCTCGATGTCCCAAATCAAGATCTTGAATCC 60 
TC122956        GCTCTCAAAGGAAGTAACATTGAGATCATTCTTGATGTTCCAAATCAAGATCTTGAAGCC 60 
TC122965        GCTCTCAATGGAAGTAACATTGAGATCATTCTTGGTGTCCCAAATCAAGACCTTGAAGCC 60 
TC124250        GCTCTCAATGGAAGTAACATTGAGATCATTCTAGAAGTCCCAAATCAAGATCTTGAAGCC 60 
TC142513        TCTCTCAATGGAAGTAACATTGAGATCATTCTTGATGTCCCAAATCAAGATCTTGAAGCC 60 
                 ******  *********************** *  ** ***  ****** *** ** ** 
 
NbPR2           CTAACTGATGTTTCAAGAGCCAATGGATGGGTCCAAGATAACATAATAAATCATTTCCCA 120 
TC122967        CTAACTGATCCTTCAAGAGCCAATGGATGGGTCCAAGATAACATAATAAATCATTTCCCA 120 
TC165491        CTTACGGATCCTTCAAGAGCCAATGGATGGGTCCAAGATAACATAATAAATCATTTTCCA 120 
TC122956        CTAGCCAATTCTTCAATAGCCAATGGTTGGGTTCAAGATAACATAAGAAGTCATTTCCCA 120 
TC122965        CTAGCCAATTCTTCAATAGCCAATGGTTGGGTTCAAGATAACATAAGAAGTCATTTCCCA 120 
TC124250        CTAGCCAATTCTTCAATAGCCAATGGTTGGGTTCAAGATAATATTAGAAGTCATTTCCCT 120 
TC142513        CTAGCCAATTCTTCAATAGCCAATGGTTGGGTTCAAGATAACATAAGAAGTCATTTCCCA 120 
                **  *  **  ***** ********* ***** ******** ** * ** ****** **  
 
NbPR2           NATGTTAAATTTAAATATATATCTGTTGGAAATGAAGTTTCTCCCGGAAATAATGGTCAA 180 
TC122967        GATGTTAAATTTAAATATATAGCTGTTGGAAATGAAGTCTCTCCCGGAAATAATGGTCAA 180 
TC165491        GATGTTAAATTTAAATATATAGCTGTTGGAAATGAAGTATCTCCTACAAATAATGGTCCA 180 
TC122956        TATGTTAAATTCAAGTACATATCTATAGGAAATGAAGTATCTCCCATAAATAATGGTCAA 180 
TC122965        TATGTTAAATTCAAGTACATATCTATAGGAAATAAAGTATCTCCCACAAATAATGATCAA 180 
TC124250        TATGTTAAATTCAAGTACATATCTATAGGAAATGAAGTCTCTCCCTCAAATAATGGTCAA 180 
TC142513        TATGTTAAATTCAAGTACATATCTATAGGAAATGAAGTATCTCCCTCAAATAATGGTC-- 178 
                 ********** ** ** *** ** * ****** **** *****   ******** **   
 
NbPR2           TATGCACCATTTCTTCCTCCTGCCATGCAAAATGTGTACAATGCATTAGCAGCAGCAGGG 240 
TC122967        TATGCACCATTTGTTGCTCCTGCCATGCAAAATGTATATAATGCATTAGCAGCAGCAGGG 240 
TC165491        TATGCACCATTAGTTGGTCCTGCC------------------------------------ 204 
TC122956        TATTCACAATTTCTTCTTCATGCAATGGAAAATGTGTACAATGCATTAGCAGCATCAGGG 240 
TC122965        TATTCAGAATTTCTTCTTCAAGCAATGAAAAATGTGTACAATGCTTTAGCAGCAGCAGGG 240 
TC124250        TATTCACAATTTCTTCTTCATGCAATGAAAAATGTGTACAATGCATTAGCAGCAGCAGGG 240 
TC142513        ------------------------------------------------------------ 
                                                                             
 
NbPR2           TTGCAAGATCAAATCAAGGTTTCAACTGCAACATATTCAGGGATATTANAGAATACCTAC 300 
TC122967        TTGCAAGATCAAATCAAGGTCTCAACTGCAACATATTCAGGGATCTTAGCGAATACCTAC 300 
TC165491        ------------------------------------------------------------ 
TC122956        TTGCAAGATAAGATCAAGGTCACAACTGCAACATATTCAGGGCTCTTAGCAAACACCTAC 300 
TC122965        TTGCAAGATATGATCAAGGTCTCAACTGTGACATATTCAGGGGTCTTAGCGAATACCTAC 300 
TC124250        TTGCAAGATAAGATCAAGGTCACAACTGCAACATATTCAGGGCTCTTAGCGAATACCTAC 300 
TC142513        ------------------------------------------------------------ 
                                                                             
 
NbPR2           CCGCCCAAAGATAGTATTTTTCGCGAAGAATTCAAGAGTTTCACTAATCCTATAATCCAA 360 
TC122967        CCGCCCAAAGATAGTATTTTTCGAGGAGAATTCAATAGTTTCATTAATCCCATAATCCAA 360 
TC165491        ------------------------------------------------------------ 
TC122956        CCACCCAAAGCTAGTATATTTCGAGGAGAATTCAATAGTTTCATTAATCCCATAATCCAA 360 
TC122965        CCACCTGAACGTAGTATTTTTCGCGAAGAATTCAAGAGTTTCATTAATCCGATAATCCAA 360 
TC124250        CCGCCTAAAGATAGTATTTTTCGCGAAGAATTCAAGAGTTTCATTAATCCCATAATCGAA 360 
TC142513        ------------------------------------------------------------ 
                                                                             
 
NbPR2           TTTCTAGCACGACATAACCTTCCACTCTTAGCCAA 395 
TC122967        TTTCTAGTACAACATAACCTTCCACTCTTAGCCAA 395 
TC165491        ----------------------------------- 
TC122956        TTTCTAGCACAAAATAACCTTCCACTCTTAGCCAA 395 
TC122965        TTTCTAGCACGAAATAACCTTCCACTCTTAGCCAA 395 
TC124250        TTCCTAGCACGAAATAACCTTCCACTCTTAGCCAA 395 
TC142513        -----------------------------------                                           
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Appendix V Alignment of nucleotide sequences used to identify NbPR-3Q. Sequences 
used in multiple sequence alignment are listed in table 2.11. Sequences were obtained 
after a BLASTN search using The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html). 

 
NbPR3Q          TATTGTGACGAGTGACTTGTTCAACGAGATGCTGAAGAATAGGAATGACGTTAGATGTCC 60 
TC122995        AATTGTAACGAATGACTTGTTCAACGAGATGCTGAAGAATAGGAACGACGGTAGATGTCC 60 
TC122985        TATTGTAACGAGTGACTTGTTCAACGAGATGCTGAAGAATAGGAACGACGGTAGATGTCC 60 
TC125642        TCTTGTTAGTAAAAATCTGTTTGAGAGAATACTACTGCATCGCAACGATGCCAATTGTCC 60 
TC122952        TATCATCTCAAGTTCCATGTTTGATCAGATGCTTAAGCATCGCAACGATAATGCATGCCA 60 
TC16827         TATCATTTCAAATTCCATGTTTGATCAGATGCTTAAGCATCGCAACGATAATGCCTGCGA 60 
FG635402        TATCATCTCAAGTTCCATGTTTGATCAGATGCTTAAGCATCGCAACGATAATGCATGCCA 60 
TC122981        TATCATCTCAAGTTCCATGTTTGATCAGATGCTTAAGCATCGCAACGATAATGCATGCCA 60 
TC140786        CATCATCAGCAGTTCCATGTTTGATCAGATGCTCAAGCATCGCAATGATAATACATGCCA 60 
TC130551        CATCATCAGCAGT--CATGTT-GATCAGATGCTCA-GCATCG-AATGATAATGCATGCCA 55 
TC18292         CATCATCAGCAGTTCCATGTTTAATCAGATGCTCAAGCATCGCAATGACAATGCATGCCA 60 
                  *  *    *      ****  *    ** **   * ** * ** **       **    
 
NbPR3Q          TGCCAATGGCTTCTACACTTATGATGCATTCATAGCTGCTGCCAATTCCTTTCCTGGTTT 120 
TC122995        TGCCAATGGCTTCTATACTTATGATGCATTCATAGCTGCTGCCAATTCCTTTCCTGGTTT 120 
TC122985        TGCCAATGGCTTCTACACTTATGATGCATTCATAGCTGCTGCCAATTCCTTTCCTGGTTT 120 
TC125642        TGCCAAAGGATTCTATACTTATGAAGCTTTCGTAACAGCTACTAGATCCTTTGGTGCTTT 120 
TC122952        AGGAAAGGGATTCTACAGTTACAATGCCTTTATCAATGCTGCTCGGTCTTTTCCTGGCTT 120 
TC16827         AGGACATGGATTCTACAGTTACAATGCCTTTATCAATGCTGCTAGGTCTTTTCCTGGCTT 120 
FG635402        AGGAAAGGGATTCTACAGTTACAATGCCTTTATCAATGCTGCTAGGTCTTTTCCTGGCTT 120 
TC122981        AGGAAAGGGATTCTACAGTTACAATGCCTTTATCAATGCTGCTAGGTCTTTTCCTGGCTT 120 
TC140786        AGGGAAGAGCTTTTATACGTATAATGCCTTTATCACTGCTGCAAGATCATTTCGTGGCTT 120 
TC130551        AGGGAAGGGCTTTTACACTTACAATGCCTTTATCACTGCTGCAAGATCATTTCGTGGCTT 115 
TC18292         AGGGAAGGGCTTTTACACTTACAATGCCTTTATCACTGCAGCAAGATCATTTCGTGGCTT 120 
                 *   *  * ** ** *  **  * ** **  *    **  *    ** ***  **  ** 
 
NbPR3Q          TGGAACTACTGGTGATGATACTGCCCGTAGGAAAGAAATTGCTGCCTTTTTCGGTCAAAC 180 
TC122995        TGGAACTAGTGGTGATGATACTGCCCGTAGGAAAGAAATTGCTGCCTTTTTCGGTCAAAC 180 
TC122985        TGGAACTACTGGTGATGATACTGCCCGTAGGAAAGAAATTGCTGCCTTTTTCGGTCAAAC 180 
TC125642        TGGAACTACTGGGGACACCAATACTCGTAAAAAGGAAATTGCTGCCTTTTTGGCTCAAAC 180 
TC122952        TGGTACCAGTGGCGATACCACTGCCCGTAAAAGAGAAATCGCGGCTTTCTTTGCTCAAAC 180 
TC16827         TGGTACCAGTGGCGATACTACTGCCCGTAAAAGAGAAATCGCGGCTTTCTTTGCTCAAAC 180 
FG635402        TGGTACTAGTGGTGATACCACTGCCCGTAAAAGAGAAATCGCGGCTTTCTTCGCCCAAAC 180 
TC122981        TGGTACTAGTGGTGATACCACTGCCCGTAAAAGAGAAATCGCGGCTTTCTTCGCCCAAAC 180 
TC140786        TGGCACCACCGGTGACACCACCAGGCGAAAAAGGGAGGTTGCTGCTTTCTTTGCCCAAAC 180 
TC130551        CGGCACCACGGGTGACACCACCAGGCGTAAAAGGGAGGTTGCTGCTTTCTTTGCCCAAAC 175 
TC18292         CGGCACCACGGGTGACACCACCAGGCGTAAAAGGGAGGTTGCTGCTTTCTTTGCCCAAAC 180 
                 ** ** *  ** **    *     ** *  *  **  * ** ** ** ** *  ***** 
 
NbPR3Q          TTCTCATGAAACTACTGGTGGTTCCCTGAGTGCAGAACC---------ATTTACAGGAGG 231 
TC122995        TTCTCATGAAACTACAGGTGGTTCCCTGAGTGCAGAACC---------TTTTACAGGAGG 231 
TC122985        TTCTCACGAAACTACTGGTGGATCCCTGAGTGCAGAACC---------ATTTACAGGAGG 231 
TC125642        TTCTCATGAAACTACAGGAGGAT---GGGCAACAGCACCGGATGGCCCATATTCATGGGG 237 
TC122952        CTCCCATGAAACTACTGGAGGAT---GGGCAACAGCACCAGATGGTCCATATGCATGGGG 237 
TC16827         CTCCCATGAAACGACCGGAGGAT---GGGCAACAGCACCAGATGGTCCATATGCATGGGG 237 
FG635402        CTCCCATGAAACTACAGGAGGAT---GGGCAACGGCACCAGATGGTCCATACGCGTGGGG 237 
TC122981        CTCCCATGAAACTACAGGAGGAT---GGGCAACAGCACCAGATGGTCCATACGCGTGGGG 237 
TC140786        CTCTCATGAAACTACTGGAGGAT---GGGATACAGCACCGGATGGGAGATACGCATGGGG 237 
TC130551        CTCTCATGAAACTACTGGAGGAT---GGGATACAGCGCCGGATGGGAGATACGCATGGGG 232 
TC18292         CTCTCATGAAACTACTGGAGGAT---GGGATACAGCACCGGATGGGAGATACGCATGGGG 237 
                 ** ** ***** ** ** ** *    *    * *  **          *   *  * ** 
 
NbPR3Q          ATATTGCTTTGTTCGG------------------------------CAAAATGACCAG-- 259 
TC122995        ATATTGCTTTGTTAGG------------------------------CAAAATGACCAG-- 259 
TC122985        GTATTGCTTTGTTAGG------------------------------CAAAATGACCAG-- 259 
TC125642        ATATTGCTTCAAGCAGGAACAAGGAAGCCCTCCAAATTACTGCGTTGCAAATCAGCAGTG 297 
TC122952        TTATTGCTGGCTTAGAGAACAAGGTAGCCCCGGCGACTACTGTACCCCAAGTGGTCAGTG 297 
TC16827         TTATTGCTGGCTTAGAGAACGAGGTAGCCCCGGCGACTACTGTACACCAAGTGGTCAGTG 297 
FG635402        TTACTGCTGGCTTAGAGAACAAGGTAGCCCCGGCGACTACTGTACACCAAGTGGTCAGTG 297 
TC122981        TTACTGCTGGCTTAGAGAACAAGGTAGCCCCGGCGACTACTGTACACCAAGTGGTCAGTG 297 
TC140786        TTACTGCTACCTTAGGGAACAAGGCAACCCTCCAAGCTACTGTGTTCAAAGTTCTCAGTG 297 
TC130551        TTACTGCTACCTTAGGGAACAAGGCAACCCTCCTAGCTACTGTGTTCAAAGTTCTCAGTG 292 
TC18292         TTACTGCTACCTTAGGGAACAAGGCAACCCTCCTAGCTACTGTGTTCAAAGTTCTCAGTG 297 
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                 ** ****                                        ** *   ***   
 
NbPR3Q          -------------AGTGAAAGATATTATGGTAGAGGACCCATCCAATTGACAAACCGAAA 306 
TC122995        -------------AGTGACAGATATTATGGTAGAGGACCCATCCAATTGACAAACCAAAA 306 
TC122985        -------------AGTGACAGATATTATGGTAGAGGACCCATCCAATTGACAAACCGAAA 306 
TC125642        GCCTTGTGCTCCTGGTAAAACGTACTTCGGTCGAGGCCCTATCCAAATATCCTACAACTA 357 
TC122952        GCCTTGTGCTCCTGGTCGAAAATATTTCGGACGAGGCCCCATCCAAATTTCACACAACTA 357 
TC16827         GCCTTGTGCTCCTGGTCGCAAATATTTCGGACGAGGCCCCATCCAAATTTCACACAACTA 357 
FG635402        GCCTTGTGCTCCTGGTCGGAAATATTTCGGACGAGGCCCCATCCAAATTTCACACAACTA 357 
TC122981        GCCTTGTGCTCCTGGTCGGAAATATTTCGGACGAGGCCCCATCCAAATTTCACACAACTA 357 
TC140786        CCCATGTGCTCCTGGCCAGAAATATTACGGAAGAGGCCCCATCCAAATTTCATACAACTA 357 
TC130551        GCCATGTGCTCCTGGCCAAAAATATTACGGAAGAGGCCCCATCCAAATTTCATACAACTA 352 
TC18292         GCCATGTGCTCCTGGCCAAAAATATTACGGAAGAGGCCCCATCCAAATTTCATACAACTA 357 
                              *    *  ** *  **  **** ** ****** *  *  **    * 
 
NbPR3Q          TAATTATGAGAAAGCTGGAACTGCAATTCAACAAGACCTAGTTAACAACCCTGATTTAGT 366 
TC122995        TAACTATGAGAAAGCTGGAAATGCAATTAGACAAGACCTAGTTAACAACCCAGATTTAGT 366 
TC122985        TAACTATGAGAAAGCTGGAACTGCAATTGGACAAGAGCTAGTTAACAACCCTGATTTAGT 366 
TC125642        CAACTATGGACCAGCAGGGAGAGCAATAGGAAGGGATTTGTTAAACAACCCAGATTTAGT 417 
TC122952        TAACTACGGGCCTTGTGGAAGAGCCATAGGAGTGGACCTGCTAAACAATCCTGATTTAGT 417 
TC16827         TAACTACGGACCTTGTGGAAGAGCCATAGGAGTGGACCTCCTAAACAATCCTGATTTAGT 417 
FG635402        CAACTACGGACCTTGTGGAAGAGCCGTAGGAGTGGACCTCCTAAACAATCCTGATTTAGT 417 
TC122981        CAACTACGGACCTTGTGGAAGAGCCATAGGAGTGGACCTCCTAAACAATCCTGATTTAGT 417 
TC140786        CAACTACGGGCCTTGTGGAAGAGCCATAGGGCAGAACCTCCTAAACAATCCTGATCTGGT 417 
TC130551        CAACTACGGGCCTTGTGGGAGAGCCATAGGGCAGAACCTCCTAAACAATCCTGATTTGGT 412 
TC18292         CAACTACGGGCCTTGTGGGAGAGCTATAGGGCAGAACCTCCTAAACAATCCTGATCTGGT 417 
                 ** ** *        ** *  **  *        *  *  * ***** ** *** * ** 
 
NbPR3Q          AGCCACAGATGCTACTATATCATTCAAAACAGCTATATGGTTTTGGATGACAGCACAGGA 426 
TC122995        AGCTACAGATGCTACTATATCATTCAAAACAGCTATATGGTTCTGGATGACACCACAGGA 426 
TC122985        GGCCACAGATGCTACTATATCATTCAAAACAGCTATATGGTTTTGGATGACACCACAGGA 426 
TC125642        AGCCAATGATCCAGTAGTGTCATTCAAAACAGCCCTATGGTTCTGGATGACACCCCAGCA 477 
TC122952        GGCCACAGATCCAGTCATCTCATTTAAGTCAGCTCTCTGGTTCTGGATGACTCCTCAATC 477 
TC16827         GGCCACAGATCCAGTTATCTCATTTAAGTCAGCTCTCTGGTTTTGGATGACCCCTCAATC 477 
FG635402        GGCCACAGATCCAGTAATCTCATTCAAGTCAGCTCTCTGNNNTTGGATGACTCCTCAATC 477 
TC122981        GGCCACAGATCCAGTAATCTCATTCAAGTCAGCTCTCTGGTTTTGGATGACTCCTCAATC 477 
TC140786        GGCCACCAATGCTGTCGTCTCATTTAAGTCAGCAATTTGGTTTTGGATGACGGCTCAGTC 477 
TC130551        GGCGACCAATGCTGTCGTCTCATTTAAGTCAGCAATTTGGTTTTGGATGACGGCACAGTC 472 
TC18292         CGCCACCAATGCTGTCGTCTCCTTTAAGTCAGCAATTTGGTTTTGGATGACGGCTCAGTC 477 
                 ** *   ** *     * ** ** **  ****  * **    ********  * **    
 
NbPR3Q          CAACAAGCCATCTTCCCACGACGTTATCATCGGTAGTTGGACTCCGTCTGCCGCGGATCA 486 
TC122995        TAATAAGCCATCAAGCCACGACGTTATCATCGGTAGTTGGACTCCGTCCGCCGCTGATCA 486 
TC122985        CAACAAGCCATCTTCCCACGACGTTATCATCGGTCGTTGGACTCCGTCTGCCGCGGATCA 486 
TC125642        ACCAAAGCCATCAGCCCACGATGTCATAACTGGGAGATGGACTCCATCCGCAGCTGATTC 537 
TC122952        ACCAAAACCTTCTTGCCACGATGTCATCATCGGAAGATGGCAGCCATCAGCTGGTGATCG 537 
TC16827         ACCAAAACCTTCTTGCCACGATGTCATCATCGGAAGATGGCAACCATCGTCTGCTGACCG 537 
FG635402        ACCAAAACCTTCTTGCCACGATGTCATCATTGGNNGA-------CATCGTCTGCTGACCG 530 
TC122981        ACCAAAACCTTCTTGCCACGATGTCATCATTGGAAGATGGCAACCATCGTCTGCTGACCG 537 
TC140786        ACCGAAGCCATCTTGCCACGATGTGATCACGGGGCGATGGACACCATCGGCGGCTGACAG 537 
TC130551        ACCGAAGCCATCTTGCCACGATGTGATCACAGGGCGATGGACACCATCGGCGGCTGACAG 532 
TC18292         ACCGAAGCCATCTTGCCACGATGTGATCACGGGGCGATGGACACCATCTGCGGCTGACAG 537 
                    ** ** **   ****** ** ** *  **  *        * **  * *  **    
 
NbPR3Q          GGCGGCGAATCGAGTACCAGGTTACGGTGTAATTACCAACATCATTAACGGT 538 
TC122995        GTCGGCGAATCGAGCACCTGGTTACGGTGTAATTACCAACATTATTAACGGT 538 
TC122985        GGCGGCGAATCGAGTACCAGGTTACGGTGTAATTACCAACATCATTAACGGT 538 
TC125642        GGCCGCGCGCCGCGTCCCCGGCTTTGGTGTAATCACCAACATCATCAATGGT 589 
TC122952        CGCAGCCAATCGCCTCCCTGGATTTGGCGTCATCACAAACATCATCAATGGT 589 
TC16827         CGCAGCCAATCGTCTCCCTGGATTTGGTGTCATCACGAACATCATCAACGGT 589 
FG635402        CGCAGCCAATCGTCTCCCT-------GNNNCATCACGAACATCATCAATGGT 575 
TC122981        CGCAGCCAATCGTCTCCCTGGATTTGGTGTCATCACGAACATCATCAATGGT 589 
TC140786        AGCAGCGAACCGCCTCCCAGGATATGGTGTCATAACAAACATCATCAATGGG 589 
TC130551        AGCAGCGAATCGCCTCCCAGGATATGGTGTCATAACAAACATCATCAATGGG 584 
TC18292         AGCAGCGAACCGCCTCCCAGGATATGGTGTCATAACAAACATCATCAATGGG 589 
                  * **    **    **        *    ** ** ***** ** ** **  
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Appendix VI Alignment of nucleotide sequences used to identify NbPR-4B. Sequences 
used in multiple sequence alignment are listed in table 2.12. Sequences were obtained 
after a BLASTN search using The Computational Biology and Functional Genomics 
Laboratory N. tabacum or N. benthamiana Gene Index databases 
(http://compbio.dfci.harvard.edu/index.html). 

 

TC140948        TGGCGGCGGAGGCGGCGGTGGAGGTGGCGGTGGTGGTGG------TGCGCAAAACGTTAG 54 
TC19312         TGGCGGCGGAGGCGGCGGTGGAGGTGGCGGTGGTAG---------TGCGCAAAACGTTAG 51 
TC136163        TGGCGGTGGAGGCGGCGGTGGAGGTGGCGGCGGAGGCGGGGGTGCTGCGCAAAACGTTAG 60 
EH365959        TGGTGGCAATGGCGGCGGCACAGAG--------------------CGCTACAAACGTGAG 40 
TC164344        TGATGGCAATGGCGGCGGCACAGAG--------------------CGCTACAAACGTGAG 40 
TC136138        TGATGGCAATGGCGGCGGCACAGAG--------------------CGCCACAAACGTGAG 40 
NbPR4           TGGTGGCA-TGGCGGCGGCACAGAG--------------------CGCTACAAACGTGAG 39 
FG179825        TGATGGCAATGGCGGCGGCACAGAG--------------------CGCCACAAACGTGAG 40 
FG179917        TGTTTTCAAAAAAAGCAACAAAAAA----------------------AAATTTATGTCCA 38 
                **            **     *                               * **    
 
TC140948        GGCAACATATCA-TATATATAACCCGCAGAATGTTGGGTGGGATTTGTATGCAGTTAGTG 113 
TC19312         GGCAACATATCA-TATATATAACCCGCAGAATGTTGGGTGGGATTTGTATGCAGTTAGTG 110 
TC136163        GGCAACATATCA-TATATATAACCCGCAGAATGTTGGGTGGGATTTGTATGCAGTTAGTG 119 
EH365959        ATCAACGTATCA-TTTATACAACCCACAGAACATTAACTGGGATTTGAGAGCAGCAAGTG 99 
TC164344        ATCAACGTATCA-TTTATATAACCCACAGAACATTAACTGGGATTTGAGAGCAGCAAGTG 99 
TC136138        ATCGACGTATCA-TTTATATAACCCACAGAACATTAACTGGGATTTGAGAGCAGCAAGTG 99 
NbPR4           ATCAACGTATCA-TTTATACAACCCACAGAACATTAACTGGGATTTGAGAGCAGCAAGTG 98 
FG179825        ATCGACGTATCA-TTTATATAACCCACAGAACATTAACTGGGATTTGAGAGCAGCAAGTG 99 
FG179917        GACGGGCTCTTA-CTAGTACAAGTTTACTATTTTAGTGTAAAAATTCTTCATATTGTGAG 97 
                  *    * * *     ** **       *   *    *   * **      *    * * 
 
TC140948        CGT-ACTGCTCAACTTGGGATGGTA---ACAAGCCTTTGGCATGGCGGAGGAAGTA---- 165 
TC19312         CGT-ACTGCTCAACTTGGGATGGTA---ACAAGCCTTTGGCATGGCGGAGGAAGTA---- 162 
TC136163        CGT-ACTGCTCAACTTGGGATGGTA---ACAAGCCTTTGGCATGGAGGAGGAAGTA---- 171 
EH365959        CTT-TCTGCACTACTTGGGATGCCG---ACAAGCCTCTCACGTGGCGTCAGAAATA---- 151 
TC164344        CTT-TCTGCGCTACTTGGGATGCCG---ATAAGCCTCTCGCATGGCGCCAAAAATA---- 151 
TC136138        CTT-TCTGCGCTACTTGGGATGCCG---ACAAGCCTCTCGCATGGCGCCAGAAATA---- 151 
NbPR4           CTT-TCTGCACTACTTGGGATGCCG---ACAAGCCTCTCACGTGGCGTCAGAAATA---- 150 
FG179825        CTT-TCTGCGCTACTTGGGATGCCG---ACAAGCCTCTCGCATGGCGCCAGAAATA---- 151 
FG179917        TGACACGTTTTTGGTTAAAATGTTTGGTATAAGTAAATTATTTGAAAGAGAAAATAC--- 154 
                     *        **   ***      * ***    *    **       ** **     
 
TC140948        ---TGGTTGGACTGCATTCTGTGGCCCTGTTGGACCTCGTGGCCGAGACTCTTGTGGCAA 222 
TC19312         ---TGGTTGGACTGCATTTTGTGGCCCTGTTGGACCTCGTGGCCGAGACTCTTGTGGCAA 219 
TC136163        ---TGGTTGGACTGCATTTTGTGGCCCTGTTGGACCTCGTGGCCGAGACTCTTGTGGCAA 228 
EH365959        ---TGGCTGGACTGCTTTCTGTGATGCTGCTGGACCTCAAGGCCAAAGTTCCTGTGGTAG 208 
TC164344        ---TGGCTGGACTGCTTTCTGCGGTCCTGCTGGACCTCGAGGCCAAGATTCCTGTGGTAG 208 
TC136138        ---TGGCTGGACTGCTTTCTGTGGTCCTGCTGGACCTCGAGGCCAAGATTCCTGTGGTAG 208 
NbPR4           ---TGGCTGGACTGCTTTCTGTGATGCTGCTGGACCTCAAGGCCAAGATTCCTGTGGTAG 207 
FG179825        ---TGGCTGGACTGCTTTCTGTGGTCCTGCTGGACCTCGAGGCCAAGATTCCTGTGGTAG 208 
FG179917        ---TGTAAGTAGCAAAATAACTAAAAATACTGAATATCTGGATATGTATTAATGGTGAAG 211 
                   **   * *      *         *  ** *  **  *        *  **  * *  
 
TC140948        ATGCTTAAGGGT--GACA--------------AATACAGGCACAGGAGCTCAGACCACAG 266 
TC19312         ATGCTTAAGGGT--GACA--------------AATACAGGCACAGGAGCTCAGACCACAG 263 
TC136163        ATGCTTAAGGGT--GACA--------------AATACAGGCACAGGAGCTCAGACCACAG 272 
EH365959        ATGCTTGAGGGT--GACG--------------AACACAGGAACAGGAACTCAAACAACAG 252 
TC164344        ATGCTTGAGGGT--GACG--------------AACACCGGAACAGGAACTCAAGCAACAG 252 
TC136138        ATGCTTGAGGGT--GACG--------------AACACAGGAACAGGAACTCAAACAACAG 252 
NbPR4           ATGCTTGAGGGT--GACG--------------AACACAGGAACAGGAACTCAAACAACAG 251 
FG179825        ATGCTTGAGGGTACGACATCTTTAATTTTTTTAACCCGGTTTTTAAGGTTACTATTTCAG 268 
FG179917        CTAAACGCAGGT--GACG--------------AACACAGGAACAGGAACTCAAACAACAG 255 
                 *       ***  ***               **  * *          *       *** 
 
TC140948        T----------GAGAATCGTGGATCAATGCAG-------------CAATGG--------- 294 
TC19312         T----------GAGAATTGTGGATCAATGCAG-------------CAATGG--------- 291 
TC136163        T----------GAGAATCGTGGATCAATGCAG-------------CAATGG--------- 300 
EH365959        T----------GAGAATAGTAGATCAATGCAG-------------AAATGG--------- 280 
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TC164344        T----------GAGAATAGTAGATCAATGCAG-------------CAATGG--------- 280 
TC136138        T----------GAGAATAGTAGATCAATGCAG-------------CAATGG--------- 280 
NbPR4           T----------GAGAATAGTAGATCAATGCAG-------------AAATGG--------- 279 
FG179825        TTTTGTCGTGAAAGAGTTACATATTGATGTAGGTTAACTTTTACCTGATGGTACTATATT 328 
FG179917        T----------GAGAATAGTAGATCAATGCAG-------------CAATGG--------- 283 
                *           *** *     **  *** **               ****          
 
TC140948        ------------------------CGGACTAGACTTGGACGTTAATGTTTTCCGGCAGCT 330 
TC19312         ------------------------CGGACTAGACTTGGACGTTAACGTTTTCCGGCAGCT 327 
TC136163        ------------------------CGGACTAGACTTGGACGTTAACGTTTTCCGGCAGCT 336 
EH365959        ------------------------AGGGCTTGATTTGGATGTAAACGTCTTTAACCAATT 316 
TC164344        ------------------------AGGGCTTGATTTGGATGTGAATGTCTTTAACCAATT 316 
TC136138        ------------------------AGGGCTTGATTTAGATGTAAACGTCTTTAACCAATT 316 
NbPR4           ------------------------AGGGCTTGATTTGGATGTAAACGTCTTTAACCAATT 315 
FG179825        ATCGGTGCATATAATTTAAACTCTATAGTTTGTTTTAGAGTTTAACTTCTATATACTTGT 388 
FG179917        ------------------------AGGGCTTGATTTAGATGTAAACGTCTTTAACCAATT 319 
                                             * *  ** **  * **  * *     *   * 
 
TC140948        CGACACAGACGGA--AGAGGGAATCAACGCGGCCATCTTATTGTGAACTACGAGTTTGTT 388 
TC19312         CGACACAGATGGA--AGAGGGAATCAACGTGGTCACCTTATTGTGAACTACGAGTTTGTT 385 
TC136163        CGACACAGACGGA--AGAGGGAATCAACGTGGCCACCTTATTGTGAACTACGAGTTTGTT 394 
EH365959        GGACACAAATGGA--GTGGGCTATCAGCAAGGCCACCTTATTGTCAACTATGAATTTATC 374 
TC164344        GGACACTAATGGA--TTGGGCTATCAGCAAGGCCACCTTATTGTCAACTATGAATTTGTC 374 
TC136138        GGACACAAATGGA--GTGGGCTATCAGCAAGGCCACCTTACTGTCAACTATGAATTTGTC 374 
NbPR4           GGACACAAATGGA--GTGGGCTATCAGCAAGGCCACCTTATTGTCAACTATGAATTTATC 373 
FG179825        CGGTATAAAAGCATTTTGCACTATCAAATCGGCTAATGAAAATGGAACTAATAACCTGGA 448 
FG179917        GGACACAAATGGA--GTGGGCTATCAGCAAGGCCACCTTACTGTCAACTATGAATTTGTC 377 
                 *  *   * * *         ****    **  *    *     *****  *   *    
 
TC140948        AATTGTGGTGACAATATGAATGTTCTGCTA 418 
TC19312         AATTGTGGTGACAATATGAATGTTCTGGTA 415 
TC136163        AATTGTGGTGACAATATGAATGTTCTGGTA 424 
EH365959        AACTGCGATGACTAATTAA----TCTGCTT 400 
TC164344        AACTGCAATGACTAATTAA----TCTGCTT 400 
TC136138        AACTGCAATGACTAATTAA----TCTGCTT 400 
NbPR4           AACTGCGATGACTAATTAA----TCTGCTT 399 
FG179825        AAAAAGGATAAGGAACTTAG---TAGGCGT 475 
FG179917        AACTGCAATGACTAATTAA----TCTGCTT 403 
                **      * *  *  * *    *  *    
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Appendix VII Alignment of nucleotide sequences used to identify acidic NbPR-5. 
Sequences used in multiple sequence alignment are listed in table 2.13. Sequences were 
obtained after a BLASTN search using The Computational Biology and Functional 
Genomics Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html). 

 
TC123149        TGCGCCACGAGGTACTAAAATGGCACGTGTATGGGGCCGTACTAATTGTAACTTCAATGC 60 
TC17631         TGCACCACGTGGTACTAAAATGGCACGTATATGGGGTCGTACAAATTGTAACTTCAATGC 60 
TC165944        GGCACCACCTGGTACTAAAATGGCACGTATATGGGGTCGTACTAATTGCAACTTTGATGG 60 
TC165661        ------------------------------------------------------------ 
TC22920         GGCGCCACCTGGCACTAAAATGGCACGTATATGGGGTCGTACCAATTGCAACTTTGATGG 60 
TC149896        GGCCCCACCGGGTACTAAAATGGCACGTATATGGGGTCGTACTAATTGCAACTTTGATGG 60 
TC162204        GGCCCCACCGGGTACTAAAATGGCACGTATATGGGGTCGTACCAATTGCAACTTTGATGG 60 
EH666074        GGCCCCACCGGGTACTAAAATGGCACGTTATATGGGTCGTACCAATTGCAACTTTGATGG 60 
TC138069        CGTGCCAGCTGGCACGCAAGGAGCCCGTATTTGGGCCCGAACTGGTTGCAATTTCGATGG 60 
TC145038        ACCTTCAAACGGTTCCAATGGAAAACGTATCTGGGGCCGAACCAATTGCAATTTTGACGC 60 
FS434384        CGTGAACCCAGGAACAGTCCAGGCTCGCATTTGGGGTCGAACCAATTGCAACTTCGATGG 60 
TC18126         CGTGAACCCAGGAACAGTCCAGGCTCGCATATGGGGCCGAACCAACTGCAACTTCGATGG 60 
NbPR5a          CGTGA--CCAGGGACAGTCCAGGCTCGCATATGGGGCCGAACCAACTGCAACTTCGATGG 58 
TC123454        TGTGAACCCAGGAACAGTCCAGGCTCGCATTTGGGGTCGAACCAATTGCAACTTCGATGG 60 
                                                                             
 
TC123149        TGCTGGTAGGGGTACGTGCCAAACCGGTGACTGTGGTGGAGTCCTACAGTGCACCGGGTG 120 
TC17631         TGCAGGTAGGGGTACGTGTCAAACCGGTGATTGTGGTGGAGTCCTACAGTGCACCGGGTG 120 
TC165944        TGCTGGTAGAGGTTGGTGCCAAACCGGTGATTGTGGTGGAGTCTTAGAATGCAAAGGATG 120 
TC165661        ------------------------------------------------ATGCAAAGGGTG 12 
TC22920         TGCTGGTAGGGGTTGGTGCCAAACCGGTGATTGTGGTGGAGTCCTAGAATGCAAAGGCTG 120 
TC149896        TGCCGGTAGAGGTTGGTGTCAAACCGGTGATTGCGGTGGAGTCCTAGAATGCAAAGGGTG 120 
TC162204        TGCTGGTAGAGGTTGGTGTCAAACCGGTGATTGTGGTGGAGTCTTAGAATGTAAAGGGTG 120 
EH666074        TGCTGGTAGAGGTTGGTGTCAAACCGGTGATTGTGGTGGAGTCTTAGAATGTAAAGGGTG 120 
TC138069        TTCGGGCCACGGTAAGTGTGAGACTGGAGATTGCAATGGTCTTCTCCAGTGTCAAGCTTA 120 
TC145038        ATCTGGCCGTGGTCAATGTCAAACCGGCGATTGCAATGGAGTCCTCGAATGTCAAGCTTT 120 
FS434384        CAGTGGCCGAGGTAATTGTGAGACTGGAGACTGTAACGGGATGCTAGAGTGTCAAGGCTA 120 
TC18126         CAGTGGCCGAGGTAATTGTGAGACTGGAGACTGTAACGGGATGCTAGAGTGTCAAGGCTA 120 
NbPR5a          CAGTGGCCGAGGTAATTGTGAGACTGGAGACTGTAACGGGATGCTAGAGTGTCAAGGCTA 118 
TC123454        CAGTGGCCGAGGTAATTGTGAGACTGGAGACTGTAACGGGATGTTAGAGTGTCAAGGCTA 120 
                                                                 **    *  *  
 
TC123149        GGGTAAACCACCAAACACCTTGGCTGAATACGCTTTGGACCAA-TTCAGTGGTTTAGATT 179 
TC17631         GGGTAAACCACCAAACACTTTGGCTGAATACGCCTTGGATCAA-TTCAGTGGCTTAGATT 179 
TC165944        GGGTAAACCACCAAATACCTTAGCCGAATACGCGTTGAACCAA-TTCAGCAACTTAGATT 179 
TC165661        GGGTAAACCACCAAACACTTTAGCCGAATACGCGTTGAACCAA-TTCAGCAACTTAGATT 71 
TC22920         GGGTAAACCACCAAACACTTTAGCTGAATACGCGTTAAACCAA-TTCAGCAACTTAGATT 179 
TC149896        GGGTAAACCACCAAACACTTTAGCCGAATACGCATTGAACCAA-TTCAGTAACTTAGATT 179 
TC162204        GGGTAAACCACCAAACACTTTAGCTGAATACGCGTTGAACCAA-TTCAGCAACTTAGATT 179 
EH666074        GGGTAAACCACCAAACACTTTAGCTGAATACGCGTTGAACCAAATTCAGCAACTTAGATT 180 
TC138069        TGTGATACCCCCAAACACTTTAGCTGAATATGGCTTAAAACAA-TTTAATGATCTTGATT 179 
TC145038        TGGCACAACCCCAAACACTTTGGCTGAATACAGCCTAAACCAA-TTTAACAATCTTGATT 179 
FS434384        TGGTAAACCACCCAACACTTTAGCTGAATTTGCACTTAATCAG----CCCAATCAGGACT 176 
TC18126         TGGTAAACCACCCAACACTTTAGCTGAATTTGCACTTAATCAG----CCTAATCAGGACT 176 
NbPR5a          TGGTAAACCACCCAACACTTTAGCTGAATTTGCACTTAATCAG----CCTAATCAGGACT 174 
TC123454        TGGAAAAGCACCTAACACTTTAGCTGAATTTGCACTTAATCAA----CCCAATCAGGACT 176 
                 *  * * * ** ** ** ** ** ****      *  * **              ** * 
 
TC123149        T-CTGGGACATTTCTTTAGTT-GATGGATTCAACATTCCGATGACTTTCGCCCCGACTAA 237 
TC17631         T-CTGGGACATTTCTTTGGTT-GACGGATTCAATATACCAATGACTTTTGCCCCGACTAA 237 
TC165944        T-CTGGGACATCTCTGTAATT-GATGGATTTAACATTCCTATGTCTTTTGGCCCGACTAA 237 
TC165661        T-CTGGGACATCTCTGTAATT-GATGGATTTAACATTCCTATGTCTTTTGGCCCGACTAA 129 
TC22920         T-CTGGGATATTTCTGTAATT-GATGGATTTAACATTCCTATGTCTTTTGGCCCGACTAA 237 
TC149896        T-CTGGGACATTTCTGTAATC-GATGGATTCAACATTCCTATGTCTTTTGGCCCGACTAA 237 
TC162204        T-CTGGGACATTTCTGTAATT-GATGGATTCAACATTCCTATGTCTTTTGGCCCGACTAA 237 
EH666074        GACTGGGACATTTCTGTAATTTGATGGATTCAACATTCCTATGTCTTTTGGCCCGACTAA 240 
TC138069        T-TTTCGACATCTCTCTCGTC-GATGGATTCAACGTACCGATGGACTTTAGCCCCAC--- 234 
TC145038        T-CTTCGACATATCTCTTGTA-GACGGTTTCAATGTCCCAATGGAATTTAGTCCAAC--- 234 
FS434384        T-CGTCGACATCTCTCTTGTT-GATGGATTTAACATCCCCATGGAATTCAGCCCAAC--- 231 
TC18126         T-CGTCGACATCTCTCTTGTT-GATGGATTTAACATCCCCATGGAATTCAGCCCAAC--- 231 
NbPR5a          T-CGTCGACATCTCTCTTGTT-GATGGATTTAACATCCCCATGGAATTCAGCCCAAC--- 229 
TC123454        T-TGTCGACATCTCTCTTGTT-GATGGATTTAACATCCCCATGGAATTCAGCCCGAC--- 231 
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                      ** ** *** *  *  ** ** ** **  * ** ***   **    ** **    
 
TC123149        CCCTAGTGGAGGGAAATGCCATGCAATTCATTGTACGGCTAATATAAACGGCGAATGTCC 297 
TC17631         CCCTAGTGGAGGGAAATGCCATGCAATTCATTGTACGGCTAATATAAACGGTGAATGTCC 297 
TC165944        GCCTGGTCCTGGAAAATGTCACGGAATTCAATGCACAGCCAACATAAATGGTGAATGCCC 297 
TC165661        GCCTGGTCCTGGAAAATGTCACGGAACTCAATGCACAGCCAACATAAATGGTGAATGCCC 189 
TC22920         GCCTGGACCTGGAAAATGTCACGGAATTCAATGCACAGCCAATATAAATGGTGAATGCCC 297 
TC149896        GCCTGGTCCTGGAAAATGTCACGGAATTCAATGCACAGCTAATATAAATGGTGAATGCCC 297 
TC162204        GCCTGGCCCTGGAAAATGTCACGGAATTCAATGCACAGCTAACATAAATGGTGAATGCCC 297 
EH666074        GCCTGGCCCTGGAAAATGTCACGGAATTCAATGCACAGCTAACATAAATGGTGAATGCCC 300 
TC138069        CTTCAAT---GGGGTCACCCGTGGTATTAGGTGCACTGTTGATATTAATGGACAATGTTC 291 
TC145038        ATCTGGT---AATTGTTCTGTTAGGATCAGCTGCACTGCCGACATCATAGGACAGTGTCC 291 
FS434384        ---TAAT---GGCGGTTGCCGTAATCTTAGATGCACAGCACCTATTAACGAGCAATGCCC 285 
TC18126         ---TAAT---GGCGGGTGCCGTAACCTTAGATGCGCAGCCCCTATTAACGAGCAATGCCC 285 
NbPR5a          ---TAAT---GGCGGGTGCCGTAACCTTAGATGCGCAGCCCCTATTAACGAGCAATGCCC 283 
TC123454        ---CAAT---GGAGGATGTCGTAATCTCAGATGCACAGCACCTATTAACGAACAATGCCC 285 
                                               **  * *     ** *  *   * **  * 
 
TC123149        CC-GCGAACTTAGGGTTCCC-GGAGGATGTAATAACCCTTGTACTACATTCGGAGGACAA 355 
TC17631         AC-GTGAACTTAGGGTTCCC-GGAGGATGTAATAACCCTTGTACTACATTTGGTGGACAA 355 
TC165944        TG-GTTCACTTAGGGTACCT-GGAGGATGTAACAACCCATGTACAACATTTGGAGGACAA 355 
TC165661        TG-GTTCACTTAGGGTACCT-GGAGGATGTAACAACCCATGTACAACATTTGGAGGACAA 247 
TC22920         TG-GTGCACTTAGGGTACCT-GGAGGATGTAACAATCCATGTACAACATTTGGAGGACAA 355 
TC149896        TG-GTGCACTTAGGGTACCT-GGAGGATGTAACAACCCATGTACAACATTTGGAGGACAA 355 
TC162204        TG-GTGCACTTAGGGTACCC-GGAGGATGTAACAACCCATGTACAACATTTGGAGGACAA 355 
EH666074        TGAGTGCACTTAGGGTACCCCGGAGGATGTAACAACCCATGTACAACATTTGGAGGACAA 360 
TC138069        GA-ACCAATTACGAGCTCCT-GGTGGGTATAATAATCCTTGTACCATTTTCAAGACTGAT 349 
TC145038        GA-ATGAACTAAGGATTCCT-GGAGGCTGTAATAATCCTTGTACTGTTTTCAAGACTGCG 349 
FS434384        AG--CACAGTTGAAAACACAAGGTGGATGTAACAACCCATGTACTGTGATAAAAACCAAT 343 
TC18126         AG--CACAGTTGAAAACACAAGGTGGATGTAACAACCCATGTACTGTGATAAAAACCAAT 343 
NbPR5a          AG--CACAGTTGAAAACACAAGGTGGATGTAACAACCCATGTACTGTGATAAAAACCAAT 341 
TC123454        AG--CACAGTTGAAAACACAAGGTGGATGTAACAACCCATGTACTGTGATAAAAACCAAT 343 
                       * *        *  ** ** * *** ** ** *****     *           
 
TC123149        CAATATTGTTGCACACAAG------GACCTTGTGGTCCTACATTTTTCTCAAAATTTTTC 409 
TC17631         CAATATTGTTGCACACAAG------GACCATGTGGTCCTACATCTTTCTCAAAATTTTTC 409 
TC165944        CAATATTGTTGCACACAAG------GACCATGTGGTCCTACTGAGTTATCAAGATGGTTC 409 
TC165661        CAATATTGTTGCACACAAG------GACCATGTGGTCCTACAGAGTTATCAAGATGGTTC 301 
TC22920         CAATATTGTTGCACACAAG------GACCATGTGGTCCTACTGAGTTATCAAGATGGTTC 409 
TC149896        CAATATTGTTGCCCACAAG------GACCTTGTGGTCCTACAGAGTTATCAAGATGGTTC 409 
TC162204        CAATATTGTTGTACACAAG------GACCATGTGGTCCTACTGAGTTATCAAGATGGTTC 409 
EH666074        CAATATTGTTGTACACAAG------GACCATGTGGTCCTACTGAGTTATCNAGATGGTTC 414 
TC138069        AATTATTGTTGTAATTATG------GAAATTGTGGCCCA--------------------- 382 
TC145038        GAATATTGTTGCACATCTGT---TGGCAATTGTGGTCCAACCCAGTATTCCAAGTTCTTT 406 
FS434384        GAA--------------------------------------------------------- 346 
TC18126         GAATATTGTTGTACAAATGGGCCTGGATCATGTGGGCCTACTGATTTGTCGAGATTTTTT 403 
NbPR5a          GAATATTGTTGTACAAATGGGCCTGGATCATGTGGGCCTACTGATTTGTCGAGATTTTTT 401 
TC123454        GAATATTGTTGTACAAATGGGCCTGGATCATGTGGGCCTACTGATTTGTCGAGATTTTTT 403 
                 *                                                           
 
TC123149        AAAC-AAAGATGCCCTGATGCCTATAGCTACCCACAAGATGATCCTACTAGCA-CTTTTA 467 
TC17631         AAAC-AAAGATGCCCTGATGCCTATAGTTACCCACAAGATGATCCTACTAGCA-CTTTTA 467 
TC165944        AAAC-AAAGATGTCCTGACGCCTATAGTTATCCTCAAGATGATCCAACAAGTA-CATTTA 467 
TC165661        AAAC-AAAGATGTCCAGATGCCTATAGTTATCCTCAAGATGATCCAACAAGTA-CATTTA 359 
TC22920         AAAC-AAAGATGTCCAGATGCCTATAGTTATCCTCAAGATGATCCAACAAGTA-CATTTA 467 
TC149896        AAAC-AAAGATGTCCTGATGCCTATAGTTATCCACAAGATGATCCAACAAGTA-CATTTA 467 
TC162204        AAAC-AAAGATGTCCTGATGCCTATAGTTATCCTCAAGATGATCCAACAAGTA-CATTTA 467 
EH666074        CAACCAAGGATGTCCTGATACCTATAGTTATCCTCAAGTTATCCCAACAAGTAACATTTA 474 
TC138069        ------------------------------------------------------------ 
TC145038        AAGG-ATAGATGTTCAACTTCTTACAGTTATCCTCTAGATGACCCCACTAGTA-GGTTCA 464 
FS434384        ------------------------------------------------------------ 
TC18126         AAGG-AAAGATGCCCAGATGCTTATAGCTATCCACAGGATGATCCAACTAGTT-TGTTTA 461 
NbPR5a          AAGG-AAAGATGCCCAGATGCTTATAGCTATCCACAGGATGATCCAACTAGTT-TGTTTA 459 
TC123454        AAGG-AAAGATGCCCTGATGCTTATAGTTATCCACAGGATGATCCAACCAGTT-TGTTTA 461 
                                                                             
 
TC123149        CTTGCCCTGGTGGTAGTACAAATTATAGGGTTATCTTTTGTCCTAATGGTCAAGCTC--- 524 
TC17631         CTTGCCCTGGTGGTAGTACAAATTATAGGGTTATCTTTTGTCCTAATGGTCAAGGTC--- 524 
TC165944        CTTGCACAAGTTGGACTACAGATTATAAGGTTATGTTCTGTCCTTATGGAAGTGCTCACA 527 
TC165661        CTTGCACAAGTTGGACTACAGATTATAAGGTTATGTTCTGTCCTTATGGAAGTGCTCATA 419 
TC22920         CATGCACAAGTTGGACTACAGATTATAAGGTTATGTTCTGTCCATATGGAAGTGCTCATA 527 
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TC149896        CATGCACAAGTTGGACTACAGATTATAAGGTTATGTTCTGTCCTTATGGAAGTGCTCACA 527 
TC162204        CATGCACAAGTTGGACTACAGATTATAAGGTTATGTTCTGTCCTTATGGAAGTGCACACA 527 
EH666074        CATTGCCCACGTGACTACCGAATTATAAGGGTATGGTCTGGCCTTTTGGA-GTNCGC-CA 532 
TC138069        ------------------------------------------------------------ 
TC145038        CTTGTCCTACTGGAACCA---ATTACAGAGTGGTTTTCTGTCCATAAATTAAATGGA--- 518 
FS434384        ------------------------------------------------------------ 
TC18126         CTTGTCCTTCTGGTACCA---ATTACAGGGTTGTCTTCTGCCCTTGAACTTGAAGACTGC 518 
NbPR5a          CTTGCCCTTCTGGTACCA---ATTACAGGGTTGTCTTCTGCCCTTGAACTTGAATACTGC 516 
TC123454        CGTGTCCTTCTGGTACTA---ATTACAGGGTTGTCTTCTGCCCTTGAAATTGAAGCCTGC 518 
                                                                             
 
TC123149        -----A----CCCAAATTTTCCCTTGGAAATGCCT 550 
TC17631         -----A----CCCTAATTTCCCCTTGGAAATGCCT 550 
TC165944        ATGAAA---CAACAAATTTCCCATTGGAGATGCCT 559 
TC165661        ATGAAA---CAACAAATTTCCCATTGGAGATGCCT 451 
TC22920         ATAATAATACAACAAATTTCCCATTGGAAATGCCT 562 
TC149896        ATGAAA---CAACAAATTTCCCATTGGAGATGCCT 559 
TC162204        ATGAAA---CAACAAATTTCCCATTGGAGATGCCT 559 
EH666074        ATGNAA----CGCCAATTCCCC--TGGGAA-GCCT 560 
TC138069        ----------------------------------- 
TC145038        -TGGAG----CATTTTTTCCCCTTAATTGATGTAT 548 
FS434384        ----------------------------------- 
TC18126         AAAATTATAACTATGTAATATGTAGTTTGAAATAT 553 
NbPR5a          AAAATTATAACTATGTAATATGTATCTTGAAATAT 551 
TC123454        AAAATTATGACTATGTAATTTGTAGTTTCAAATAT 553 
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Appendix VIII Alignment of nucleotide sequences used to identify acidic NbS25-PR6. 
Sequences used in multiple sequence alignment are listed in table 2.14. Sequences were 
obtained after a BLASTN search using The Computational Biology and Functional 
Genomics Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html). 

 
NbS25_PR6       CATGGTGGCTTA-CATCAGGATCACATGTGAATTCTGCCAATTCCCCGAATATTTCAATG 59 
CK284481        CATGGTGGCTTAACATCAGGATCACACGTGAATTCTGCCAATTCCCCGAATATTTCAATG 60 
TC147019        CATGGTGGCTTATCATCAGGACCACACGTGAATTCTGCCAATTCCCCGAATATTTCAGTG 60 
TC169356        CATGGTGGCTTAACATCTGGATCACACGTGAATTCTGCCAATTCCCCGAATATTTCAATG 60 
TC129921        CATGGTGGCTTAACATCTGGATCACACGTGAATTCTGCCAATTCCCCGAATACTTCAATG 60 
                ************ **** *** **** ************************* **** ** 
 
NbS25_PR6       CATCAACCCACTCTTTCAGGTGATATTGATGCTAACGACTCTCAGAGTTCTGTACAAAAG 119 
CK284481        CATCAACCCACTCTTTCAGTTGATATTGATGCTAACGACTTTCAGAGTTTTGTACAAAAG 120 
TC147019        CATCAACCCACTCTTTCAGGTGATATTGATGCTAATGACTCTCAAAGTTCTGTACAAAAG 120 
TC169356        CATCAACCCACTCTTTCAGGTGATATTGATGCTAACGACTCTCAGAGTTCTGTACAAAAG 120 
TC129921        CATCAAGCCACTCTTTCAGGTGATATTGATGCTAACGACTCTCAGAGTTCTGTACAAAAG 120 
                ****** ************ *************** **** *** **** ********** 
 
NbS25_PR6       ATCATACATGAAATGATGATGTCTTCCCAACTTGGTGGAGGTGGCCTTGTACGTGGTGGT 179 
CK284481        ATCATACACAAAATGATGATGTTTTCCCAACTTGGTGGAGGTGGCCTTGTAGGTGGGGGT 180 
TC147019        ATCATACATGAAATGATGATGTCTTCCCAACTTGGTGGAGGTGGCCTTGTAAGTGGTGGT 180 
TC169356        ATCATACACGAAATGATGATGTCTTCCCAACTTGGTGGA-GTGGCCTTGTA-GTGGTGGT 178 
TC129921        ATCATACACGAAATGATGATGTCTTCCCAACTTGGTGGAGGTGGCCTTGTAGGTGGTGGT 180 
                ********  ************ **************** *********** **** *** 
 
NbS25_PR6       GCCACGGGGAATGATATG-AAAAGTGTAAATGGTTTGATAACAACTGCTAATAATTCCAT 238 
CK284481        GCCACGGGGAATGATATG-AAAAGTGTAAATGGTTTGATAACAACTGTTAATAACTCCAT 239 
TC147019        ACCAT---GAATGATATG-AAAAGTGTAAATGGTATGATAGCAACTGCTAATAATTCCAT 236 
TC169356        GCCACGCGGAATGATATG-AAAAGTGTAAATGGTTTGATAACAACTGCTAATAACTCCAT 237 
TC129921        GCCACGCGGAATGATATGCAAAAGTGTAAATGGTTTGATAACAACTGCTAATAACTCCAT 240 
                 ***    ********** *************** ***** ****** ****** ***** 
 
NbS25_PR6       TCTTAATGGAAGCAGCTGCCTTGTTGGAAATGGGACAGCAAATGCTAATATTGGTATGGC 298 
CK284481        TTTTAATGGAAGCAGCTGCCTTGTTGGGAATGGGACAGCAAATGTTAATATTGGTATGTT 299 
TC147019        TCTTAATGGAAGCAGCTGCCTTGTTGGGAATGGGACAGCAAATGCTAATATAGGTATGGG 296 
TC169356        TCTTAATGG-AGCAGCTGCCTTGTTGGGA--TGGACAGC-AATGCTAATAT--GTATCTC 291 
TC129921        TCTTAATGGAAGCAGCTGCCTTGTTGGGAATGGGACAGCAAATGCTAATATTGGTATCTC 300 
                * ******* ***************** *   ******* **** ******  ****    
 
NbS25_PR6       TCCAGGATATGGCAACATGGGCAACGGACTGAGCCAGGCTGCAATGGCCAATGGA 353 
CK284481        TCCAAGATATGGCAATATGGGCAATGGATTGAGCCAGGCTGCAATGGCCAATGGA 354 
TC147019        TCCAGGATATGGCAACATGGGCAACGGACTGAGCCAGGCTGCAATGGCCAATGGA 351 
TC169356        TCCAGGATATGGCAACATGG-CAC--GACTGAGC--AGCTGCA------------ 329 
TC129921        TCCAGGATATGGCAACAGGGGCAACGGACTGAGCCAGGCTGCAATGGCCAATGGA 355 
                **** ********** * ** **   ** *****   ******             
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Appendix IX Alignment of nucleotide sequences used to identify acidic NbSAR8.2a. 
Sequences used in multiple sequence alignment are listed in table 2.15. Sequences were 
obtained after a BLASTN search using The Computational Biology and Functional 
Genomics Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html). 

 
NbSAR8.2a       GTTG--GCAAAGCCGTTGGCAAAG----CTGTT--------------------------- 27 
AJ853477        GTTGATGCAAGGGAGATGTCTAAGGCGCCTGCTACAATAACCCAAGCAATGAA------- 53 
TC142556        GCTGATGCAAGGGAGATGTCTAAGGCGGCTGCTCCAATTACCCAAGCAATGAACTCAAAC 60 
BP136000        GCTGATGCAAGGGAGATGTCTAAGGCGCCTGCTACAATAACCCAAGCAATGAATTCAAAC 60 
TC144859        GCTGATGCAAGGGAGATGTCTAAGGCGCCTGCTACAATAACCCAAGCAATGAATTCAAAC 60 
TC161643        GCTGATGCAAGGGAGATTTCTAAGGCTGCTGCTCCAATTACCCATGCAATGAATTCAAAC 60 
TC136550        GCTGATGCAAGGGAGACGTCTAAGGCAGCTGCTCCAATTACCCAAGAAATGAATTCAAAC 60 
TC132623        GCTGATGCAAGGGAGATGTCTAAGGCGGCTGCTCCAATTACCCAAGCATTGAATTCAAAC 60 
TC166482        GCTGATGCAAGGCAGATGTCTAAGGCGGCTGCTCCAATTACCCAAGCAATGAATTCAAAC 60 
TC160756        GCTGATGCAAGGCAGATTTCTAAGGCGGCTGCTCCAATTACCCAAGCATTGAATTCAAAC 60 
TC145459        GCTGATGCAAGGGAGATGTCTAAGGCGGCTGCTCCAATTACCCAAGAAATGAATTCAAAC 60 
EH621183        GCTGATGCAAGGGAGACGTCTAAGGCAACTGCTCCAATTACCCAAGAAATGAATTCAAAC 60 
TC138494        GCTGATGCAAGGGAGACGTCTAAGGCAACTGCTCCAATTACCCAAGAAATGAATTCAAAC 60 
TC136690        GCTGATGCAAGGGAGATGTCTAAGGCGGCTGTTCCAATTACCCAAGCAATGAATTCAAAC 60 
TC153612        GCTGATGCAAGGCAGATTTCTAAGGCGGCTGCTCCAATTACCCATGCAATGAATTCAAAC 60 
TC148909        GCTGATGCAAGGGAGATGTCTAAGGCTGCTGCTCCAATTACCCAAGCAATGAATTCAAAC 60 
                * **  **** *  *    * ***    *** *                            
 
NbSAR8.2a       ------------------------------------------------------------ 
AJ853477        -----------------GATGGGTGCAGGAATCCAAGGCGTCGGCAAAGGAGTCGG---C 93 
TC142556        ATCATTACTGATCAGAAGACGGTTGCAGGAATC--ATCCGTAAGATACCGGGTTGGATAC 118 
BP136000        AGTATTACTGATCAGAAGACGGGTGCAGGTATC--ACCCGTAAGATACCGGGTTGGATAC 118 
TC144859        AGCATTACTGATCAGAAGACGGGTGCAGGTATC--ACCCGTAAGATACCGGGTTGGATAC 118 
TC161643        AACATTACTAATCAGAAGACGGGTGCCGGAATC--ATCCGTAAGATACCGGGTTGGATAC 118 
TC136550        AACATTACTGATCAGAAGACGGGTGCCGGAATC--ATCC--------------------- 97 
TC132623        AACATTACTGATCAGAAGACGGGTGCAGGAATC--ATCCGTAAAATACCGGGTTGGATAC 118 
TC166482        AACATTACTGATCAGAAGACGGGTGCAGGAATC--ATCCGTAAGATACCGGGTTGGATAC 118 
TC160756        AACATTACTGATCAGAAGACGGGTGCAGGAATC--ATCCGTAAAATACCGGGTTGGATAC 118 
TC145459        AACATTACTGATCAGATGACGGGTGCCGGAATC--ATCCGTAAGATACCGTGTTGGTCAC 118 
EH621183        AACACTACTGATCAGAAGA--------------------------------------TAC 82 
TC138494        AACACTACTGATCAGAAGA--------------------------------------TAC 82 
TC136690        AACATTACTAATCAGAAGACGGGTGCCGGAATC--ATCCGTAAGATACCGGGTTGGATAC 118 
TC153612        AACATCACTAATCAGAAGACGGGTGCCGGAATC--ATCCGTAAGATACCGGGTTGGATAC 118 
TC148909        AACATTACTAATCAGAAGACGGGTGCCGGAATC--ATCCGTAAGATACCGGGTTGGATAC 118 
                                                                             
 
NbSAR8.2a       ----------------------------------GGCAAAGTAGCCGGCAAAGCTTGTAA 53 
AJ853477        AAAGGCGTCGGCAAAGCCGTT-------------GGCAAAGTCGTCGGCAAAGCTTGTAA 140 
TC142556        GAAAAGGT--GCAAAA---GGA------------GGCAAAATCATTGGCAAAGCTTGCAA 161 
BP136000        GAAAAGGT--GCAAAACCTGGA------------GGCAAAATCATTGGCAAAGCTTGCAA 164 
TC144859        GAAAAGGT--GCAAAACCTGGA------------GGCAAAATCATTGGCAAAGCTTGCAA 164 
TC161643        GAAAAGGT--GCAAAACCAGGA------------GGCAAAGTCGCCGGCAAAGCTTGTAA 164 
TC136550        -----------------------------------GCAAAATCGCCGGCAAAGCTTGTAA 122 
TC132623        GAAAAGGT--GCAAAACCAGGA------------GGCAAAGTCGCCGGCAAAGTTTGTAA 164 
TC166482        GAAAAGGT--GCAAA-CCAGGA------------GGCAAAGTCGCCGGCAAAGTTTGTAA 163 
TC160756        GAAAAGGT--GCAAAACCAGGA------------------------GGCAAAGTTTGTAA 152 
TC145459        GAAAAGGT--GCAAAACCAGGATGCAAAATCTTCGGCAAAATCGCCGGCAAAGCTTGTAA 176 
EH621183        CAAAACGT--CCAAAACCAGGA------------GGCAATATCTTCGGCAAAGCTTGTAA 128 
TC138494        CAAAACGT--CCAAAACCAGGA------------GGCAATATCTTCGGCAAAGCTTGTAA 128 
TC136690        GAAAAGGT--GCAAAACCAGGA------------GGCAAAGTCGCCGGCAAAGCTTGTAA 164 
TC153612        GAAAAGGT--GCAAAACCAGGA------------GGCAAAGTCGCCGGCAAAGCTTGTAA 164 
TC148909        GAAAAGGT--GCAAAACCAGGA------------GGCAAAGTCGCCGGCAAAGCTTGTAA 164 
                                                              ******* *** ** 
 
NbSAR8.2a       AATTTGCTCATGTAAATACAAAATTTGCAGCAAATGTCCTAAATGTCATG---------- 103 
AJ853477        AATTTGCTCATGTAAATACAAGATTTGCAGCAAATGTCCTAAATGCCATG---------- 190 
TC142556        AATTTGCCCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 211 
BP136000        AATTTGCTCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 214 
TC144859        AATTTGCTCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 214 
TC161643        AATTTGCTCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 214 
TC136550        AATTTGCTCATGTAAATATCAGATTTGCGGCAAATGTCCTAAATGTCATGCCCAAATAAT 182 
TC132623        AATTTGCTCATGTAAATATCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 214 
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TC166482        AATTTGCTCATGTAAATATCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 213 
TC160756        AATTTGCTCATGTAAATATCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 202 
TC145459        AATTTGCTCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTCATGACCAAAATAT 236 
EH621183        AATTTGCCCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTGATGACCAAAATAT 188 
TC138494        AATTTGCCCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTGATG---------- 178 
TC136690        AATTTGCTCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 214 
TC153612        AATTTGCTCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 214 
TC148909        AATTTGCTCATGTAAATACCAGATTTGCAGCAAATGTCCTAAATGTCATG---------- 214 
                ******* **********  * ****** ****************  ***           
 
NbSAR8.2a       ------------------------------------------------------------ 
AJ853477        ------------------------------------------------------------ 
TC142556        ------------------------------------------------------------ 
BP136000        ------------------------------------------------------------ 
TC144859        ------------------------------------------------------------ 
TC161643        ------------------------------------------------------------ 
TC136550        CGTCGGCAAATTTTGTAAAATTTGCTCATGTAAGAATCAGATTTGCAGTAAATGTCCTAA 242 
TC132623        ------------------------------------------------------------ 
TC166482        ------------------------------------------------------------ 
TC160756        ------------------------------------------------------------ 
TC145459        CGCCGGCAAAGCTTGTAAAATTTGCTCATGTAAATACCAGATTTGCAGCAAATGTCCTAA 296 
EH621183        CGCCGGCAAATTTTGTAAAATTTGCTCATGTAAGACTCAGATTTGCAGTAAATGTCCTAA 248 
TC138494        ------------------------------------------------------------ 
TC136690        ------------------------------------------------------------ 
TC153612        ------------------------------------------------------------ 
TC148909        ------------------------------------------------------------ 
                                                                             
 
NbSAR8.2a       --------ATTAAAGTTAGGCCTCAGAGACTATGTACTTGTGCTGGTGTGAGTTTAGTTT 155 
AJ853477        --------ACTAAAGTTAGGCCTCAGAGAATATATACTTGTGCTGGTGTGAGTTTAGTTT 242 
TC142556        --------ACTA-------------------ATGTACTTGTGTTGGTGTGAGTCTAGTTT 244 
BP136000        --------ACTAAAGTTAGGCCTGAGAGACTATGTACTTGTGCTGGTGTGAGTCTAGTTT 266 
TC144859        --------ACTAAAGTTAGGCCTGAGAGACTATGTACTTGTGCTGGTGTGAGTCTAGTTT 266 
TC161643        --------ACTAAAGTTAGGCCTT-GAGACTATGTACTTGTGCTGGTGTGAGTTTAATTT 265 
TC136550        ATGTCATGACCAAAATTAGGCCTCAGAGACTATGTACTTGTGCTGGTGTGAGTTTAGTTT 302 
TC132623        --------ACTAAAGTTAGGCCTC-GAGATTATGTACTCTTGCTGGTGTGAGTTTAGTTT 265 
TC166482        --------ACTAAAGTTAGGCCTC-GAGATTATGTACTCTTGCTGGTGTGAGTTTAGTTT 264 
TC160756        --------ACTAAAGTTAGGCCTC-GAGATTATGTACTCTTGCTGGTGTGAGTTTAGTTT 253 
TC145459        ATGTCATGACCAAAATTAGGCCTCAGAGACTATGTACTTGTGCTGGTGTGAGTTTAGTTT 356 
EH621183        ATGTCATAACCAAAATTAGGCCTCAGAGACTATGTACTTGTGCTGGTGTGAGTTTAGTTT 308 
TC138494        --------ACCAAAATTAGGCCTCAGAGACTATGTACTTGTGCTGGTGTGAGTTTAGTTT 230 
TC136690        --------ACTAAAGTTAGGCCTT-GAGACTATGTACTTGTGCTGGTGTGAGTTTAGTTT 265 
TC153612        --------ACTAAAGTTAGGCCTT-GAGACTATGTACTTGTGCTGGTGTGAGTTTAATTT 265 
TC148909        --------ACTAAAGTTAGGCCTT-GAGACTATGTACTTGTGCTGGTGTGAGTTTAGTTT 265 
                        *  *                   ** ****  ** ********** ** *** 
 
NbSAR8.2a       TGAGAATAAAGGGAAAGCTATGAATAGCCTAATATAATTCTATTCAC------------- 202 
AJ853477        TGAGAATAAAGGGAAAGCTATGAATAGCCTAATATAATTCTATTCACTTTCCTCTAGTTA 302 
TC142556        TGAGAATAAAGGGAAAGCTATGAATAGCCTAATATAATTCTATTCACTTTCCTCTAGTTA 304 
BP136000        TGAGAATAAAGGGAAAACTATGAATAGCCTAATATAATTCTATACAC------------- 313 
TC144859        TGAGAATAAAGGGAAAACTATGAATAGCCTAATATAATTCTATACAC------------- 313 
TC161643        TGAGAGTAAAGGGAAAGTTATGAATAGCCTAATATAATTCTATTCAC------------- 312 
TC136550        TGAGAATAAAGGGAAAGTTATGAATAGCCTAATATAATTCTATTCACTTTCCTCTAGTTA 362 
TC132623        TGAGAAAAAAGGGAAAGTTATGAATAGCCTAATATAATTCTATTCAC------------- 312 
TC166482        TGAGAAAAAAGGGAAAGTTATGAATAGCCTAATATAATTCTATTCAC------------- 311 
TC160756        TGAGAAAAAAGGGAAAGTTATGAATAGCCTAATATAATTCTATTCAC------------- 300 
TC145459        TGAGAATAAAGGGAAAGTTATGAATAGCCTAATATAATTCTATTCACTTTCCTCTAGTTA 416 
EH621183        TGAGAATAAAAGGAAAGTTATGAATAGCCTAATATAATTCTATTCACTTTCCTCTAGTTA 368 
TC138494        TGAGAATAAAAGGAAAGTTATGAATAGCCTAATATAATTCTATTCACTTTCCTCTAGTTA 290 
TC136690        TGAGAGTAAAGGGAAAGTTATGAATAGCCTAATATAATTGTATTCAC------------- 312 
TC153612        TGAGAGTAAAGGGAAAGTTATGAATAGCCTAATATAATTCTATTCAC------------- 312 
TC148909        TGAGAATAAAGGGAAAGTTATGAATAGCCTAATATAATTCTATTCACTTTCCTCTAGTTA 325 
                *****  *** *****  ********************* *** ***              
 
NbSAR8.2a       ------------------TTTGTTTTGTT---AGTA-----------GTTGCAACTTGCA 230 
AJ853477        ATTTCTTTTAGTTTGTGTTTTGTTTTGTT---AATAGT-----TATTGTTGCAACTTGCA 354 
TC142556        ATTTCTCTTAGTT-----TGTGTTTTGTT---AATCGTTATTATATTGTTGGAACTTGCA 356 
BP136000        ------------------TTTGTTTTGTTATAAGTAGTTCT--TATTGTTGCAACTTGCA 353 
TC144859        ------------------TTTGTTTTGTTATAAGTAGTTCT--TATTGTTGCAACTTGCA 353 
TC161643        ------------------TATGTTTTCTT---AGTAATTCT--TATTGTTGAAACTTGGA 349 
TC136550        ATTTCTCTTAGTTTGTGTTTTGTTTTGTT---AGTAGTTCC--TATTGTTGCAACTTGCA 417 
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TC132623        ------------------TATGTTTTGTT---AGTAATTCT--TATTGTTGCAACTTGCA 349 
TC166482        ------------------TATGTTTTGTT---AGTAATTCT--TATTGTTGCAACTTGCA 348 
TC160756        ------------------TATGTTTTGTT---AGTAATTCT--TATTGTTGCAACTTGCA 337 
TC145459        ATTTCTCTTAGTTTGTGTTTTGTTTTGTT---AGTAGTTCC--TATTGTTGCAACTTGCA 471 
EH621183        ATTTCTCTTAGTTTGTGTTTTGTTTTGTT---AGTAGTTCC--TATTGTTGCAACTTGCA 423 
TC138494        ATTTCTCTTAGTTTGTGTTTTGTTTTGTT---AGTAGTTCC--TATTGTTGCAACTTGCA 345 
TC136690        ------------------TATGTTTTCTT---AGTAATTCT--TATTGTTGAAACTTGGA 349 
TC153612        ------------------TATGTTTTCTT---AGTAATTCT--TATTGTTGAAACTTGGA 349 
TC148909        ATTTCTCTTAGTTTGTGTTTTGTTTTGTT---AGTAGTTCC--TATTGTTGCAACTTGCA 380 
                                  * ****** **   * *            **** ****** * 
 
NbSAR8.2a       ACAAGTCTTTGGGTC-----------------------------AAAATGT--------- 252 
AJ853477        ACAAGTCTT-GGGTC-----------------------------AATATGT--------- 375 
TC142556        ACAAGTCTT-GGGTC-----------------------------AATATAT--------- 377 
BP136000        ACAAGTCTTTGGGTC-----------------------------AAAA------------ 372 
TC144859        ACAAGTCTTTGGGTC-----------------------------AAAATGT--------- 375 
TC161643        ACAGGTCTTTGGGTCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACATGTCCTCGAGGT 409 
TC136550        ATAAGTCTT-GGGTC-----------------------------AACATGT--------- 438 
TC132623        ACAAGTCTTTGGGTC-----------------------------AAAATGT--------- 371 
TC166482        ACAAGACTTTGGGTC-----------------------------AAAATGT--------- 370 
TC160756        ATAAGACTTTGGGTC-----------------------------AAAATGT--------- 359 
TC145459        ACAAGTCTT-GGGTC-----------------------------AACATGT--------- 492 
EH621183        ACAAGTCTTGGGGTC-----------------------------AACATGT--------- 445 
TC138494        ACAAGTCTTGGGGTC-----------------------------AACATGT--------- 367 
TC136690        ACAGGTCTTTGGGTC-----------------------------AAAATGT--------- 371 
TC153612        ACAGGTCTTTGGGTC-----------------------------AAAATGT--------- 371 
TC148909        ATAAGTCTT-GGGTC-----------------------------AACATGT--------- 401 
                * * * *** *****                             ** *             
 
NbSAR8.2a       ------------------------------------------------------------ 
AJ853477        ------------------------------------------------------------ 
TC142556        ------------------------------------------------------------ 
BP136000        ------------------------------------------------------------ 
TC144859        ------------------------------------------------------------ 
TC161643        TTTGGAACTGAATTTCGGTTTGCTGAGGCAAGTGGTGGGGCTGATGCAACTGACCCCTTT 469 
TC136550        ------------------------------------------------------------ 
TC132623        ------------------------------------------------------------ 
TC166482        ------------------------------------------------------------ 
TC160756        ------------------------------------------------------------ 
TC145459        ------------------------------------------------------------ 
EH621183        ------------------------------------------------------------ 
TC138494        ------------------------------------------------------------ 
TC136690        ------------------------------------------------------------ 
TC153612        ------------------------------------------------------------ 
TC148909        ------------------------------------------------------------ 
                                                                             
 
NbSAR8.2a       ---ACCT----------------------CGTCTTGTA---------------------- 265 
AJ853477        ----ATTCT--------------------TGTTTTCTA---------------------- 389 
TC142556        ----ATTCT--------------------TGTTTTCTA---------------------- 391 
BP136000        ------------------------------------------------------------ 
TC144859        ---ACCTCT--------------------TGTCTTGTG---------------------- 390 
TC161643        GCAACTTCTAATGCTGGAGCTGATGATGATGACTTGTATAGCTAAAGTTATTGACTATCT 529 
TC136550        ---ACCTCT--------------------TGTCTCGTA---------------------- 453 
TC132623        ---ACCTCT--------------------TGTCTTATA---------------------- 386 
TC166482        ---ACTTCT--------------------TGTCTTGTA---------------------- 385 
TC160756        ---ACCTCT--------------------TGTCTTGTA---------------------- 374 
TC145459        ---ACCTCT--------------------TGTCTTGTA---------------------- 507 
EH621183        ---ACCTCT--------------------TGTCTTGTA---------------------- 460 
TC138494        ---ACCTCT--------------------TGTCTTGTA---------------------- 382 
TC136690        ---ACCTCT--------------------TGTCTTGTA---------------------- 386 
TC153612        ---ACCTCT--------------------TGTCTCGTA---------------------- 386 
TC148909        ---ACCTCT--------------------TGTCTCGTA---------------------- 416 
                                                                             
 
NbSAR8.2a       -GTCTTTCAACTGTATAACA--TTGTA------CTGTACTGTA----TTTTGTCT----- 307 
AJ853477        --TCTTTAAACCGTATGGTA--TTGTA------TTGTACTGT-----ATTTTTCT----- 429 
TC142556        -GTCTTTATATTGTATGGTA--TTGTATTTGTATTGTATTGGA----ATTTTTCT----- 439 
BP136000        --------AAAAAAAAAAAA---------------------------------------- 384 
TC144859        -GTCTTTCAACCGTATGGTA--TTGTA--------TTACTGT-----ATTTTTCT----- 429 
TC161643        TGTTATTCTGCTGCGACATATCTTTTT-CCTTATTGCAATTG-----AGTTGCCTAAACA 583 
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TC136550        -GTTTTTCGACCGTATAATA--TTGTA-CCGTATTGTATTGT-----ATTTTTCT----- 499 
TC132623        -GTCTTTCAATTGTATGGTA--CTGTAATTGTATGGTACTGTACTGTATTTTTCT----- 438 
TC166482        -GTCTTTCAACTGCATGGTA--------------TTTACTGT-----ATTTTTCT----- 420 
TC160756        -GTCTTTCAACTGCATGGTA-------------CTGTACTGT-----ATTTTTCT----- 410 
TC145459        -GTCTTTCGACTGTATGATA--TTGTA-CCGTATTGTATTGG------------------ 545 
EH621183        -GTCTTTCGACTGTATGATA--TTGTA-CCGTATTGTATTGG------------------ 498 
TC138494        -GTCTTTCGACTGTATGATA--TTGTA-CCGTATTGTATTGT-----ATTTTTCT----- 428 
TC136690        -GTCTTTCAACTGTATAGTA--TTGT-----------ACTGT-----ATTTTTCT----- 422 
TC153612        -GTTTTTCGACCGTATAATA--TTGTA-CCGTATTGTATTGT-----ATTTTTCT----- 432 
TC148909        -GTTTTTCGACCGTATAATA--TTGT---------------------------------- 439 
                                   *                                         
 
NbSAR8.2a       --------------------------TTAGCCACTTGATATTTGAAACCAAATCT-GATT 340 
AJ853477        --------------------------TTAGCCACTTGATATTTGAAACCAAATCT-GATT 462 
TC142556        --------------------------TTAGTCACGTGATATTTGAAACCAAATTCTGATT 473 
BP136000        --------------------------------------------AAAAAAAAGAA-AAAA 399 
TC144859        --------------------------TTAGCCACTTGATATCTTAAACCAAATCC-TATT 462 
TC161643        ATTTACTTTCTAGGACAATGTCTGGATTTAGTGCTTCTTTTCTGGAAGCTTGTTG-GGCT 642 
TC136550        --------------------------TTAGCCACTTGTTATCTGAAACCAAATCC-AATT 532 
TC132623        --------------------------TTAGCCACTTGATATCTGAAACCAAATCC-GATT 471 
TC166482        --------------------------TTAGCCACTTGATATCTGAAACCAAATCC-GATT 453 
TC160756        --------------------------TTAGCCACTTGATATCTGAAACCAAATCC-GATT 443 
TC145459        ------------------------------------------------------------ 
EH621183        ----------------------------AAACATCTAAAAGATGATAACAAGTC--AACT 528 
TC138494        --------------------------TTAGCCACTTGTTATCTGAAACCAAATCC-AATT 461 
TC136690        --------------------------TTAGCCACTT-------GATATCAAATCC-GATT 448 
TC153612        --------------------------TTAGCCACTTGTTATCTGAAACCAAATCC----- 461 
TC148909        ------------------------------------------------------------ 
                                                                             
 
NbSAR8.2a       AAAA 344 
AJ853477        AAAT 466 
TC142556        AAAT 477 
BP136000        AAAT 403 
TC144859        AAAT 466 
TC161643        ACTG 646 
TC136550        AAAT 536 
TC132623        AAAT 475 
TC166482        AAAT 457 
TC160756        AAAT 447 
TC145459        ---- 
EH621183        GCAT 532 
TC138494        AAAT 465 
TC136690        AAAT 452 
TC153612        ---- 
TC148909        ---- 
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Appendix X Alignment of nucleotide sequences used to identify NbCYP1. Sequences 
used in multiple sequence alignment are listed in table 2.16. Sequences were obtained 
after a BLASTN search using The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html). 

 
TC129618        GAATTCTCCAAGTCGTGGGCCAGAGTCGCCATGCTCTCTCCTTCGTTCGCTTTGCTCACA 60 
TC135985        GAATTCTCCAAGTCGTGGGCCAGAGTCGCCATGCTCTCTCCTTCGTTCGCTTTGCTCACA 60 
NbCYP1          GGATTCTCCAAGTCGTCGGCAAGACTCGTCATGCTCTCCTCTTCGCTCGCTTTGCTCACA 60 
TC122954        CAATTCTCCAAGTCGTCGGCAAGACCCGCCATGCTCTCTCCTTCGCTCGCTTTGCTCACA 60 
TC16660         GAATTCTCCAAGTCGTCGGCAAGACTCGTCATGCTCTCCTCTTCGCTCGCTTTGCTCACA 60 
                  ************** *** ***  ** *********  ***** ************** 
 
TC129618        GGTATGGGAAGAGGTATGAGTCAGTTGAGGAGATAAAGCAAAGGTTCGAGGTATTCTTGG 120 
TC135985        GGTATGGGAAGAGGTATGAGTCAGTTGAGGAGATAAAGCAAAGGTTCGAGGTATTCTTGG 120 
NbCYP1          GGTATGGGAAGAGGTACGAGACAGTTGAGGAGATAAAGCAAAGGTTCGAGGTATTCTTGG 120 
TC122954        GGTATGGGAAGAGGTACGAGTCAGTTGAGGAGATAAAGCAAAGGTTCGAGGTATTTTTGG 120 
TC16660         GGTATGGGAAGAGGTACGAGACAGTTGAGGAGATAAAGCAAAGGTTCGAGGTATTCTTGG 120 
                **************** *** ********************************** **** 
 
TC129618        ACAATTTGAAGATGATTCGATCGCATAACAAGAAAGGACTATCATACAAACTCGGTGTCA 180 
TC135985        ACAATTTGAAGATGATTCGATCGCATAACAAGAAAGGACTATCATACAAACTCGGTGTCA 180 
NbCYP1          ACAATTTGAAGATGATTCGATCGCATAACAAGAAAGGACTATCATACAAACTCGGTGTCA 180 
TC122954        ACAATTTGAAGATGATTCGATCGCACAACAAGAAAGGACTATCATACAAACTCGGTGTCA 180 
TC16660         ACAATTTGAAGATGATTCGATCGCATAACAAGAAAGGACTATCATACAAACTCGGTGTCA 180 
                ************************* ********************************** 
 
TC129618        ATGAGTTTACCGACCTAACATGGGATGAGTTCCGAAGAGACAGGTTGGGGGCAGCTCAAA 240 
TC135985        ATGAGTTTACCGACCTAACATGGGATGAGTTCCGAAGAGACAGGTTGGGGGCAGCTCAAA 240 
NbCYP1          ATGAGTTTACCGACATAACATGGGACGAGTTCCGGAGAGACAGGTTGGGAGCAGCTCAAA 240 
TC122954        ATGAGTTTACCGACCTAACATGGGACGAGTTCCGGAGAGACAGGTTGGGGGCAGCTCAAA 240 
TC16660         ATGAGTTTACCGACATAACATGGGACGAGTTCCGGAGAGACAGGTTGGGAGCAGCTCAAA 240 
                ************** ********** ******** ************** ********** 
 
TC129618        ACTGCTCTGCCACAACAAAGGGCAAT-GTCAAGCTCACTAACGCCGTTCTGCCGGAGACG 299 
TC135985        ACTGCTCTGCCACAACAAAGGGCAATGGTCAAGCTCACTAACGCCGTTCTGCCGGAGACG 300 
NbCYP1          ACTGTTCAGCCACCACAAAGGGCAAT-CTCAAACTCACTAACGTTGTCCTGCCGGAGACG 299 
TC122954        ACTGTTCAGCCACCACAAAGGGCAAT-CTCAAAGTCACTAACGTTGTTCTGCCGGAGACG 299 
TC16660         ACTGTTCAGCCACCACAAAGGGCAAT-CTCAAACTCACTAACGTTGTCCTGCCGGAGACG 299 
                **** ** ***** ************  ****  *********  ** ************ 
 
TC129618        AAAGACTGGAGGGAAGATGGGATTGTAAGCCCAGTCAAGAATCAGGGAAAGTGCGGATCT 359 
TC135985        AAAGACTGGAGGGAAGATGGGATTGTAAGCCCAGTCAAGAATCAGGGAAAGTGCGGATCT 360 
NbCYP1          AAAGACTGGAGGGAAGCTGGGATTGTCAGCCCAGTCAAGAACCAGGGCAAGTGCGGATCT 359 
TC122954        AAAGACTGGCGGGAAGCTGGGATTGTCAGCCCAGTCAAGAACCAGGGCAAGTGCGGATCT 359 
TC16660         AAAGACTGGAGGGAAGCTGGGATTGTCAGCCCAGTCAAGAACCAGGGCAAGTGCGGATCT 359 
                ********* ****** ********* ************** ***** ************ 
 
TC129618        TGCTGGACATTCAGCACTACTGGTGCACTAGAAGCAGCATATAGCCAAGCATTTGGGAAG 419 
TC135985        TGCTGGACATTCAGCACTACTGGTGCACCAGAAGCAGCATATAGCCAAGCATTTGGGAAG 420 
NbCYP1          TGCTGGACATTCAGCACTACTGGTGCACTAGAAGCAGCATATGGCCAAGCATTTGGGAAG 419 
TC122954        TGCTGGACATTCAGCACTACTGGTGCACTAGAAGCAGCATATAGCCAAGCATTTGGGAAG 419 
TC16660         TGCTGGACATTCAGCACTACTGGTGCACTAGAAGCAGCATATGGCCAAGCATTTGGGAAG 419 
                **************************** ************* ***************** 
 
TC129618        GGAATCTCTCTATCTGAGCAGCAGCTTGTGGACTGTGCTGGAGCTTTTAATAACTTTGGC 479 
TC135985        GGAATCTCTCTATCTGAGCAGCAGCTTGTGGACTGTGCTGGAGC-TTTAATAAC------ 473 
NbCYP1          GGAATTTCTCTATCTGAACAGCAGCTTGTGGACTGTGCTGGAGCTTTTAATAACTTTGGC 479 
TC122954        GGAATCTCTCTATCTGAGCAGCAGCTTGTGGACTGTGCTGGAGCTTTTAATAACTTTGGC 479 
TC16660         GGAATTTCTCTATCTGAACAGCAGCTTGTGGACTGTGCTGGAGCTTTTAATAACTTTGGC 479 
                ***** *********** ************************** *********       
 
TC129618        TGCAATGGTGGGCTCCCATCACAAGCCTTCGAGTACATTAAATCCAATGGCGGTCTTGAC 539 
TC135985        ------------------------------------------------------------ 
NbCYP1          TGCAATGGTGGGCTCCCATCACAAGCCTTTGAGTATATTAAATCCAATGGTGGTCTTGAC 539 
TC122954        TGCAATGGTGGGCTCCCATCACAAGCCTTTGAGTATATTAAATCCAATGGTGGTCTTGAC 539 
TC16660         TGCAATGGTGGGCTCCCATCACAAGCCTTTGAGTATATTAAATCCAATGGTGGTCTTGAC 539 
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TC129618        ACTGAAGAAGCATATCCATACACTGGCA 567 
TC135985        ---------------------------- 
NbCYP1          ACTGAAGAAGCATATCCATACACCGGCA 567 
TC122954        ACTGAAGAAGCATATCCATACACTGGCA 567 
TC16660         ACTGAAGAAGCATATCCATACACCGGCA 567 
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Appendix XI Alignment of nucleotide sequences used to identify NbHSR203J. 
Sequences used in multiple sequence alignment are listed in table 2.17. Sequences were 
obtained after a BLASTN search using The Computational Biology and Functional 
Genomics Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html). 

 
TC130416        GTTTCGTGCGGTCCTATCGGAGCAAATCGGAGCTAGAACAAGAGCAAACCCCGTTTTTAA 60 
TC124898        GTTTCGTGCGGTCCTATCGGAGCAAATCGGAGCTAGAACAAGAGCAAACCCCGTTTTTAA 60 
TC122972        GTTTCGTGCGGTCCTATCGGAGCAAATCGGAGCTAGAACAAGAGCAAACCCCGTTTTTAA 60 
TC18631         GTTTCGTGCGGTCCTATCGGAGCAAATCGGAGTTAGAACAAGAGCAAACGCCGTTTTTAA 60 
NbHSR203J       GTTTCGTGCGGTCCTATCGGAGC-AATCGGAGTTAGAACAAGAGCAAACGCCGTTTTTAA 59 
TC129614        GGTTCGTGCGGTCTTATCGGAGCAAATCGGAGTTAGAACAAGAGCAAACGCCGTTTTTAA 60 
CK298515        GCTTCGTGCGGTCCTATCGGAGCAAATCGGAGCTAGAACAAGAGCAAACGCCGTTTTTAA 60 
TC17620         GCTTCGTGCGGTCCTATCGGAGCAAATCGGAGCTAGAACAAGAGCAAACGCCGTTTTTAA 60 
TC19220         GCTTCGTGCGGTCCTATCGGAGCAAATCGGAGCTAGAACAAGAGCNAACGCCGTTTTTAA 60 
                * *********** ********* ******** ************ *** ********** 
 
TC130416        CATTAGATATGGTAGATAAATTTCTAGGGTTAGCTTTACCTGTAGGGAGCAATAAGGATC 120 
TC124898        CATTAGATATGGTAGATAAATTTCTAGGGTTAGCTTTACCTGTAGGGAGCAATAAGGATC 120 
TC122972        CATTAGATATGGTGGATAAATTTCTAGGGTTAGCTTTACCAGTAGGGAGCAACAAGGATC 120 
TC18631         CGATAGATATGGTGGATAAATTTCTAGCGTTGGCTTTACCTATAGGGAGCAATAAGGATC 120 
NbHSR203J       CGATAGATATGGTGGATAAATTTCTAGCGTTGGCTTTACCTATAGGGAGCAATAAGGATC 119 
TC129614        CATTAGATATGGTTGATAAATTTCTAGGGTTAGCTTTACCCGTAGGGAGCAATAAGGATC 120 
CK298515        CATTAGATATGGTGGATAAATTTCTAGGGTTAGCTTTACCTGAAGGGAGCAATAAGGATC 120 
TC17620         CATTAGATATGGTGGATAAATTTCTAGGGTTAGCTTTACCTGAAGGGAGCAATAAGGATC 120 
TC19220         CATTAGATATGGTGGATAAATTTCTAGGGTTAGCTTTACCTGAANGGAGCAATNANNNTC 120 
                *  ********** ************* *** ********   * *******  *   ** 
 
TC130416        ATCCAATAACATGTCCAATGGGAGATGCAGCGCCGGCGGTGGAGGAGCTTAACTTGCCGC 180 
TC124898        ATCCAATAACATGTCC-ATGGGAGATGCAGCGCCGCGGG--GAGGAGCT-AACTTGCCG- 175 
TC122972        ATCAAATAACATGTCCGATGGGAGAGGCGGCGCCGGCAGTGGAGGAGCTTAAATTACCGC 180 
TC18631         ATCCAATAACATGCCCGATGGGAGATGCAGCGCCGGCGGTGGAGGAGCTTAAATTGCCGC 180 
NbHSR203J       ATCCAATAACATGCCCGATGGGAGATGCAGCGCCGGCGGTGGAGGAGCTTAAATTGCCGC 179 
TC129614        ATCCAAT-ACATGTCCGATGGGAGAGGCGGCGCCGGCGGTGGAGGAGCTCAAATTGCCGC 179 
CK298515        ATCCAATAACATGTCCAATGGGAGAGCCGGCGCAGGCGGTTGAGGAGCTTAAATTGCCCC 180 
TC17620         ATCCAATAACATGTCCAATGGGAGAGCCGGCGCAGGCGGTTGAGGAGCTTAAATTGCCGC 180 
TC19220         ATCCNATAACATGTCCAATGGGAGANCCGGCGC-NNNGGTTGANGAGCTTAAATTGCCNC 179 
                ***  ** ***** ** ********  * ****     *  ** ***** ** ** **   
 
TC130416        CTTATTTGTACTGTGTAGCGGAGAAAGATCTGATAAAGGACACTGAAATGGAGTTTTACG 240 
TC124898        CTTATTTGTACTGTGTAGCGGAGAA-GATCTGATAAAGGACACTGAATGAG---TTTACG 231 
TC122972        CTTATTTGTACTGTGTGGCGGAGAAAGATCTGATAAAGGACACTGAAATGGAGTTTTACG 240 
TC18631         CTTATTTGTACTGTATAGCAGAGAAGGATCTGATAAAGGACACTGAAATGGAGTTTTACG 240 
NbHSR203J       CTTATTTGTACTGTATAGCAGAGAAGGATCTGATAAAGGACACTGAAATGGAGTTTTACG 239 
TC129614        CTTATTTGAACTGTGTACCGGAGAAAGATCTGATGAAGGACACTGAAATGGAGTTTTACG 239 
CK298515        CTTATCTGTACTGTATGGCGGAGAAGGATCTGATTAAGGATACTGAAATGGAGTTCTACG 240 
TC17620         CTTATCTGTACTGTATGGCGGANAAGGATCTGATTAAGNANNCNG-ANTGGAGTNCTACN 239 
TC19220         CTTATCTGTACTGTATGGCGGAGAAGGATCTGATT-ANNNTACTGAAATGGAGTTCTACN 238 
                ***** ** ***** *  * ** ** ********  *     * * *   *     ***  
 
TC130416        AAGCTATGAAAAAGGGGAAAAAGGATGTAGAGCTGTTTATTAACAGTAATGGAGTGGGAC 300 
TC124898        -AGCTATGAAA----GGGAAA--------------------------------------- 247 
TC122972        AAGCTATGAAAAAGGGGGAAAAGGATGTAGAGCTGTTTATTAAC---AATGGAGTGGGAC 297 
TC18631         AAGCAATGAAAAAGGGGGAAAAGGATGTAGAGCTGTTTATTAAC---AATGGAGTGGGAC 297 
NbHSR203J       AAGCAATGAAAAAGGGGGAAAAGGATGTAGAGCTGTTTATTAAC---AATGGAGTGGGAC 296 
TC129614        AAGCTATGGAAAAGGGGGAAAAGGATATAGAGCTGTTTATCAAT---AATGGAGTGGGAC 296 
CK298515        AAGCTATGAAAAACGGGAAAAAGGATGTAGAGCTGTTTATTAAC---AATGGAGTAGGAC 297 
TC17620         AANCNNNGAAAC---GGGAAAA-------------------------------------- 258 
TC19220         AAGCTATGAAAAN--GGGAAAAGGANGTANAGCTGTTNNNTNAC----ANGGAGTNGNAN 292 
                 * *   * **    ** ***                                        
 
TC130416        ATAGCTTTTATCTGAACAAAATTTCTGTTGAAATGGACCCTGTAACTGGTTCTGAAACTG 360 
TC124898        ------------------------------------------------------------ 
TC122972        ATAGCTTTTATCTTAACAAAATTGCTGTTAGAATGGACCCTGTAACTGGTTCTGAAACTG 357 
TC18631         ATAGCTTTTATCTGAACAAAATTGCTGTTAAAATGGACCCTGTAACTGGTTCTGAAACTG 357 
NbHSR203J       ATAGCTTTTATCTGAACAAAATTGCTGTTAAAATGGACCCTGTAACTGGTTCTGAAACTG 356 
TC129614        ATAGCTTTTATCTCAACAAAACTGCTGTTGAAATTGACCCTGTAACTGCTTCTGAAACTG 356 
CK298515        ATAGCTTTTATCTGAACAAAATTGCTGTTGAAATGGACCCTGTCACTGCTTCTGAAACAG 357 
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TC17620         ------------------------------------------------------------ 
TC19220         NTA--------------------------------------------------------- 295 
                                                                             
 
TC130416        AAAAGCTTTTTGAAGCCGTAGCAGAATTCATCAGCAAGCATTAAAAGGAGAATATTTGCG 420 
TC124898        ------------------------------------------------------------ 
TC122972        AAAAACTTTATGAAGCCGTTGCAGAGTTCATCAACAAGCATTAAAAGGAGAAAATTTGTG 417 
TC18631         AAAAGCTTTATGAAGCCGTTGCAGAGTTCATCAGCAAGCATTAAAAGGAGAATATCTGTC 417 
NbHSR203J       AAAAGCTTTATGAAGCCGTTGCAGAGTTCATCAGCAAGCATTAAAAGGAGAATATCTGTC 416 
TC129614        AAAAGTTTTTAGAAGCCGTTGCAGAGTTCATCAACAAGCGTTAA---------------- 400 
CK298515        AAAAACTTTATGAAGCCGTTGCAGAGTTCATCAGCAAGCATTAAAATGAGAA-------- 409 
TC17620         ------------------------------------------------------------ 
TC19220         ------------------------------------------------------------ 
                                                                             
 
TC130416        GTTTTGGT---------TCAAATAAGCATGGGAATTTAGGATAATATATATTGCATGAAT 471 
TC124898        ------------------------------------------------------------ 
TC122972        GTTTTGCA------------------------------------------------GAAT 429 
TC18631         GATTTGTTTGGTTCAAATTAAATAAGCATGGGAATTTAGGAGAATAT------------T 465 
NbHSR203J       GATTTGTTTGGTTCAAATTAAATAAGCATGGGAATTTAGGAGAATAT------------T 464 
TC129614        ------------------------------------------------------------ 
CK298515        -----------------------------------------------------------T 410 
TC17620         ------------------------------------------------------------ 
TC19220         ------------------------------------------------------------ 
                                                                             
 
TC130416        ATTAGTTTGTTGCATGT---TCAAGATTTTTGATGTACCGTCTATCTGAAGTTGATTGTC 528 
TC124898        ------------------------------------------------------------ 
TC122972        ATTTGTTTGTTGCATGCATGTTCAAGATTTTGATGTACCGTC---------TTGATTGTC 480 
TC18631         ATTTGTTTGTTGCATG----TTCAAGATTTTCATGTGCCGTC---------TTGATTGTC 512 
NbHSR203J       ATTTGTTTGTTGCATG----TTCAAGATTTTCATGTACCGNC---------TTGATTGTC 511 
TC129614        ------------------------------------------------------------ 
CK298515        ATTTGTTTTTTGCATG----TTCAAGATTATGATATACCGTC---------TTGATTGCC 457 
TC17620         ------------------------------------------------------------ 
TC19220         ------------------------------------------------------------ 
                                                                             
 
TC130416        AC 530 
TC124898        -- 
TC122972        AC 482 
TC18631         AC 514 
NbHSR203J       AC 513 
TC129614        -- 
CK298515        AT 459 
TC17620         -- 
TC19220         -- 
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Appendix XII Alignment of nucleotide sequences used to identify NbEF1α. Sequences 
used in multiple sequence alignment are listed in table 2.18. Sequences were obtained 
after a BLASTN search using The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html). 

 
FG134870        AACATGATCGAAAGATCAACAAACCTTGACT-GGTAC-AAGGGCCCAACACTTCTTGATG 58 
TC127278        AACATGATCGAAAGATCAACAAACCTTGACT-GGTAC-AAGGGCCCAACACTTCTTGATG 58 
AF120093        AACATGCTCGAAAGATCAACAAACCTTGACT-GGTAC-AAGGGCCCAACACTTCTTGATG 58 
TC19582         AACATGATCGAAAGATCAACCAACCTTGACT-GGTAC-AAGGGCCCAACTCTTCTTGAGG 58 
TC20465         AACATGATCGAAAGATCAACCAACCTTGACT-GGTAC-AAGGGCCCAACTCTTCTTGAGG 58 
TC18197         AATATGATTGAGAGGTCTACCAACCTTGACT-GGTAC-AAGGGGCCAACCCTCCTTGAGG 58 
TC20535         AATATGATTGAGAGGTCTACCAACCTTGACT-GGTAC-AAGGGCCCAACCCTCCTTGAGG 58 
TC141641        AATATGATTGAGAGGTCTACCAACCTTGACT-GGTAC-AAGGGCCCAACCCTCCTTGAGG 58 
TC128075        AATATGATTGAGAGGTCTACCAACCTTGACT-GGTAC-AAGGGGCCAACCCTCCTTGAGG 58 
TC128349        AATATGATTGAGAGGTCTACCAACCTTGACT-GGTACAAAGGGGCCAACCCTCCTTGAGG 59 
EF1α            AATATGATTGAGAGGTCTACCAACCTTGACT-GGTAC-AAGGGGCCAACCCTCCTTGAGG 58 
EH665887        AATATGATTGAGAGGTCTACCAACCTTGACT-GGTAC-AAGGGGCCAACCCTTCTTGAGG 58 
EH666061        AATATGATTGAAGGTCTANCAAACTTTGACTGGGTAC-AAGGGCCAACCCTACCTTGAGG 59 
                ** *** * **  *     * *** ****** ***** ***** * * *    ***** * 
 
FG134870        CTCTTGACCAGATTAATGAGCCCAAG-AGGCCCACAGACAAGCCTCTCAGGCTCCCACTT 117 
TC127278        CTCTTGACCAGATTAATGAGCCCAAG-AGGCCCACAGACAAGCCTCTCAGGCTCCCACTT 117 
AF120093        CTCTTGACCAGATTAATGAGCCCAAG-AGGCCCACAGACAAGCCTCTCAGGCTCCCACTT 117 
TC19582         CTCTTGACCAGATCAATGAGCCCAAG-AGGCCCTCAGACAAGCCCCTCAGGCTCCCACTT 117 
TC20465         CTCTTGACCAGATTAATGAGCCGAAG-AGGCCCTCGGACAAGCCCCTCAGGCTCCCACTT 117 
TC18197         CTCTTGACCAGATTAATGAGCCCAAG-AGGCCCACAGACAAACCCCTACGTCTTCCACTT 117 
TC20535         CTCTTGACCAGATTAATGAGCCCAAG-AGGCCCACAGACAAACCCCTTCGTCTTCCACTT 117 
TC141641        CTCTTGACCAGATTAATGAGCCCAAG-AGGCCCTCAGACAAACCCCTCCGTCTTCCACTT 117 
TC128075        CTCTTGACCAGATTAATGAGCCCAAG-AGGCCCACAGACAAACCCCTACGTCTTCCACTT 117 
TC128349        CTCTTGACCAGATTAATGAGCCCAAG-AGGCCCACAGACAAACCCCTACGTCTTCCACTT 118 
EF1α            CTCTTGACCAGATTAATGAGCCCAAG-AGGCCCACAGACAAACCCCTACGTCTTCCACTT 117 
EH665887        CTCTTGAACAGATTAATGANCCCAAGAAGGCCAANNGACAAACCCCTACGTCTTCCACTT 118 
EH666061        CTCTTGACCAGATTAATGAGCCCAAGAGGCCCCACAGACAAACCCCTACGTCTTCCACTT 119 
                ******* ***** ***** ** ***  * **    ***** ** **  * ** ****** 
 
FG134870        CAGGATGTTTACAAGATTGGTGGAATTGGTACTGTCCCTGTTGGT-CG-TGTGGAAACTG 175 
TC127278        CAGGATGTTTACAAGATTGGTGGAATTGGTACTGTCCCTGTTGGT-CG-TGTGGAAACTG 175 
AF120093        CAGGATGTTTACAAGATTGGTGGAATTGGTACTGTCCCTGTTGGT-CG-TGTGGAAACTG 175 
TC19582         CAGGATGTCTACAAGATTGGTGGTATTGGTACTGTCCCTGTTGGG-CG-TGTGGAAACCG 175 
TC20465         CAGGATGTCTACAAGATTGGTGGTATTGGTACTGTCCCTGTTGGG-CG-TGTGGAAACCG 175 
TC18197         CAGGACGTTTACAAGATTGGTGGTATTGGTACTGTCCCTGTTGGT-CG-TGTGGAAACTG 175 
TC20535         CAGGATGTTTACAAGATTGGTGGCATTGGAACCGTCCCTGTTGGT-CG-TGTGGAAACTG 175 
TC141641        CAGGATGTTTACAAGATTGGTGGTATTGGTACCGTTCCTGTCGGT-CG-TGTGGAGACTG 175 
TC128075        CAGGACGTTTACAAGATTGGTGGTATTGGTACCGTCCCTGTTGGT-CG-TGTTGAAACAG 175 
TC128349        CAGGACGTTTACAAGATTGGTGGTATTGGTACTGTCCCTGTTGGT-CG-TGTTGAAACAG 176 
EF1α            CAGGACGTTTACAAGATTGGTGGTATTGGTACTGTCCCTGTTGGT-CG-TGTTGAAACTG 175 
EH665887        CAGGACGTTTACAAGATTGGTGGTATTGGTACTGTCCCTGTTGGT-CG-TGTTGAAACAG 176 
EH666061        CAGGACGTTTACCAGATTGGTGGTATTGGTACCGTCCCTGTTGGTACGTTGTTGAAACAG 179 
                ***** ** *** ********** ***** ** ** ***** **  ** *** ** ** * 
 
FG134870        GTG-TCCTCAAGCCT-GGTATGGT-TGTTA-CTTTTGGTCCCACTGGTCTGACCACTGAA 231 
TC127278        GTG-TCCTCAAGCCT-GGTATGGT-TGTTA-CTTTTGGTCCCACTGGTCTGACCACTGAA 231 
AF120093        GTG-TCCTCAAGCCT-GGTATGGT-TGTTA-CTTTTGGTCCCACTGGTCTGACCACTGAA 231 
TC19582         GTA-TCCTAAAGCCT-GGTATGGT-TGTGA-CTTTTGGTCCCACTGGTTTGACCACTGAA 231 
TC20465         GTG-TCCTAAAGCCTGGGTATGGT-TGTGA-CTTTTGGTCCCACTGGTCTGACCACTGAA 232 
TC18197         GTG-TCCTCAAGCCT-GGTATGGT-TGTGA-CCTTTGGACCCACTGGTCTGACAACTGAA 231 
TC20535         GTG-TCCTCAAGCCT-GGTATGGT-TGTGA-CCTTTGGCCCTACTGGTCTGACAACTGAA 231 
TC141641        GTG-TGCTCAAGCCT-GGTATGGT-TGTGA-CCTTTGGCCCTACTGGTCTGACAACTGAA 231 
TC128075        GTG-TCCTCAAGCCT-GGTATGCT-TGTGA-CCTTTGGGCCTACTGGTCTGACAACTGAA 231 
TC128349        GTG-TCCTCAAGCCT-GGTATGCT-TGTGA-CCTTTGGGCCTACTGGTCTGACAACTGAA 232 
EF1α            GTG-TCCTCAAGCCT-GGTATGGT-TGTGA-CCTTTGGACCTACTGGTCTGACAACTGAA 231 
EH665887        GTG--TCTCAAGCCT-GGTATGCT-TGTGA-CCTTTGGGCCTACTGGTCTGACAACTGAA 231 
EH666061        GTGTTCCTCAAGCCTGGGTATGCTACGTGACCTTTTGGGCCTACTGGTCTGACAACTGAA 239 
                **    ** ****** ****** *  ** * * ***** ** ****** **** ****** 
 
FG134870        GTTAA-ATCTGTTGAGATGCACCACGAAGCTC 262 
TC127278        GTTAA-ATCTGTTGAGATGCACCACGAAGCTC 262 
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AF120093        GTTGG-ATCTGTTGAGATGCACCACGAAGCTC 262 
TC19582         GTTAA-ATCTGTTGAGATGCACCACGAAGCTC 262 
TC20465         GTTAA-ATCTGTCGAGATGCNCC--------- 254 
TC18197         GTTAA-ATCTGTTGAGATGCACC--------- 253 
TC20535         GTCAA-GTCTGTAGAGATGCACCACGAAGCTC 262 
TC141641        GTCAA-GTCTGTTGAGATGCACCATGAAGCTC 262 
TC128075        GTCAA-GTCTGTAGAGATGCACCACGAAGCTC 262 
TC128349        GTCAA-GTCTGTAGAGATGCACCACGAAGCTC 263 
EF1α            GTCAA-GTCTGTAGAGATGCACCACGAAGCTC 262 
EH665887        GTCAA-GTCTGTAGAGATGCACCACGAAGCTC 262 
EH666061        GTCAAGGTCTGTAGAGATGCACCATGAAGCTC 271 
                **     ***** ******* **          
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Appendix XIII Sequences used in multiple sequence alignment for design of individual 
primer sets to amplify target genes found to be up-regulated by pigment dispersion 
treatment using RNA-seq, genes not used for timecourse experiments. 

 
Target 
Gene Gene Name Sequence ID1 Species Reference 

As4CL NODE_1094984 Agrostis stolonifera Appendix XVIII 
Lp4CL2 AF0522225 Lolium perenne Heath et al., 19982 
Os4Cl1 AK067261 Oryza sativa Kikuchi et al., 2003 
Sb4Cl2 XM_002438738 Sorghum bicolor Paterson et al., 2009 
Na4CL EU327341 Neosinocalamus affinis Huang et al., 20072 
Os4Cl1 AK068985 Oryza sativa Kikuchi et al., 2003 
Os4Cl1 NM_001064787 Oryza sativa Itoh et al., 2007 
Ta4Cl AK332761 Triticum aestivum Kawaura et al., 2009 
Os4Cl1 AK070083 Oryza sativa Kikuchi et al., 2003 
Os4CL-3 AB234050 Oryza sativa Nakano, 20052 

As4Cl
2 

Os4Cl1 NM_001052604 Oryza sativa Itoh et al., 2007 
     

AsPR-like NODE_614004 Agrostis stolonifera Appendix XVIII 
LpPR-like EU054389 Lolium perenne Xing et al., 2007 
TaPR-like AK330749 Triticum aestivum Kawaura et al., 2009 
HvPPRPX-18B GU1084335 Hordeum vulgare Cseri et al., 20092 
HvPPRPX-20C GU108434 Hordeum vulgare Cseri et al., 20092 

AsPR-
like 

HvPR X16648 Hordeum vulgare Jutidamrongphan et al.,
1989 

     
AsPAL NODE_685025 Agrostis stolonifera Appendix XVIII 
AsPAL NODE_22322 Agrostis stolonifera Appendix XVIII 
AsPAL NODE_602234 Agrostis stolonifera Appendix XVIII 
TaPAL-4 AK332608 Triticum aestivum Kawaura et al., 2009 
HvPAL AK253101 Hordeum vulgare Sato et al., 2009 
HvPAL Z49146 Hordeum vulgare Peltonen and 

Karjalainen, 1995 
PePAL FJ195650 Phyllostachys edulis Gao, 20082 
BoPAL-4 GU592807 Bambusa oldhamii Hsieh, et al., 2010 
BoPAL-4 GU592808 Bambusa oldhamii Hsieh and Lee, 20102 
SoPAL EF189195 Saccharum officinarum Que et al., 20062 
SoPAL-like EU048799 Saccharum officinarum Que et al., 20072 
OsPAL EF575832 Oryza sativa Kumari et al., 20072 
OsPAL X16099 Oryza sativa Minami et al., 1989 
OsPAL AK102817 Oryza sativa Kikuchi et al., 2003 
OsPAL AK287881 Oryza sativa Kikuchi et al., 20072 

AsPAL
-4 

OsPAL NM_001054016 Oryza sativa Itoh et al., 2007 
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Appendix XIII continued 
AsCht1 NODE_999485 Agrostis stolonifera Appendix XVIII 
OsCht-like NM_0010620124 Oryza sativa Itoh et al., 2007 
OsCht L37289 Oryza sativa Yun et al 3 
OsRcht1 L40337 Oryza sativa Kim et al 3 
OsCht AY444342 Oryza sativa Trivedi and Sengupta, 

20032 
TaCht1 AK332684 Triticum aestivum Kawaura et al., 2009 

AsCht1 

SbCht-like NM_002441017 Sorghum bicolor Paterson et al., 2009 
     

AsGns NODE_901026 Agrostis stolonifera Appendix XVIII 
ZmGns EU956656 Zea mays Alexandrov et al., 2009 
SbGns XM_002462923 Sorghum bicolor Paterson et al., 2009 
SbGns XM_002462922 Sorghum bicolor Paterson et al., 2009 
ZmGns BT063200 Zea mays Yu et al., 20092 

AsGns 

ZmGns NM_001158000 Zea mays Alexandrov et al., 2009 
     

AsEG1 NODE_2647194 Agrostis stolonifera Appendix XVIII 
AsEG1 NODE_2186855 Agrostis stolonifera Appendix XVIII 
OsEG1 AK120536 Oryza sativa Kikuchi et al., 2003 
Endoglucanase CT834132 Oryza sativa Liu et al., 2007d 
Cellulase NM_001052442 Oryza sativa Itoh et al., 2007 
ZmEG1 NM_001157964 Zea mays Alexandrov et al., 2009 
SbEG7 XM_002454270 Sorghum bicolor Paterson et al., 2009 
OsEG1 AK099698 Oryza sativa Kikuchi et al., 2003 
Cellulase NM_001054597 Oryza sativa Itoh et al., 2007 
SbEG16 XM_002438104 Sorghum bicolor Paterson et al., 2009 
Endoglucanase CT832960 Oryza sativa Liu et al., 2007d 
Endoglucanase AK065325 Oryza sativa Kikuchi et al., 2003 
Endoglucanase NM_001063821 Oryza sativa Itoh et al., 2007 
SbEG21 XM_002445462 Sorghum bicolor Paterson et al., 2009 
HvEG1 AK363849 Hordeum vulgare Matsumoto et al., 2011 
Endoglucanase AK335808 Triticum aestivum Kawaura et al., 2009 

AsEG1 

SbEG22 XM_002462294 Sorghum bicolor Paterson et al., 2009 
1NODE sequences were obtained from contig assembly of RNA-seq data. Additional 
sequences were obtained from the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/). 
2Direct submission. 
3Unpublished. 
4Sequence used to design forward primer. 
5Sequence used to design reverse primer. 
6Sequence used to design forward and reverse primer. 
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Appendix XIV Alignment of nucleotide sequences used to identify AsPR-1. Sequences 
used in multiple sequence alignment are listed in table 3.10. Sequences were obtained 
after a BLASTN search using the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/) or The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html) (TC sequences). 

 
EF061247        CCGCCCGCGCCGCCGTCGGCGTGGGTCCGGTGACCTGGGACACGAGCGTGCAGGCGTTCG 60 
FP093699        CCGCCCGCGCCGCCGTCGGCGTGGGCCCGGTGACCTGGAGCACGAAACTCCAGGCGTTCG 60 
X74939          CCGCCCGCGCTGCCGTCGGCGTGGGCGCAGTGAGCTGGAGCACGAAGCTGCAGGCGTACG 60 
AJ007348        CCGCCCGCGCCGCCGTCGGCGTGGGCGCGGTGAGCTGGAGCACGAAGCTGCAGGGGTTCG 60 
DQ167192        CCGCCCGCGCCGCCGTCGGCGTGGGCGCGGTGAGCTGGAGCACGAAGCTGCAGGGGTTCG 60 
TC5820          CTGTCCGCGCCGCCGTCGGCGTGGGCGCGGTGAGCTGGAGCACAAGGCTGCAGTCGTACG 60 
AsPR1b          CAGCCCGCGCCGCCGTGGGCGTGGGCGCGGTGGGCTGGAGCACAAAGCTGCAGTCGTACG 60 
                * * ****** ***** ********  * ***  ****  *** *   * ***  ** ** 
 
EF061247        CGGAGAACTACGCCAGCCAGAGGAGCGGCGACTGCAGCCTGATCCACTCCAGCAACCGGA 120 
FP093699        CCGAGAACTACGCCAATCAGAGGGCCGGTGACTGCCG--------GCTGCAGCATTCCGG 112 
X74939          CCCAGAGCTACGCCAACCAGAGGATCGGCGACTGCAA--------GCTCCAGCACTCCGG 112 
AJ007348        CCCAGAGCTACGCCAACCAGAGGATCAACGACTGCAA--------GCTCCAGCACTCGGG 112 
DQ167192        CCCAGAGCTACGCCAACCAGAGGATCAACGACTGCAA--------GCTCCAGCACTCCGG 112 
TC5820          CCCAGAGCTACGCCAACCAGAGGATCGGCGACTGCAA--------GCTCCAGCACTCCGG 112 
AsPR1b          CCGAGAACTACGCCAACAAGAGGATCGGCGATTGCAA--------GCTCCAGCACTCCGG 112 
                *  *** ********   *****  *   ** ***           ** *****  * *  
 
EF061247        ACAACCTT--GGCGAGAACCTCTTCTGGGGTTCGGCCGGCGGGGACTGGACGGCGGCGAG 178 
FP093699        CGGGCCCTACGGGGAGAACATCTTCTGGGGGTCGGCCGGCGCGGACTGGAAGGCGGCGGA 172 
X74939          CGGGCCCTACGGGGAGAACATCTTCTGGGGGTCGGCCGGCGCGGACTGGAAGGCGGCGGA 172 
AJ007348        CGGGCCCTACGGGGAGAACATCTTCTGGCGGTCGGCCGGCGCGGACTGGAAGGCGGCGGA 172 
DQ167192        CGGGCCCTATGGGGAGAACATCTTCTGGGGGTCGGCCGGCGCGGACTGGAAGGCGGCGGA 172 
TC5820          CGGGCCCTATGGGGAGAACATCTTCTGGGGAT---CCGGTTCGGGCTGGAAGGCGGCGGA 169 
AsPR1b          CGGTCCCTACGGGGAGAACATCTTCTGGGGAT---CCGGCTCGAGCTGGAAGGCGGCGGA 169 
                    ** *  ** ****** ******** * *   ****   *  ***** *******   
 
EF061247        CGCGGTGCAGTCGTGGGTGGGCGAGAAGAGCGACTACGACTACGCCTCCAACAGCTGCGC 238 
FP093699        CGCGGTGAAGGCGTGGGTGGACGAGAAGAAGTACTACAACTACGCCACCAACAGCTGCGC 232 
X74939          CGCGGTGAAGCTGTGGGTGGACGAGAAGAAGGACTACGACTACGGGTCCAACACCTGTGC 232 
AJ007348        CGCGGTGAAGCTGTGGGTGGACGAGAAGAAGGACTACGACTACGGGTCCAACACCTGCGC 232 
DQ167192        CGCGGTGAAGCTGTGGGTGGACGAGAAGAAGGACTACGACTACGGGTCCAACACCTGCGC 232 
TC5820          CGCGGTGAACCTGTGGGCCGGCGAGAAGAGAGACTACGACTACGGGTCCAACACCTGCGC 229 
AsPR1b          CGCCGTAAACCTGTGGGTCGGCGAGAAGAAGGACTACGACTACGGGTCCAACACCTGCGC 229 
                *** **  *   *****  * ********   ***** ******   ****** *** ** 
 
EF061247        GCAGGGGAAGGTGTGCGGGCACTACACGCAGGTGGTGTGGCGCGCGTCGACCAGCATCGG 298 
FP093699        GGCAGGCAAGGTGTGCGGGCACTACACGCAGGTGGTGTGGCGTGCGTCGACGACGATCGG 292 
X74939          AGGGGGGAAGGTGTGCGGGCACTACACGCAGGTGGTGTGGCGCGCGTCGACCAGCATCGG 292 
AJ007348        GGGCGGGAAGGTGTGCGGGCACTACACGCAGGTGGTGTGGCGCGCGTCGACCAGCATCGG 292 
DQ167192        GTCGGGGAAGGTGTGCGGGCACTACACGCAGGTGGTGTGGCGTGCCTCCACCAGCATCGG 292 
TC5820          GGCGGGGAAGCAGTGCGGCCACTACACACAGATCGTGTGGCGCGCGTCGACGAGCATCGG 289 
AsPR1b          GGCGGGGAAGCAGTGCGGGCACTACACGCAGGTGGTGTGGCGCGCGTCGACGAGCATCGG 289 
                    ** ***  ****** ******** *** * ******** ** ** ** *  ***** 
 
EF061247        CTGCGCCCGCGTCGTCTGCAGCAACGGCCGCGGCGTCTTCATCACATGCAAC 350 
FP093699        CTGCGCACGCCGGGTCTGCGCCAACAACCGCGGCGTGTTCATCATCTGCAAC 344 
X74939          CTGCGCTCGCGTCGTCTGCAACAACAACGGCGGCGTCTTCATCACCTGCAAC 344 
AJ007348        CTGCGCTCGCGTCGTCTGCAACAACAACCGCGGCGTCTTCATCACCTGCAAC 344 
DQ167192        CTGCGCTCGCGTCGTCTGCAACAACAACCGCGGCGTCTTCATCACCTGCAAC 344 
TC5820          CTGCGCTCGCGTGGTCTGCAACAACAACGCCGGCGTGTTCATCATCTGCAGC 341 
AsPR1b          CTGCGCTCGCGTCGTCTGCAACAACAACGGCGGCGTCTTCATCACCTGCAAC 341 
                ****** ***   ******  ****  *  ****** *******  **** * 
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Appendix XV Alignment of nucleotide sequences used to identify AsPR-5. Sequences 
used in multiple sequence alignment are listed in table 3.11. Sequences were obtained 
after a BLASTN search using the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/) or The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html) (TC sequences). 

 
X68197            CGGCGACGCCGGTGGGCGGCGGCGTGCAGCTGAGCCCGGGGCAGACGTGGACCATCAACG 60 
FP095436          CGGCCATCCCGGTCGGCGGCGGCGTGCAGCTGGACCCGGGCCAGACGTGGACCATCAACG 60 
AF096927          CGGGCATCCCGGTGGGTGGGGCGTTCGCGCTGGGCTCAGGCCAGACGTCCAGCATCAACG 60 
X58394            CGGGCATCCCGGTGGGTGGGGGCTTCGCGCTGGGCTCAGGGCAGACGTCCAGCATCAACG 60 
AJ276225          CGGGCATCCCGGTGGGTGGGGGCTTCGAGCTGGGCTCAGGCCAGACGTCGAGCATCAACG 60 
AY839293          CGGGCATCCCGGTGGGTGGGGGCTTCGAGCTGGGCTCAGGCCAGACGTCGAGCATCAACG 60 
L39776            CGGGCATCCCGGTGGGCGGGGGCTTCCAGCTCAACTCGAAGCAGTCGTCCAACATCAACG 60 
AsPR5             CGGGCAT-CCGGTGGGCGGCGGCTTCCAGCTC-ACCAGGGCCAGACGTCCAGCATCAACG 58 
XM_002443575      CGGCGACCCCAGTGGGCGGCGGCACGCAGCTGGACCCGGGGCAGACATGGACCATCAACG 60 
TC62405           CGGCGACGCCCGTGGGCGGGGGCACGCAGCTGAACCGAGGCGGGACGTGGACCGTCAACG 60 
DQ147120          CGGCCACCCCGGTGGGCGGGGGCACACAGCTGAACCCGGGCGGGACGTGGACCGTCAACG 60 
DQ147142          CGGCCACCCCGGTGGGCGGGGGCACGCAGCTGAACCCGGGCGGGACGTGGACCGTCAACG 60 
                  ***  *  ** ** ** ** *       ***   *        * * *  * * ****** 
 
X68197            TGCCCGCCGGGACCAGCTCCGGCAGGGTGTGGGGCCGCACGGGCTGCAGCTTCGACGGCT 120 
FP095436          TGCCCGCCGGCGTCAGCTCCGGCAGGGTATGGGGCCGCACCGGCTGCAACTTCAACGG-- 118 
AF096927          TACCCGCAGGAACCCAAGCCGGGAGGATATGGGCCCGCACCGGGTGCTCCTTCAATGG-- 118 
X58394            TGCCCGCGGGCACCCAAGCCGGGAGGATATGGGCCCGCACCGGGTGCTCCTTCAATGG-- 118 
AJ276225          TGCCCGCCGGCACCCAAGCCGGAAGGATATGGGCACGCACCGGGTGCTCGTTCAATGG-- 118 
AY839293          TGCCCGCCGGCACCCAAGCCGGAAGGATATGGGCACGCACCGGGTGCTCGTTCAATGG-- 118 
L39776            TGCCCGCGGGCACCAGCGCCGGTAGGATATGGGGCCGCACCGGGTGCTCCTTCAACAA-- 118 
AsPR5             TGCCCGCGGGCACCAGCGCCGGCAGGATATGGGGCCGCACCGGGTGCTCCTTCAACGG-- 116 
XM_002443575      TGCCCGCCGGCACCAGCTCCGGCCGTGTCTGGGGCCGCACGGGGTGCTCCTTCAACGG-- 118 
TC62405           TGCCGGCGGGCACCAGCTCCGGCCGCGTGTGGGCACGCACGGGCTGCTCCTTCAACGG-- 118 
DQ147120          TGCCCGCCGGCACCAGCTCCGGCCGCGTGTGGGGCCGCACCGGCTGCTCCTTCAACGG-- 118 
DQ147142          TGCCGGCCGGCACCAGCTCCGGCCGCGTGTGGGGCCGCACCGGCTGCTCCTTCAACGG-- 118 
                  * ** ** **   *    ****  *  * ****  ***** ** ***   *** *      
 
X68197            CCGGCCGCGGCAGCTGCGCCACCGGCGACTGCGCCGGCGCCCTGTCGTGCACCCTCTCCG 180 
FP095436          -CGGCCGCGGGAGCTGCCAGACCGGCGACTGCGCTGGCGCGCTCTCCTGCAGCCTCTCCG 177 
AF096927          -CGGTACGGGGAGCTGCCAGACCGGCGACTGCGGTGGCCAGCTGTCCTGCTCCCTCTCCG 177 
X58394            -CGGTAGCGGGAGCTGCCAGACCGGCGACTGCGGCGGCCAGCTATCCTGCTCCCTCTCCG 177 
AJ276225          -CGGTAGCGGGAGCTGCCAGACCGGCGACTGCGGCGGCCAGCTCTCATGCTCTCTCTCCG 177 
AY839293          -CGGTAGCGGGAGCTGCCAGACCGGCGACTGCGGCGGCCAGCTCTCATGCTCTCTCTCCG 177 
L39776            -CGGGAGAGGGAGCTGCGCGACCGGCGACTGCGCCGGCGCGCTGTCCTGCACCCTCTCCG 177 
AsPR5             -CGGGCGCGGGAGCTGCCAGACCGGCGACTGCGCCGGCGCGCTGTCCTGCTCCGTCTCCG 175 
XM_002443575      -CGGCAGCGGGAGCTGCCAGACGGGCGACTGCGGCGGCGCGCTCTCCTGCACGCTCTCCG 177 
TC62405           -CAACCGCGGGAGCTGCCAGACGGGCGACTGCGGCGGCGCGCTCGCCTGCACGCTGTCCG 177 
DQ147120          -CAACAGCGGGAGCTGCCAGACGGGCGACTGCGGCGGCGCGCTGGCCTGCACGCTGTCGG 177 
DQ147142          -CAACAGCGGGAGCTGCCAGACGGGCGACTGCGGCGGCGCGCTGGCCTGCACGCTGTCGG 177 
                   *      ** ******   ** **********  ***   **  * ***    * ** * 
 
X68197            GCCAGAAGCCGCTGACGCTGGCGGAGTTCACCATCGGCGGCA------GCCAGGACTTCT 234 
FP095436          GGCAGCCGCCGACGACGCTGGCCGAGTTCACGATCGGCGGCG------CCCAAGACTTCT 231 
AF096927          GGCGGCCACCAGCAACGCTTGCCGAGTTCACCATCGGCGGCGGCAGCACCCAGGACTTCT 237 
X58394            GGCGGCCACCAGCAACGCTGGCCGAGTACACCATCGGCGGCGGCAGCACCCAGGACTTCT 237 
AJ276225          GGCAGCCACCAGCAACGCTGGCCGAGTTCACCATCGGCGGCGGCAGCACCCAGGATTTCT 237 
AY839293          GGCGGCCACCAGCAACGCTGGCCGAGTTCACCATCGGCGGCGGCAGCACCCAGGACTTCT 237 
L39776            GGCAG---CCGGCGACGCTGGCCGAGTACACCATCGGCGGCT------CCCAGGACTTCT 228 
AsPR5             GGCAGCCCCCGGCGACGCTGGCCGAGTACACCATCGGCGGCG------CCACCGACTTCT 229 
XM_002443575      GTCAGCCTCCCATGACGCTGGCCGAGTTCACCATCGGCGGCA------GCCAGGACTTCT 231 
TC62405           GCCAGCCGCCGCTGACGCTGGCCGAGTTCACCATCGGCGGCA------GCCAGGACTTCT 231 
DQ147120          GGCAGCCGCCGCTGACGCTGGCCGAGTTCACCATCGGCGGCA------GCCAGGACTTCT 231 
DQ147142          GGCAGCCGCCGCTGACGCTGGCCGAGTTCACCATCGGCGGCA------GCCAGGACTTCT 231 
                  * * *   **    ***** ** **** *** *********        *   ** **** 
 
X68197            ACGACCTGTCGGTGATCGACGGCTACAACGTCGCCATGAGCTTCTCCTGCAGCTCCGGCG 294 
FP095436          ACGACATCTCGGTGATCGACGGCTTCAACGTGGCGATGCAATTCTCGTGCAGCACCGGCG 291 
AF096927          ACGACATCTCGGTGATCGACGGCTTCAACCTTGCCATGGACTTCTCATGCAGCACCGGCG 297 
X58394            ACGACATCTCGGTGATCGACGGCTTCAACCTTGCCATGGACTTCTCGTGCAGCACCGGCG 297 
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AY839293          ACGACATCTCGGTTATCGACGGCTTCAACCTTGCCATGGACTTCTCGTGCAGCACCGGCG 297 
L39776            ACGACATCTCGGTGATCGACGGCTACAACCTCGCCATGGACTTCTCCTGCAGCACCGGCG 288 
AsPR5             ACGACATCTCGGTGATCGACGGCTACAACCTCGCCATGGACTTCTCGTGCAGCACGGGCG 289 
XM_002443575      ACGACATCTCGGTCATCGACGGCTACAACCTCGCCATGCGATTCTCCTGCAGCACCGGCG 291 
TC62405           ACGACATCTCGGTCATCGACGGCTTCAACGTCGGCATGGCCTTCTCCTGCAGCACCGGCG 291 
DQ147120          ACGACATCTCGGTCATCGACGGCTACAACCTCGCCATGGCCTTCTCCTGCAGCACCGGCG 291 
DQ147142          ACGACATCTCGGTCATCGACGGCTACAACCTCGCCATGGCCTTCTCCTGCAGCACCGGCG 291 
                  ***** * ***** ********** **** * *  ***   ***** ****** * **** 
 
X68197            TGACGGTCACCTGCAGGGACAGCCGCTGCC-----CCG-ACGCTTACCTGTTCCCCGAAG 348 
FP095436          TTACGCTTAACTGCGGGGATGCCAGCTGCC-----CCG-ACGCGTACCACCAGCCCAACG 345 
AF096927          ACGCGCTACAGTGCAGGGATCCCAGCTGCCCACCGCCGCAAGCCTACCAACACCCCAACG 357 
X58394            ACGCGCTCCAGTGCAGGGACCCCAGCTGCCCGCCGCCGCAAGCCTACCAACACCCCAACG 357 
AJ276225          ACGCGCTCCAGTGTAGGGATCCCAGCTGCCCGCCGCCGCAAGCCTACCAACACCCCAACG 357 
AY839293          ACGCGCTCCAGTGCAGGGATCCCAGCTGCCCGCCGCCGCAAGCCTACCAACACCCCAACG 357 
L39776            TGGCGCTTAAGTGCAGGGATTCCGGCTGCC-----CCG-ATGCCTATCACCACCCCAACG 342 
AsPR5             TCGCGCTTAAGTGCAGGGACCCCAGCTGCC-----CCG-ACGCCTATCACCAACCCAACG 343 
XM_002443575      TGACGCTCAACTGCGGCGGGTCTAGCTGCC-----CCG-ACGCATACCTGTTTCCCAGCG 345 
TC62405           TCGGGCTGGTGTGCAGGGACTCCGGATGCC-----CTG-ACGCGTACCACAACCCCAACG 345 
DQ147120          TGCGGCTGGTGTGCACGGACTCTGGATGCC-----CCG-ACGCGTACCACCACCCCAACG 345 
DQ147142          TGCGGCTGGTGTGCACGGACTCTGGATGCC-----CCG-ACGCGTACCACAACCCCCCCG 345 
                      * *    **    *      * ****     * * * ** ** *     ***   * 
 
X68197            ACAACACCAAGACACACGCCTGCAGCGGCAACAGCAACTACCAAGTCGTCTTC 401 
FP095436          ATCCTGATAAAACCCATGCGTGCAACGGCAACAGCAACTACCAAGTCACCTTC 398 
AF096927          ACATGGCC---ACACACGCCTGCAGAGGCAATAGTAACTACCAGATCACCTTC 407 
X58394            ACGTCGCC---ACACACGCCTGCAGTGGCAATAATAACTACCAGATCACCTTC 407 
AJ276225          ACGTCGCC---ACACACGCCTGCAGTGGCAATAATAACTACCAGATCACCTTC 407 
AY839293          ACGTCGCC---ACACACGCCTGCAGTGGCAATAATAACTACCAGATCACCTTC 407 
L39776            ACGTCGCC---ACGCACGCCTGCAACGGCAACAGCAACTACCAGATCACCTTC 392 
AsPR5             ACGTCGCC---ACGCACGCCTGCAACGGCAACAGCAACTACCAGATCACCTTC 393 
XM_002443575      ACAACACCAAGACGCATGCCTGCAACGGCAACAGCAACTACCAGGTCACCTTC 398 
TC62405           ACGTCAAG---ACCCATGCCTGTGGCGGCAACAGCAACTACCGGGTCACCTTC 395 
DQ147120          ACGTGAAG---ACCCATGCCTGTGGCGGCAACAGCAACTACCAAGTCACCTTC 395 
DQ147142          ACATGAAG---ACCCATGCCT-------------------------------- 363 
                  *          ** ** ** *                                 
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Appendix XVI Alignment of nucleotide sequences used to identify AsPR-10. Sequences 
used in multiple sequence alignment are listed in table 3.12. Sequences were obtained 
after a BLASTN search using the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/) or The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html) (TC sequences). 

 
GO888940        TACCTCGACGCTCAGCGCCTCGGTAGCCGCTGCCTCAGGCGGTAGCTTCGTAAGGGGCCG 60 
AsPR10          CACCATGTCGCTCA-CCCGGCCGCCGTGGCCACCACGGGCGCCAGCGTGATGAGGAGCCG 59 
TC442895        CACCATGACCCTCAGCCCGGCGGCAGCGGAGCTCGCAGGCTCGGGCGTGATGAGGAGCCG 60 
BE558329        CACCATGACGCTCAGCCCGGCGGCGGCGGAGCTGTCAAGCTCGGACGTGATGAAGAGCCG 60 
TC393108        CACCATGACGCTCAGCCCGGCGGCAGCGGAGCTCGCCGGCTCGGGCGTGATGAGGAGCCG 60 
TC240141        CACCATGACGCTCAGCCCGGCGGCGGCGGAGCTGTCAGGCTCGGGCGTGATGAGGAGCCG 60 
TC247785        CACCATGACGCTCAGTCCGGCGGCGGCGGAGCTGTCAGGCTCGGGCGTGATGAGGAGCCG 60 
                 ***  * * ****   *  * *  *  *      *  **     * *  * * * **** 
 
GO888940        CGTGGTGGCGCGCGATGACGAGGCGCGGGTGCTAAGGACTGAGGTGCTGGAGAGCGGAAA 120 
AsPR10          AACTGTGGCGCGCGACGACGCGGCGCGGGTGGTAAAGTCGGAGGTACTGGAGGGCGGCAA 119 
TC442895        CCTGGTGGCGCGCGACAACGCGGCCCGGGTGCTCAAGACGGAGGTGCTGGAGGGCAGCAA 120 
BE558329        CGTGGTGGCGCGCGACAACGCGGCCAGGGTGTTCAAGACAGAGGTGCTGGAGGGCGACAA 120 
TC393108        CCTGGTGGCGCGCGACAACGCGGCCCGGGTGATCAAGACGGAGCTGCTGGAGGGCAGCAA 120 
TC240141        CGTGATGGCCCGCGACAACGCGGCTAGGGTGTTCAAGACGGAGATACTGGAGGGCGGCAA 120 
TC247785        CGTGATGGCCCGCGACAACGCGGCTAGGGTGTTCAATACGGAGATACTGGAGGGCGGCAA 120 
                     **** *****  *** ***  ***** * *   * *** * ****** **   ** 
 
GO888940        GGTGAGGAGCCAGCTCAAGTCTCTGGTGAACGAGGTAAAGTTCGAGGTGGCTGGGGACGA 180 
AsPR10          GGTGACCGCCCAGCTCAAGTCGCATGTGCTGGAGACGAGGATCGAGGAAGCCGGAGAAGG 179 
TC442895        GGTGAGCGG-CAGCTCAAGTCGCAAGTGGCCGANGTGAA-CTCGANGCGGCCGGGGAGGG 178 
BE558329        GGTAAGTGGCCAGCTCAAGTCACAGGCGGTCGAGATGAAGCTCGAGGCGGCCGGGGATGG 180 
TC393108        GGTGAGCGCCCAGCTCAAGTCGCAGGTGGCCGAGGTGAAGCTCGAGGCGGCCGGGGAGGG 180 
TC240141        GGTGAGCGGCCAGCTCAAGTCGCAGGTGGTCGAGATGAAGCTTGAGGCGGCCGGGGACGG 180 
TC247785        GGTGAGCGGCCAGCTCAAGTCGCAGGTGGTCGAGATGAAGCTTGAGGCGGCCGGGGACGG 180 
                *** *     *********** *  * *   **    *   * ** *  ** ** ** *  
 
GO888940        CGCCTGCGTGGCCAAGTTGAGGGTGGAGTACGAGAGGATCGACGGCGACGGTGCACTGGC 240 
AsPR10          GGCCTGCGTGGTCAAGTTAAGGGTGGAGTACGAGAGGCTCGACGGCGGCGGGGCGCTGGC 239 
TC442895        TGCTTGCGTGGCGAA-CTCAAGGTGGAGTAC--AAAGNTCGACGGCGGCGGGGC-CTGTC 234 
BE558329        TGCTTGCGTGGCAAAGCTCAAGGTAGAGTACGAGAGGCTGGACGGCGGCGGGGCGCTGTC 240 
TC393108        TGCTTGCGTGGCGAAGCTCAGGGTGGAGTACGAGAGGCTCGACGGCGGCGGCGCGCTGTC 240 
TC240141        TGCTTGTGTGGCGAAGCTCAGGGTGGAGTACGAGAGGCTCGACGGCGGCGGGGCGCTGTC 240 
TC247785        TGCTTGTGTGGCGAAGCTCAGGGTGGAGTACGAGAGGCTCGACGGCGGCGGGGCGCTGTC 240 
                 ** ** ****  **  * * *** ******   * * * ******* *** ** *** * 
 
GO888940        ACCGGAGGACCAAGCGGTGATTGTTGAGGGTTAC 274 
AsPR10          GCCGGAGGACCAGGCGGACCTCGCCGGGGGATTC 273 
TC442895        G-CGGANGA-----CGGCGACCTCGCGCGGGTAC 262 
BE558329        GGCGGAGGACCATGCGGCGCTCGCCGCCGGGTAC 274 
TC393108        GGCGGAGGACCAGGCGACGCTCGCCGCGGGGTAC 274 
TC240141        GGCGGAGGACCAGGCGGCACTCGCCGCCGGGTAC 274 
TC247785        GGCGGAGGACCAGGCGGCACTCGCCGCCGGGTAC 274 
                  **** **     **            ** * * 
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Appendix XVII Alignment of nucleotide sequences used to identify AsUBI-3. Sequences 
used in multiple sequence alignment are listed in table 3.13. Sequences were obtained 
after a BLASTN search using the NCBI Genbank NR database 
(http://www.ncbi.nlm.nih.gov/) or The Computational Biology and Functional Genomics 
Laboratory Gene Index (http://compbio.dfci.harvard.edu/index.html) (TC sequences). 

 
NM_001138130      TCATCTTCGCCGGCAAGCAGCTCGAGGACGGCCGCACCCTCGCCGACTACAACATCCAGA 60 
AK288775          TCATCTTCGCCGGCAAGCAGCTCGAGGATGGCCGCACCCTCGCCGACTACAACATCCAGA 60 
XM_002439293      TCATCTTCGCCGGCAAGCAGCTCGAGGACGGCCGCACCCTCGCCGACTACAACATCCAGA 60 
FP096284          TCATCTTCGCCGGCAAGCAGCTCGAGGATGGCCGCACCCTCGCCGACTACAACATCCAGA 60 
AsUBI3            TCATCTTCGCGGG--AGCAGCTCGAGGACGGCCGCACCCTCGCCGACTACAACATCCAGA 58 
M60175            TCATCTTCGCCGGCAAGCAGCTCGAGGACGGCCGCACCCTCGCCGACTACAACATCCAGA 60 
AY290730          TCATCTTCGCCGGTAAGCAGCTCGAGGACGGCCGCACCCTCGCCGACTACAACATCCAGA 60 
EF470423          TCATCTTCGCCGGCAAGCAGCTCGAGGACGGCCGCACCCTCGCCGACTACAACATCCAGA 60 
EU328536          TCATCTTCGCTGGCAAGCAGCTCGAGGACGGCCGCACCCTCGCCGACTACAACATCCAGA 60 
                  ********** **  ************* ******************************* 
 
NM_001138130      AGGAGTCCACCCTCCACCTGGTGCTCCGCCTCCGAGGTGGCGCCAAGAAGCGCAAGAAGA 120 
AK288775          AGGAGTCCACCCTCCACCTCGTGCTCCGCCTCCGCGGCGGCGCCAAGAAGCGCAAGAAGA 120 
XM_002439293      AGGAGTCCACCCTCCACCTGGTCCTCCGCCTCCGCGGTGGCGCCAAGAAGCGCAAGAAGA 120 
FP096284          AGGAGTCGACTCTGCACCTGGTGCTCCGCCTCAGGGGCGGCGCCAAGAAGCGCAAGAAGA 120 
AsUBI3            AGGAGTCCACCCTCCACCTTGTGCTGCGCCTCCGCGGAGGAGCCAAGAAGCGCAAGAAGA 118 
M60175            AGGAGTCCACCCTCCACCTGGTGCTCCGACTCCGCGGTGGCGCCAAGAAGCGCAAGAAGA 120 
AY290730          AGGAGTCCACCCTCCACCTGGTGCTCCGCCTCCGCGGCGGCGCCAAGAAGCGCAAGAAGA 120 
EF470423          AGGAGTCCACCCTCCACCTGGTGCTCCGCCTCCGCGGGGGCGCCAAGAAGCGCAAGAAGA 120 
EU328536          AGGAGTCAACCCTCCACCTGGTGCTCCGCCTCCGCGGGGGCGCCAAGAAGCGCAAGAAGA 120 
                  ******* ** ** ***** ** ** ** *** * ** ** ******************* 
 
NM_001138130      AGACGTACACCAAGCCCAAGAAGATCAAGCACAAGCACAAGAAGGTGAAGCTCGCAGTGC 180 
AK288775          AGACGTACACCAAGCCCAAGAAGATCAAGCACAAGCACAAGAAGGTGAAGCTCGCCGTGC 180 
XM_002439293      AGACGTACACCAAGCCCAAGAAGATCAAGCACAAGCACAAGAAGGTGAAGCTCGCCGTGC 180 
FP096284          AGACGTACACCAAGCCCAAGAAGCAGAAGCACAAGCACAAGAAGGTGAAGCTCGCCGTGC 180 
AsUBI3            AGACGTACACCAAGCCCAAGAAGCAAAAGCACAAGCACAAGAAGGTGAAGCTCGCCCTCC 178 
M60175            AGACGTACACCAAGCCCAAGAAGCAAAAGCACAAGCACAAGAAGGTGAAGCTCGCCGTCC 180 
AY290730          AGACCTACACCAAGCCCAAGAAGCAAAAGCACAAGCACAAGAAGGTGAAGCTCGCCGTCC 180 
EF470423          AGACGTACACCAAGCCCAAGAAGCAAAAGCACAAGCACAAGAAGGTGAAGCTCGCCCTCC 180 
EU328536          AGACGTACACCAAGCCCAAGAAGCAAAAGCACAAGCACAAGAAGGTGAAGCTCGCCCTCC 180 
                  **** ******************   *****************************  * * 
 
NM_001138130      TGCAGTTCTACAAGGTGGACGACGCCACCGGCAAGGTGA 219 
AK288775          TCCAGTTCTACAAGGTGGACGACGCCACCGGCAAGGTCA 219 
XM_002439293      TCCAGTTCTACAAGGTGGACGACGCCACCGGCAAGGTCA 219 
FP096284          TCCAGTTCTACAAGGTCGACGACGCCACCGGCAAGGTCA 219 
AsUBI3            TCCAGTTCTACAAGGTCGACGACGCCACCGGCAAGGTCA 217 
M60175            TCCAGTTCTACAAGGTCGACGACGCCACCGGCAAGGTAA 219 
AY290730          TCCAGTTCTACAAGGTCGACGACGCC-CCGGCAAGGTGA 218 
EF470423          TCCAGTTCTACAAGGTCGACGACGGCACCGGCAAGGTCA 219 
EU328536          TCCAGTTCTACAAGGTCGACGACGGCACGGGCAAGGTCA 219 
                  * ************** ******* * * ******** * 
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Appendix XVIII NODE sequences used for design of primer sets for amplification of 
putative disease resistance related genes identified through RNA-seq. 

 
NODE_332619 (AsPR-1a) 
ATTTTTCTGGCCCTAGCCATGGCGGCTGCCATGGCTAATCCTTCCCAGGCGCA
GAACTCGGCTCAAGACTACGTTTCACCCCACAACACAGCCCGCGCCGCCGTG
GGCGTGGGCGCGGTGGGCTGGAGCACAAAGCTGCAGTCGTACGCCGAGAAC
TACGCCAACAAGAGGATCGGCGACTGCAAGCTCCAGCACTCCGGCGGTCCCT
ACGGGGAGAACATCTTCTGGGGATCCGGCTCGAGCTGGAAGGCGGCGGACG
CCGTAAACCTGTGGGTCGGCGAGAAG 
 
NODE_236953 (AsPR-5) 
CTTGTTTATATATACGTACAATACGACGGTTGGAGTACAGTGTGATGCAAGC
GGTACACTGTTTATACGGTCGTATATCCACGCCATTTATTCGCGGTGCAACGT
AGGGCTTCATGGGCAGAAGGTGATNNNNNNNNNNGTATTTGACTACCATCGA
TTTATTGAACTTTATTCGGCCGCTCGTCTATACGTACGTATGACGGCTAGAAC
ACAGATGATAGTACTGTGATGTAAGCAGTACACAATTTATACGGTCGTATAT
CTACGCCGTTTATTAGCACGACGTAGGGCTTCATGGGCAGAAGGTGATCTGG
TAGTTGCTGTTGCCGTTGCAGGCGTGCGTGGCGACGTCGTTGGGTTGGTGATA
GGCGTCGGGGCAGCTGGGGTCCCTGCACTTAAGCGCGACGCCCGTGCTGCAC
GAGAAGTCCATGGCGAGGTTGTAGCCGTCGATCACCGAGATGTCGTAGAAGT
CGGTGGCGCCGCCGATGGTGTACTCGGCCAGCGTCGCCGGGGGCTGCCCGGA
GACGGAGCAGGACAGCGCGCCGGCGCAGTCGCCGGTCTGGCAGCTCCCGCG
CCCGCCGT 
 
NODE_100852 (AsPR-10) 
TGTGATCTTTCAGTTGTTGGCTGAATTAGGCGTATTCGGCAGGGTTGGCGATG
AGGTAGGCCTCGACCATCTTGAGCAGGCCCACGTATCCCCCGGCGAGCGCCG
CCTGGTCCTCCGGCGCG 
 
NODE_61400 (AsPR-like) 
CTCGAGTTGAGACGAAAGCAATCAGCTATGGCGGCGTCTGCTGAAACAGGAG
GCGACAAGTACCGCTTGTTCATGCACGGAGAGGGCGAGAAGAGCACCGTGTG
GAGGAATGGAGCCCCTCCCAACTAC 
 
NODE_109498 (As4Cl) 
GCCGTGGAGAAGGTGCGCGGGTTCGCCGCCGAGAGGGGGATAACCGTGGTT
GTAGTGGACGGGGCGGCTTCCGACGGCTGCCTCCCGTTCGGCGAGACCTTGC
TGGATGGGGAGGCGCTCGCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCG
ACGAGGAGGTGGACCCCGACGACGTGGTGGCGCTCCCCTACTCGTCCGGCAC
CACGGGCCTGCCCAAGGGCGTCATGCTCACCCACCGCAGCCTCGTCACCAGC
GTCGCCCAGCAGGTGGACGG 
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NODE_22322 (AsPAL-4) 
TCTTGGTGATCTCCCATCATACAAGTTACAACAACACCACAAGTTTAAGAAG
CTGCCTGCCTTTGCCTGTTCATGGTATCGCGGCAGCTGGAAAGAACAACATCA
ACACCAACTTAACTACAAAGAAACATAGACAGAGTATCCATCGCCAATCTAG
ANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNTCCCGCTTCACAGTCTTGAAA
GTGTTCTATATGCAGTGTGTGTACGTGTTCTTTTCTTTTCTTTTCCTTTGGTAG
GGACTACCTTGCCTTCTCGATTGCTCAGCAGAGTGGCAGGGGCTCGCCGTTCC
ACTCCTTGAGGCACTCCAGCATGGGGTCGATGAGCTTGCCCTGGCTGATGCC
CAGGAACACCTTGTTGCACTCCTCGCCGGGGGACAGGAGCTTCTCGCCGGTG
AGGTACACGCAGCCCAGCTCCTCGCGGACGAAGCGGTACAGCGGGAACTCTT
GGTGATCTCCCATCATACAAGTTACAACAACACCACAAGTTTAAGAAGCTGC
CTGCCTTTGCCTGTTCATGGTATCGCGGCAGCTGGAAAGAACAACATCAACA
CCAACTTAACTACAAAGAAACATAGACAGAGTATCCATCGCCAATCTAGANN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNN 
 
NODE_60223 (AsPAL-4) 
TGATGACCTCGATCTGTGGTCCGAGCCACTGCGGCGACGTGCGGAGCGCGTA
CCTGTCCTGCTTGGGCTTGAGCTGGGTGTCAATCGCGTTGACCTTCTTGGCGT
GGCCCATGAACGCGCTGCCCGCCAGGATGTGCTCCATGATGGCCGCGGCCTC
GATCTGACCG 
 
NODE_68502 (AsPAL-4) 
ACGCGGGCGGCCTCGATCTCCCGTGGCAGCGCCGAACGCAGCTCCTCCTCGA
ACTTGGTGATCTTGGAGAACACCGTGGCCTCGCCCTCGGTTTCCGCGGCACCG
GTGGTGAGGGCGTGGTCGACGAGCACAGCGCGCAGCTTCTGCATCAGCGGGT
AGTTGGCGCTGCAAGCGTCGTCGGCGNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCT
GAACACTGCCTCCTTGTCGATGGCCGTGATGAGGCTCTTCTCGCTGAAGCGCG
CGCTGGAGAGGTCGCCGGTGGGGTTCATGGTCAGCACCTTCTTCGACGCCTG
CGTCACGCAGTTCTTCACGGAGGTCTTGATGTTCTCCTCCAGGTGGCGGAGGT
CGATGGCCTGGCACAGCGCCACCATGTACGTGGAGGACATGAGCTTGAGGAT
GTCCACGGCCTCGGCC 
 
NODE_99948 (AsCht1) 
CTCGCACGCCGTGATCACGGGGCAGTGGACGCCGACGCCCGCGGACACCGCT
GCCGGCCGCGTTCCGGGGTACGGAGTGATCACCAACATCATCANNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
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NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNCAACATCATCAACGGCGGGGTCGAGTGCGGGCAAGGACCCAACGA
CAAGGTGGCGGACCGGATCGGGTTCTACCAGCGTTANNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNAACATCCTCGGCGTCGGCACCGGGAT
CAACCTCGACTGCTACGACCAGAGGCCCCNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCTACTTGTGTGATTC
TGGCTCATGCAGGTGTGATCACCAGGAATTCTGCAGTCCT 
 
NODE_90102 (AsGns9) 
ATAAAAGTACACGTTGTATTATTCTGGGAGACACTTGAATGTTATCCATACGC
AACCACATTTTTCAGAAACAATCAGCTGACGTCTGATTGAGTCGTACAATAC
GGTGGAAGTTTGTACTTATTGTGAGACAATAATGCAAATGGTTTTTCCCCAAA
TTCTCATATCTAGCAAGCTGCGGGTAGGATAGTCCTCATCACTGCCCGCTACG
TACCGCNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNAGATGATGCCT
TAGATCGGAGCTGGCAGTTGCCTATCTTTGGTGCTTGGTAGACGACGGAGCC
GGCGCCGGCAAAGTCGCAGGCGCTGGCGGCTCGCCTGTTGCGCTGGTAGTAG
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNACACCTT
GGTGTCCGGATCGAAGCACCGGCCGCCGCGCTGGATGGCGCTGCAGTCCGCG
CCGTGGCCGCAGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNGTCGCAGATGTTTGGCTGCTGG
TAGACGACGGAGCCGGCGCTGTTGAAGTCGCAGGCGCTGCTGGCTCGGCCGT
TGCGCTGGTAGTAGTCGTTGAACGCGTAGGTGGCGTGCGCGACCTTGGTGTC
CGGGCTGAAGCACCGCGCGCCGGGCTGGATGGCGCTGCAGTCGGCGCCGTGG
CCGCAGGCCCAGTCCAGCGCCGCCTGCAGCGGCGNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
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NNNNNNNNNNNNNNNCACGCACCAGCTGCTTGCCGGCGCTGGCGTCGGGGT
CACGGGGCCGCTGCCGTGGACGAAGTCCACGTCGTACACCGGCTGCATGTTG
GGGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCAGACCGAAGT
CGCGCTCCGACTCGTCGCCGGGCTTCTTGTCCTCGTTGAAGAGCGCGAAGAT
GTACGCGGAGGTGGCGGCGCTGCCGAGCAAGCTGGCCGCATACTTGGAGCTG
CTGGCGCCCAGCGTGTGCGAGATGAGGCCGTTGGCGAAGTTCTTGCACGGGC
AGTGCTTGGGTGGGAATTTCCAACAAGAACACCCTATCTCTGAACTGGTGAG
CAGTATGTCGTCGGCCGCGGTACCTTGGGCTAACGNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNGCCCTGACGCTGCTGGCAGGCGACACCGTCCCGATCGCGTAGCGG
AGAGCGTCCATCTGGGCGTCGTAGAGACTGTAGTACCTGCGCCCGGTGTTGG
GGTCGGCCACACCATCGTTGGGCTGGAACGTCCAGTACGCTTCGCTGATGTG
CTGTGGGTCGTCCAGGTACGCTCTGAACGGGTAGACGTTGATAAAGAAGGCC
GCGCCCGTCTGCCTCAGGAAAGCCACCAGGTCGACCANNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NGCCACGACACCTTGAGCGCGCTGTAGGCGACCGGCGTGGACACCTTGATGG
CGCTGTCAAGGCCCAGGCTGGCCAGCGCCGCGTGGACGTGCCNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNCTGCTGGTTCAGGTTGC
TGGCGGAGTCGAAGACCTCGTTCCCCACGGCGATGCCGTTGATGAGCGTGTT
AGTGTACTTGGCGACGTTGTCCTGCACCCACTGGCGCGCGTAGGACGGGCTG
GAGGCCGCGTTGGCTACCAGCTCGTTGGGCAGCGACACCATGAGCTTGATGG
GGGTGTTGGCCAGGGCGTTGATGACAGAGCTGTTGGTGTCGTAGATCCTCAC
CATGGTGATGCTGTTCCGCTTCAGCAGCTGCACTACCGANNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNCTACCGACCCTGGGTCCGGCAGGTTGTCCGCTACCGTTCCCCAGCACAC
GCCCACCTCG 
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CCGGCTTCTGCACCGGGGAAGAAGAGCATTGGCAATGTGACGCCGAAGAGG
AGGACGAGAAGGAGAGGAGGGTGCACAGCCATCGTGTATTCGTGTAGCCCTG
CTTCAGCTGCTGTG 
 
NODE_264719 (AsEG1) 
GCACCAGCAGCAAGGCGCACAACTACCAGGAGGCGCTGCGGAAGAGCCTGC
TCTACTTCGAGGCGCAGCGGTCGGGGCGGCTCCCGCACGGGCAGCGCGTGCC
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNTACTACGACGCCGGCGACCACGTCAAGTTCGGCCTGCCCATG
GCCTTCACCGTC 
ACCATGCTGTCCTGGAGCCTGGTCGAGTACGGCGGCGACGTCGCGGACGCCG
GCGAGATGGCGCACGCGCTCGAGGCCATCAAGTGGGGCACCNNNNNNNNNN
CTCCTGGGGCGCCATCGAGTTCGGCGCCGACATCGCCGCCGCCGGCGAGTGG
CATCACACGCTCGAGGCCATCAAGTGGGGCACCGACTACTTCATCAAGGCGC
ACACGCAGCCCGATGAGCTGTGGGCCGAGGTGGGTGACGGCGACACGGACC
ACTACTGCTG 
 
NODE_218685 (AsEG1) 
CCCCGCGGCGGCCGTGGACGTCACTGGACTTCTCGCCGTCGCCACCCTCTGCT
CCTTCTCCTCCCTGGCCATCCGGTTGAACTTGGCGAACATGCCGACCATGGGC
GCGGTGTTGTATGTGCACGCCTCCGTCTGCATGTAGTTCTCCCTGTCATCCCT
GAACCTGTCTTTCCGGTCTGGCCCGCCGACGATGGCGCCGACGAGCACGTTC
GGGTTAGAGCTCCGGCGGCCGAACNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNTGGTCGAACCCCTGCGTGCACCCGATGAACTGCTTGCTGTGCTTGTACGGC
ACGATGGAGGCGGCGCGGTGGTGCACCCTGGCGGGGAACTTGGCGCCGTACC
CGACGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNACTTGGCGCCGTACCCGACGAGGTAGCTGACGCCCCTCGGGT
TGGTGCCCAGCACGTAGTCCACCTGCGCCCTNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNNNNNNNNNNNNCTCCCCGCCGGCGCACGTCACGGTC
TCCACGCCGGCCTCGGCCAGGTAGTCGGAGTAGGTGGAGAGGAGGAACGCC
GCGTTGGTCACGTACTGCATGTTGTTCCACTGCCGGATGTAGAGCATGCCCCC
CGGGCTCCGCTCCACGTTGGCCTGATCCTCGTCGTTTTCGCCGCCGGCCGCGT
TCCGGCCCAGGCATGCGCACACGTAGTGCTCCGCCTTCGCCTGGTACCGCTCC
AGCGTCTCCTTCGG 
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