
ABSTRACT 

THAMMARAT, PHANIT. The Regulation of Nicotiana benthamiana Gene Expression at 

the Early Stages of Red clover necrotic mosaic virus Infection. (Under the direction of 

Steven A. Lommel and Dahlia M. Nielsen.) 

The success of plant viruses as pathogens depends on their ability to recruit host 

factors to support their propagation whilst defeating host defense mechanisms early in the 

infection process. While the virus reprograms plant physiological processes during this 

critical early period, many of the events and interactions taking place remain unknown. In 

this thesis, I utilized Nicotiana benthamiana (Nb, a model host for most plant viruses) and 

Red clover necrotic mosaic virus (RCNMV, a typical plus strand RNA plant virus) to 

elucidate these early events in the host-virus interaction. The Nb unigene collection, a custom 

microarray representing 13,413 host genes (~38% of the Nb transcriptome) was created for 

this study along with a corresponding functional annotation resource. The performance of the 

Nb array demonstrated its potential usage as a genomic tool in a genome wide study.  

This thesis is the first study to examine the host transcriptome at the earliest stages of 

the virus infection process of 2, 6, 12 and 24 hours post-inoculation (hpi). The 1,654 host 

genes exhibited differential expression at an FDR cutoff of 0.01. This global snapshot of 

gene expression revealed that host genes are significantly down-regulated at 2, 6 and 24 hpi 

and significantly up-regulated at 12 hpi. This suggests that (i) host gene expression was 

suppressed as early as 2 hpi, and (ii) one infection cycle within the primary infected cell 

takes 12-24 hours. Gene set enrichment analysis (GSEA) revealed that RCNMV affected the 

following key host functions/pathways: defense, translation, photosynthesis and chloroplast-

related functions, carbon fixation (Calvin cycle), metabolism, multidrug and toxin extrusion 

(MATE) transporter, cell wall-associated functions and protein kinases.  



Four host genes representing various plant biological functions were transiently 

silenced or over-expressed to further functionally analyze their impact(s) on the RCNMV 

infection process. The genes chosen were: 1) NbSAR (systemic acquired resistance), the only 

host gene in the microarray study that was significantly regulated across all four time points 

(down regulated in the first 6 hours followed by up regulation), 2) NbWRKY (putative 

transcription factor) which was up-regulated (10 fold) at 24 hpi, 3) NbBTF3 (basal 

transcription factor 3) which was up-regulated (1.5 fold) at 6 hpi and 4) NbSI (C-8, 7- sterol 

isomerase) which was up-regulated (1.2 fold) at 12 hpi. 

Pre-silencing of NbSAR decreased the replication levels of RCNMV RNAs 

suggesting that a certain NbSAR level may be required for RCNMV replication. NbWRKY 

is a novel WRKY gene that was first identified and characterized in this thesis. The putative 

NbWRKY polypeptide (325 amino acids in length) is most similar to potato StWRKY6, 

possessing a single WRKY DNA binding domain, four β-stranded sheet structure and a 

nuclear localization signal which was confirmed by cellular localization studies with a GFP 

fusion. NbWRKY may possess dual functionality in regulating the defense response: shifting 

its function between both a positive and negative regulator of disease resistance depending 

on the duration of the RCNMV infection. NbBTF3 was predominantly localized to the 

nucleus suggestive of its transcription regulator function. NbSI was first isolated and 

characterized in this thesis. It is an integral membrane protein containing five α-helical 

transmembrane domains and predominantly localizes along cellular, nuclear and endoplasmic 

reticulum membranes. Functional assays suggested a potential transition of function from 

promoting membrane proliferation (RCNMV replication) to acting as a precursor of 

brassinosteroid (modulating host defense).  



The genome-wide Nb screen in this thesis reveals the changes in early host gene 

expression patterns in response to RCNMV. This work forms the foundation for future 

studies into significant host factors/pathways that determine the fate of virus survival in an 

inhospitable cellular environment. 
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Chapter 1 

  

Literature review 

 

Chapter summary 

This literature review is focused on three major topics; (i) host defense against plant 

RNA viruses, (ii) experimental models: N. benthamiana (a model plant host) and RCNMV (a 

model virus), and (iii) DNA microarray and applications in plant-virus interaction. I also 

include details about my dissertation contributions and chapter organization. 
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Host defense against plant RNA viruses 

Introduction 

Plants, like animals, are continuously exposed to pathogen attacks. However, most 

plants are normally able to resist pathogen invasion because they possess an innate immunity 

that activate suites of elaborate and effective defense mechanisms to prevent, protect, and 

rapidly limit damage owing to pathogen infection [1]. Some pathogens are restricted to 

certain parts of the plant (e.g. the inoculated leaf) whereas others are able to spread 

throughout the plant causing a systemic infection. For this reason, plant defense mechanisms 

have evolved the ability to not only protect plants from pathogens at the primary site of 

infection, but also throughout the entire plant [2]. Some defense mechanisms are already 

activated in the plants without requiring prior exposure to pathogen stimulation, whereas 

others are induced upon the perception of pathogen signals. Plant defense also includes 

physical barriers and production of toxic compounds [3]. 

There are approximately 450 species of plant-pathogenic viruses and the majority of 

these viruses have a positive-sense single-stranded ((+)ss) RNA genome. Plant viruses cause 

diseases in most, if not all, species of both monocot and dicot plants, but most viruses have a 

restricted host range limited to several species or genera of plants.  A plant will likely recover 

from a virus infection if its innate immunity is able to arrest and defeat the virus. However, if 

the virus infection circumvents host defense mechanisms, a systemic infection will result and 

lead to a compromised or dead plant [3].  
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Viruses cause many important plant diseases and are responsible for large losses in 

crop production world-wide [4]. Infected plants show a range of symptoms depending on the 

type of virus but often these symptoms are leaf yellowing (either of the whole leaf or in a 

pattern of stripes or blotches), leaf distortion (e.g. curling), and other growth distortion (e.g. 

stunting of whole plant, abnormalities in flower or fruit formation). For example, Lettuce 

mosaic virus ((+)ss RNA) causes yellow mosaic symptom on lettuce, Grapevine fanleaf virus 

((+)ss RNA) causes yellow vein-banding on grapevine, Tomato bushy stunt virus ((+)ss 

RNA) causes fruit distortion on eggplant, and Citrus psorosis virus ((-)ss RNA) causes bark 

scaling. Some plant virus diseases cause only mild visible symptoms, but others result in 

destructive symptoms and plant death. With industrial-scale farming, some plant virus 

diseases result in severely reduced crop yields and quality, and in some instances complete 

regional crop failure [5].  It is essential to understand plant virus pathogenesis at the 

molecular level in order to develop effective control strategies for plant virus diseases. 

Currently there is no effective chemical application that controls plant virus infections 

at the field level. The major chemical or input based control strategy for reducing and 

preventing the spread of plant virus diseases is exclusively targeted against plant virus 

vectors (often an insect), either by the use of chemical (pesticide) or biological methods. 

However, this strategy is only effective if a) viruses are transmitted by insect vectors, and b) 

the vectors succumb to a pesticide-sprayed crop before the viruses are transmitted.  The most 

effective approach by far to control plant viruses relies on the use of virus resistant cultivars 

[6, 7]. Plant virus resistance genes allow plants to detect virus infection and launch effective 

defense responses. Traditional breeding techniques extensively employ virus resistance genes 
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for development of virus-resistant lines. Intensive characterization of these resistance genes 

and how they trigger defense are now taking place and hundreds of naturally occurring genes 

have been reported from studies of monocots, dicots, and the plant model Arabidopsis. The 

isolation and characterization of resistance genes have resulted in an understanding of 

defense pathways that are critical in determining the outcome of plant virus infection. If a 

new transgenic resistance line is able to confer a substantial degree of virus resistance, then 

novel resistance genes could potentially be utilized to resolve problems of plant virus disease 

and provide security for large-scaled farming of sustainable foods [6]. 

This leads to the goal of my dissertation, which is focused on the interaction between 

plant RNA viruses and the host immune system. My work is centered on an effort to expand 

the knowledge base of (i) how the plant host reprograms physiological processes during a 

healthy state to deliver a highly sophisticated defense response directed against the viral 

invader and (ii) how the virus infection circumvents the host immune system resulting in a 

robust infection.  

Plants employ different strategies to launch their defense responses against a viral 

attack. This review is focused on four different aspects of the defense strategies: (i) systemic 

acquired resistance, cell death and hypersensitive reaction, (ii) lipoxygenases, (iii) mitogen-

activated protein kinases (MAPKs) and (iv) involvement of WRKY transcription factors 

regulating MAPKs. 
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Systemic acquired resistance, cell death and the hypersensitive reaction 

Systemic acquired resistance (SAR) is the whole-plant resistance response that occurs 

following an earlier localized exposure to a pathogen. SAR can be induced by a wide range 

of plant pathogens, especially (but not only) those that cause tissue necrosis. The death of 

locally infected cells is a common cause that triggers SAR response. This cell death could be 

caused by a part of hypersensitive response (HR) or a symptom of disease [2, 8].  

HR induces rapid localized cell death at the point of pathogen entry [8]. Cell death is 

caused by a loss of membrane integrity and the generation of lipid peroxides and reactive 

oxygen species (ROS). This rapid cell death of virus infected cells is a generally effective 

strategy to restrict the growth and spread of pathogens to prevent the infection from moving 

to other parts of the plant. The HR in plants is analogous to the programmed cell death (PCD) 

found in animal innate immune systems [9]. HR commonly precedes a slower systemic 

(whole plant) response, which ultimately leads to systemic acquired resistance (SAR). The 

activation of SAR results in the development of a broad-spectrum, systemic resistance.  SAR 

is important for plants to resist disease, as well as to recover from disease once formed. SAR 

can be distinguished from other disease resistance responses by both the spectrum of 

pathogen protection and the associated changes in gene expression [10].  

HR is initiated after a gene-for-gene recognition between a resistance gene encoded 

plant resistance protein and a pathogen microbial elicitor. Recognition is postulated to result 

from the interaction of plant resistance gene (R) product with a corresponding pathogen 

avirulence gene (Avr) product [3]. The interaction is genetically endowed with the capacity 
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for mutual recognition. Plants producing a specific R gene product are resistant towards a 

pathogen that produces the corresponding Avr gene product. R genes that mediate HR encode 

products that function as receptors for recognition of specific pathogen Avr gene products. 

The interaction between the R gene product and the Avr gene product activates signal 

transduction pathways that lead to the expression of resistance responses [11]. The primary 

response is programmed cell death leading to HR, which then activates a distal resistance 

called SAR. The SAR induced by HR then prevents pathogen invasion of the uninfected 

parts of the plant. Consequently, the development of disease is controlled by a matching pair 

of plant R gene and microbial Avr gene. If either the plant or pathogen partner lacks a 

functional product of the corresponding gene pair, then resistance is not triggered and the 

plant becomes diseased and systemically infected.  

Plant R genes encode cell surface pattern-recognition receptors (PRR) to recognize 

conserved microbial signatures. The first PRR identified in plants was the rice XA21 gene, 

who’s protein confers resistance to the Gram-negative bacterial pathogen Xanthomonas 

oryzae pv. oryzae [12]. Plants also carry immune receptors that recognize highly variable 

pathogen effectors. These include the NBS-LRR class of proteins. The protein products of 

the NBS-LRR resistance (R) genes contain a nucleotide binding site (NBS) and a leucine rich 

repeat (LRR).  This NBS-LRR class includes the N resistance gene of tobacco against 

Tobacco mosaic virus (TMV) [11]. 

SAR is associated with the induction of a wide range of pathogenesis-related (PR) 

genes and the activation of SAR requires the accumulation of endogenous salicylic acid 
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(SA). SA participates in the local and systemic response, but SAR does not require long-

distance translocation of SA. The pathogen-induced SA signal activates a molecular signal 

transduction pathway that is identified by a gene called NIM1, NPR1 or SAI1 (three names 

for the same gene) in the model genetic system Arabidopsis thaliana [10].  

The SAR signal transduction pathway appears to determine the outcome of pathogen 

infection. When SAR is activated, a normally compatible plant-pathogen interaction (host 

susceptible; one in which disease is the normal outcome) can be converted into an 

incompatible one (host resistant) [13, 14]. Conversely, when the SAR pathway is 

incapacitated, a normally incompatible interaction becomes compatible [14, 15].  

 

(i) Genes associated with systemic acquired resistance 

A gene is classified as a SAR marker gene if a) its expression is modulated tightly 

with the onset of SAR, and b) the presence and activity of its encoded protein presence 

correlates tightly with maintenance of whole-plant resistance state. Analysis of SAR proteins 

showed that many belong to the class of pathogenesis-related (PR) proteins, which originally 

were identified as novel proteins accumulating after TMV infection of tobacco leaves  [16, 

17]. In tobacco, the set of SAR markers consists of at least nine families comprising acidic 

forms of PR-1 (PRla, PR-lb, and PR-lc), β-1,3-glucanase (PR-2a, PR-2b, and PR-2c), class II 

chitinase (PR-3a and PR-3b, also called PRQ), hevein-like protein (PR-4a and PR-4b), 

thaumatin-like protein (PR-5a and PR-5b), acidic and basic isoforms of class III chitinase, an 

extracellular β-l,3-glucanase (PR-Q'), and the basic isoform of PR-1 [18]. A basic protein 
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family called SAR 8.2 that is induced during the onset of SAR but which shows a pattern of 

gene expression distinct from that of the other SAR genes has also been described [18, 19]. 

In Arabidopsis, the SAR marker genes are PR-1, PR-2, and PR-5 [13]. SAR has also been 

observed in monocotyledon species. A number of dicot SAR genes homologs have been 

identified in monocots. For example, homologs of the PR-1 family from N. tabacum cv. 

Xanthi-nc were detected in maize and barley [20, 21]. The genes encoding these SAR marker 

proteins have been used extensively to evaluate the onset of SAR [13, 18]. 

 

(ii) Systemic acquired resistance gene expression varies by plant species and pathogen  

SAR gene products are secondary plant metabolites which are not normally produced 

when plants are in a healthy state. However, under pathogen attack, the expression of these 

defense genes rapidly increases. Studies have shown that plants contain more than one type 

of SAR gene such as observed in tobacco, but not all SAR genes are activated during a 

pathogen attack because of the high energy cost to do so. Consequently, plants selectively 

induce specific subsets of SAR genes. This selection depends on the type of pathogen as well 

as the type of plant species. For example, in cucumber, acidic PR-1 is weakly expressed, 

whereas in tobacco and Arabidopsis, acidic PR-1 is the predominant SAR-related protein 

[10]. Such species-specific differences may reflect different evolutionary or breeding 

constraints that have selected for the most effective SAR response against the particular suite 

of pathogens to which an individual species is subject [22]. 

 

 



9 

 

 

(iii) Salicylic acid accumulation increases during systemic acquired resistance activation 

in virus-infected plants 

Salicylic acid (SA) is an important component in the signal transduction pathway 

leading to SAR against the entire spectrum of pathogen: bacteria, fungi, and viruses [10, 23]. 

The most common trigger for SA synthesis is an HR, which results from the interaction of a 

host resistance gene product with a specific pathogen elicitor [24]. One of the best-studied 

model systems for investigation of HR and the induction of SA is the interaction between 

Tobacco mosaic virus (TMV) and tobacco plants possessing the N gene. The N gene encodes 

a receptor protein able to recognize specific sequences in the 126-kDa TMV replicase protein 

[25, 26]. This recognition event leads to the HR, in which the virus is restricted to the tissue 

immediately surrounding necrotic lesions that form at the viral inoculation sites. The HR is 

followed by an increase in SA levels in the plant leading to SAR, which is manifested by the 

production of fewer, smaller necrotic lesions in response to a second challenge with TMV [8, 

27-29]. An accumulation of SA is also required to prevent spread of the virus beyond the 

immediate vicinity of the HR lesions [30]. However, exogenous application of SA or the 

synthetic resistance-inducing chemical benzo(1,2,3) thiadiazole-7-carbothioic acid methyl 

ester (BTH) can also induce some degree of resistance to viruses even in plants that do not 

possess a corresponding resistance gene and that, therefore, would in normal circumstances 

be completely susceptible [31-33]. 

SA induces a range of defense genes, most notably those encoding the pathogenesis-

related (PR) proteins, several of which have been shown to possess antifungal or antibacterial 
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properties [34]. It is unclear how SA mediates resistance to viruses. Pretreatment of TMV-

susceptible (nn genotype) tobacco tissue with SA reduced the levels of viral RNAs and viral 

coat protein accumulating after inoculation with TMV [35]. It was found that the ratio of 

genomic RNA to coat protein (CP) mRNA and the ratio of plus- to minus-sense RNAs were 

affected by SA treatment [35]. These findings suggested that SA induces interference with 

the activity of the TMV RNA-directed RNA polymerase (RdRp). At the whole plant level 

this resistance to the virus was manifested as a delay in the onset of systemic TMV disease. 

Furthermore, it was also shown that salicylhydroxamic acid (SHAM), an inhibitor of the 

plant mitochondrial alternative oxidase (AOX) [36-39], antagonized the SA-induced delay in 

TMV disease in TMV susceptible tobacco, as well as SA-induced acquired resistance in 

tobacco plants possessing the N gene [35]. However, SHAM treatment did not prevent the 

induction of the PR-1 PR protein or resistance to a fungal and a bacterial pathogen [35]. 

These results suggest that the defensive signal transduction pathway separates downstream of 

SA into two branches. It is proposed that one branch leads to induction of resistance to TMV 

and is SHAM sensitive (and potentially requires AOX activity to function), while the other 

pathway (SHAM insensitive) leads to the induction of antifungal and antibacterial 

mechanisms [35]. 

 

Lipoxygenases 

Lipoxygenases (LOXs) are enzymes widely distributed in plants and animals. In 

plants, LOX gene expression is associated with a number of developmental stages, and is 

induced by a pathogen challenge [40-42]. Upon a plant-pathogen interaction, LOXs generate 
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the products that are either directly involved in plant defense response or are used as 

precursors in subsequent reaction pathways to synthesize other products involved in the 

defense response. These products can be divided into three groups according to their defense 

function strategies: i) hydroperoxides, the highly reactive molecules, that could give rise to 

free radicals that contributes to the initiation of hypersensitive reaction by promoting 

localized cell death, ii) defense signaling molecules, such as jasmonic acid and its methyl 

ester, that can trigger defense gene expression and amplify the initial defense response, and 

iii) antimicrobial compounds, such as 2-trans-hexanal, that constitutes a direct defense 

against pathogen attack [43]. In animals, LOXs are involved in the arachidonic acid cascade 

that contributes to a serial conversion of arachdonic acid (polyunsaturated fatty acids) into 

eicosanoids known as leukotrienes and lipoxins. These products, in turn, regulate 

physiopathological processes, including the immune system, inflammatory reactions, 

apoptotic cell death, and the response to infectious pathogens [44]. The involvement of 

LOXs in the immune system suggests a common defense strategy that animals and plants 

may share via LOXs pathway to fight against pathogens. 

Lipoxygenases (LOXs) are non-heme dioxygenases that catalyze the addition of 

oxygen molecules (also known as oxidation or oxygenation) to polyunsaturated fatty acids 

containing a (cis, cis)-1, 4-pentadiene system to yield an unsaturated fatty acid 

hydroperoxides [45]. These hydroperoxides are highly reactive and can easily breakdown to 

form free radicals, or they can be rapidly metabolized by serving as the precursors in the 

subsequent biosynthetic pathways that transform them into series of oxylipins or 

octadecanoids in plants, or eicosanoids in animals [44-46]. Plant oxylipins play a pivotal role 
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in defense toward a pathogen attack. The best-characterized oxylipins in plant defense 

response is jasmonic acid which is a signaling molecule that modulates the expression of 

defense genes, resulting in systemic acquired resistance (SAR) [45, 47, 48]. In tobacco, LOX 

gene expression is induced and jasmonic acid is produced in the very first hours after elicitor 

treatment. Using an antisense strategy, a specific inducible LOX was shown to be essential 

for the resistance of tobacco to fungal infection (Phytophthora parasitica). A linear 

relationship was found between the extent of LOX suppression and the size of the lesion 

caused by the fungus.  Indeed, suppression of this activity was sufficient to turn a resistant 

phenotype into a susceptible one [43, 49]. 

The first key rate-limiting step in oxylipins biosynthesis essentially depends on the 

action of LOXs. In plants, oxylipins are mainly derived from linoleic acid (18:2) and α-

linolenic acid (18:3). These two polyunsaturated fatty acids contains (cis, cis)-1, 4-pentadiene 

system that act as the substrates of LOX activities [45, 46]. Jasmonic acid is originally 

derived from α-linolenic acid that undergoes oxidation in LOX enzymatic reaction [48]. 

LOXs can add oxygen to either end of these pentadiene substrates with high stereospecificity. 

So, LOXs catalyzes the oxidation of these two substrates into either 9(S)- or 13(S)-

hydroperoxy derivatives or both depending on the specific isoforms of LOXs. Most plants 

appear to produce multiple isoforms of LOX to fulfill these putative functions. In general, 

LOX isoforms can be classified as 9- and 13-LOX according to the position of oxygen that 

are catalyzed into substrates. For example, in Arabidopsis thaliana, six predicted 

lipoxygenase genes are present in its genome, two genes encoding for 9-LOXs and four 

genes encoding for 13-LOXs [50]. 
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Different LOX isoforms are expressed in a temporal and spatial specific manner 

within a single plant species. This expression pattern is an oxylipin production control 

strategy that makes one oxylipin biosynthetic pathway favorable over others. The activities 

of LOX isoforms in different subcellular regions yield different pools of hydroperoxides 

which then serve as the precursors in distinct oxylipins biosynthetic pathway. As a result, this 

distinction leads to a production of specific oxylipin derivatives that have different 

physiological functions. The relative concentration, compartmentalization, and localization 

of LOX isoforms and enzymes involved in individual oxylipin biosynthetic pathways affect 

the competition among these various oxylipin biosynthetic pathways, resulting in yielding a 

multitude of oxylipins. Typically, oxylipins are not constitutively synthesized or stored in 

tissue but are formed on demand. Changes in oxylipin profiles were observed throughout 

plant developmental process and upon pathogen attack. In- depth analyses have shown that 

the composition of oxylipins is different among given organelles, tissue, plants and species. 

The difference in oxylipin profiles to those respective entities is referred as “oxylipin 

signature”[46, 51]. 

An examination of the virus invasion front in immature pea embryos infected with 

Pea seed-borne mosaic virus (PSbMV), (+)ss RNA virus in family Potyviridae, 

demonstrated that a down-regulation of two lipoxygenase genes was the early response to 

virus infection. This study used an in situ hybridization technique to monitor the changes in 

an accumulation of viral transcripts as well as host gene transcripts upon the active viral 

replication process taking place in immature pea embryos (cotyledon). They found that the 
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down-regulation of lipoxygenase genes occurred coordinately with the onset of virus 

replication and the up-regulation of HSP70 (heat shock protein) and polyubiquitin [52-54]. 

 

Mitogen-activated protein kinases (MAPKs)  

Signal transduction is initiated by the complex protein-protein interactions between 

ligands, receptors, and kinases. Mitogen-activated protein kinase (MAPK) cascades are the 

major components in signal transduction that facilitate a downstream conversion of signals 

from extracellular stimuli after being perceived by receptors into intracellular responses. This 

results in eliciting physiological changes in response to particular stimuli. MAPKs are found 

in eukaryotes only. Studies in plants indicate that MAPK cascades are vital to fundamental 

physiological functions involved in hormone responses, cell cycle regulation, abiotic stress 

signaling (temperature, drought, salinity, osmolarity, UV irradiation, ozone, and reactive 

oxygen species), and anti-pathogen responses. Activation of MAPK cascades confer 

resistance to bacterial, fungal, and viral pathogens, suggesting that signaling events initiated 

by diverse pathogens converge into the conserved MAPK cascades [55, 56]. 

The basic assembly of a MAPK cascade is a three-kinase module (MAPKKK-

MAPKK-MAPK) that is conserved in all eukaryotes [55, 56]. MAPK, the last kinase in the 

cascade, is activated by dual phosphorylation of the Thr and Tyr residues in the tripeptide 

motif (Thr-Xaa-Tyr, where Xaa could be Glu, Gly, Pro or Asp) located in the activation loop 

(T-loop) between subdomains VII and VIII of the kinase catalytic domain. This dual 

phosphorylation is mediated by a MAPK kinase (MAPKK), which, in turn, is activated by a 
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MAPKK kinase (MAPKKK). There are multiple members of each of the three tiers of 

kinases in a cell, which contribute to the specificity of the transmitted signal and its outcome. 

The MAPKKK are the most divergent group of kinases of the three kinases in MAPK 

cascades [55]. Several unrelated kinases can function as MAPKKKs to initiate the MAPK 

cascade for even a single MAPK. This is one of the mechanisms by which different stimuli 

coverage onto one MAPK. The redundancy of MAPK, MAPKK, and MAPKKK leads to two 

fundamental problems, 1) understanding which upstream kinases regulate which downstream 

kinases, and 2) identification of the downstream substrates that are targeted by these MAPK 

cascades. 

A whole-genome survey of MAPK genes and the genes encoding their upstream 

regulators (MAPKKs and MAPKKKs) is currently available in Arabidopsis. By using highly 

conserved signature motifs in searching for homology, at least 23 MAPKs and 20 MAPKK 

genes were predicted in the Arabidopsis genome. The sequences of putative MAPKKK genes 

are more divergent than those other members of the MAPK cascade. More than 80 genes 

have been identified as the potential candidates for MAPKKKs in Arabidopsis through a 

comprehensive database search [55-57]. However, the true functions of these 

computationally predicted MAPKs, MAPKKs, and MAPKKKs are still required to be further 

investigated and confirmed by a combination of genetic, biochemical and physiological 

assays.  

The activated MAPK phosphorylates a variety of cytoplasmic and nuclear substrates. 

The phosphorylated or dephosphosphrylated state of these substrates tremendously affects 
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their localization, functionality (active/inactive form), stability, and transcript levels [58]. 

Despite extensive accumulation of evidence that shows importance of MAPK in basal 

defense and R-gene mediated resistance, the mechanism through which MAPKs and MAPK 

substrates transduce the signals are largely unknown. Analysis of MAPKs, MAPK substrates 

and phosphorylation networks is presumably important to determine underlined pathways 

and outcomes of the signal transduction induced during pathogen attack. The high-density 

Arabidopsis protein microarray was used to identify potential MAPK substrates and predict 

phosphorylation networks [59]. This microarray contained 2,158 protein candidates. The 

array was screened with 10 different MAPK probes to determine their phosphorylation 

targets. These probes were pre-activated/phosphorylated in the plant by specific MAPKKs. 

The finding revealed 570 putative MAPK phosphorylation substrates, with an average of 128 

substrates per activated MAPK. These substrates were enriched in transcription factors 

involved in the regulation of development, defense, and stress responses. The transcription 

factors, acting as MAPK substrates found in this array screen, were a subset of the WRKY 

and TGA transcription factor superfamilies [59].  

Several distinct MAPK cascades have been implicated in the regulation of plant 

disease resistance, either positively or negatively [55-57, 60-62]. Infection of resistant 

tobacco plants carrying the N resistance gene against TMV lead to the activation of two 

tobacco MAPKs, salicylic acid-induced protein kinase (NtSIPK) and wounding-induced 

protein kinase (NtWIPK) [63]. NtSIPK and NtWIPK were also activated during tobacco Cf-

9-dependent resistant against fungal Clasdosporium fulvum-derived elicitor Avr9 [64]. The 

activation of NtSIPK and NtWIPK by TMV and C. fulvum Avr9 is considered gene-for-gene 
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specific, suggesting their role(s) in disease resistance [63, 64]. Gain of function studies 

showed that these two tobacco MAPKs induced the expression of defense genes and cause 

HR cell death. In contrast, loss of function studies revealed negative regulation of diseases 

resistance. These gain and loss of function studies supported the evidence that NtSIPK and 

NtWIPK are involved in the positive regulation of plant defense responses [56, 65]. Both 

pathogen infection and wounding induce NtWIPK expression systemically, suggesting that 

NtWIPK participates in systemic response to these stimuli [63, 66]. More direct evidence for 

the role of NtSIPK and NtWIPK in HR cell death came from an over-expression study of 

NtMEK2, the common upstream MAPKK shared between NtSIPK and NtWIPK [67]. A 

constitutively over-expressed mutant of NtMEK2 under the control of a steroid-inducible 

promoter was able to activate NtSIPK and NtWIPK functions. The magnitude and kinetic of 

NtSIPK and NtWIPK activation by over-expressed NtMEK2 are similar to those induced by 

pathogens [63, 68]. Within 12 hours of the induction of over-expressed NtMEK2, HR-like 

cell death was visible and defense gene expression was induced in the absence of pathogens 

[67]. Parallel studies of three other tobacco MAPKKs failed to activate NtSIPK and 

NtWIPK, and importantly failed to induce cell death. This finding suggests the specificity of 

the NtMEK2-SIPK cascade and NtMEK2-WIPK cascade involved in HR cell death and 

defense gene activation [67]. 

 

An involvement of WRKY transcription factors in a regulation of MAPKs.  

MAPK signaling cascades do not directly induce defense gene expression but do so 

indirectly through interaction with WRKY itself or WRKY repressor. The WRKY proteins 
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are a superfamily of plant transcription factors. These WRKY transcription factors are 

important in transcription initiation of many defense-related genes. N. benthamiana WRKY8 

transcription factor is a physiological substrate of SIPK, NTF4, and WIPK. These three 

kinases are MAPKs, the final kinases in MAPK cascade, and are characterized as pathogen-

responsive MAPKs. WRKY8 is normally in its inactive state (dephosphorylated form). 

Under a pathogen attack, an activated WRKY8 binds to and initiates a transcription of 

defense-related genes, such as 3-hydroxy-3-methlyglutaryl CoA reductase 2 and NADP-

malic enzyme. Phosphorylated WRKY8 by any of SIPK, NTF4, or WIPK increased its DNA 

binding activity to the cognate W-box sequence on its target genes and increased its 

transactivation activity. As a result, the transcription of the defense-related/ WRKY8-

targetted genes was induced and yielded a resistance to a pathogen invasion [69].  

A specific WRKY repressor is phosphorylated and inactivated by a flagellin MAPK 

cascade upon pathogen infection [57]. Flagellin is a highly conserved component of bacterial 

flagella that functions as an elicitor in gene-for-gene interaction inducing plant defense 

response. The plant flagellin receptor is known as FLS2, a leucine-rich-repeat (LRR) receptor 

kinase. Flagellin activates the FLS2 receptor, leading to the activation of the MAPK cascade. 

A complete flagellin MAPK cascade is composed of MEKK1 (MAPKKK), MKK4/MKK5 

(MAPKK), and MPK3/MPK6 (MAPK). The Arabidopsis flagellin MAPK cascade is similar 

to the activation of the tobacco MAPK cascade by fungal elicitin, as well as during Avr9-Cf-

9 and TMV-N gene-for-gene interaction [63, 64, 70].  
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Based on homology comparison, Arabidopsis MPK3 and MPK6 are orthologous to 

tobacco NtWIPK and NtSIPK respectively. It has been found that the Arabidopsis 

WRKY22/WRKY29 repressor is a final target or substrate of MPK3/MPK6. The WRKY 

repressor inhibits WRKY transcription factor activity. Upon flagellin challenge, a MAPK 

cascade inactivates the WRKY repressor by phosphorylation, resulting in an actively 

functional WRKY transcription factor that induces downstream defense gene transcription, 

ultimately leading to disease resistance. This supports the evidence that the components of 

the flagellin MAPK cascade (MEKK1, MKK4/MKK5, and MPK3/MPK6) are key mediators 

of Arabidopsis innate immunity [57]. 

 

Experimental models 

This dissertation is designed to study the interaction between host and plant RNA 

virus. To elucidate the events in the host-virus interaction, I utilized N. benthamiana (a 

model host for most plant viruses) and Red clover necrotic mosaic virus (RCNMV, a typical 

plus strand RNA plant virus) as the experimental models.  This section provides general 

information of these experimental models.  

 

N. benthamiana 

N. benthamiana is a dicot plant, a close relative to tobacco, and a species in the genus 

Nicotiana, family Solanaceae. It is indigenous to Australia, more specifically the Northern 

Territory and Western Australia, and it originally arose as a result of the hybridization 
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between the two progenitor species of N. debneyi and N. suaveolens [71-73]. Next to 

Arabadopsis thaliana, N. benthamiana is the prominent model organism for conducting 

research in the field of plant biology and plant pathology. It is an excellent experimental 

plant subject and the best known model plant for performing agroinfiltration and virus-

induced gene silencing (VIGS) to conduct plant functional assays, either transient gene 

knockdown or transient protein expression studies [74, 75]. N. benthamiana is also an 

efficient and viable alternative platform for the industrial production of recombinant proteins, 

particularly in the field of pharmaceutical biotechnology [76-78]. N. benthamiana is 

susceptible to a wide range of plant pathogens (bacteria, oomycetes, fungi, and viruses), 

making this plant species a cornerstone host for host-pathogen interaction studies, in a 

particular context of the host immunity and defense signaling [71]. In comparison to 

Arabidopsis thaliana, N. benthamiana is susceptible to a wider range of pathogens and its 

life-cycle is longer allowing for productive pathogen infections.  

Although Arabidopsis is the most used host in plant-virus studies and its genome is 

very well characterized, it is not nearly as susceptible to viruses. N. benthamiana is a more 

suitable host model for my dissertation due mainly to its susceptibility to > 500 plant viruses, 

even to those that are typically restricted to monocot hosts and, most surprisingly, even to 

several animal viruses [79]. N. benthamiana is highly capable of (i) allowing plant viruses to 

establish a local infection, and (ii) facilitating viral cell-to-cell movement leading to a 

systemic infection. Therefore N. benthamiana is a local and systemic host for many plant 

viruses. In this dissertation, we studied virus-host interaction by challenging N. benthamiana 

with RCNMV. N. benthamiana is highly susceptible to RCNMV. The RCNMV-infected N. 
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benthamiana exhibits local lesions on the inoculated leaves at 2-3 days after inoculation. The 

green fluorescent protein expressed from a modified RCNMV can be detected under the 

microscope as early as 8 hours after inoculation, within individually infected cells. RCNMV 

systemic symptoms appear 3-4 days after inoculation, which include leaf curling, growth 

stunting, and characteristic necrotic-mosaic (Chapter 3, Figure 1). 

The N. benthamiana genome (~ 3 Gbp) is nearly 20 fold larger than the A. thaliana 

genome (~ 135 Mbp) [80-82]. N. benthamiana is an amphiploid species with n = 19; 

whereas, A. thaliana is a diploid species with n=5. Genome sequencing is a breakthrough 

technology that provides a stepping stone to understanding the genetic composition of an 

organism and the function of genes at a larger scale. The first N. benthamiana draft genome 

was recently published in 2012. This N. benthamiana genome draft has 63-fold coverage and 

is available on Sol Genomic Network for BLAST search and for downloading to a local 

server [83]. The Sol Genomics Network (SGN) website [84] provides approximately 16,000 

unigenes derived from this genome draft. 

Although N. benthamiana is an excellent plant model in many research areas, the 

genome-wide study and functional analysis of this plant species is likely far more difficult. 

The complexity of the N. benthamiana genome structure and organization, together with a 

shortage of other genomic database sources leads to a lack of essential genomic information 

to enable the use of N. benthamiana as a plant model for genome-wide study. Therefore, one 

of the major contributions of my dissertation was to create a genomic tool (a custom 

microarray) and data resource of N. benthamiana for the scientific community.  
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RCNMV 

RCNMV is a plant RNA virus that was first described infecting red clover in 

Czechoslovakia in 1967 (Musil and Matisova, 1967). It has been shown to infect a wide 

range of experimental hosts including tobacco, cucumber, and cowpea.  

RCNMV is in the genus Dianthovirus, and family Tombusviridae. RCNMV has a 

bipartite genome structure consisting of two positive-sense single-stranded RNAs (Chapter 3 

Figure 2): RNA-1 (3.9 kb) and RNA-2 (1.45 kb), which are packaged together into virions 

composed of 180 identical capsid protein subunits [85-88]. RNA-1 contains three open 

reading frames (ORF): (i) p27 encoding a 27-kDa functionally unknown protein, (ii) p88 

(expressed as a -1 ribosomal frameshift of p27) encoding the 88-kDa viral polymerase 

protein (contains an RNA-dependent RNA polymerase motif (RdRp)) [89-91], and (iii) p37 

(expressed from subgenomic RNA) encoding the 37-kDa viral capsid protein [92]. Whereas 

RNA-2 is a monocistronic RNA (one ORF) which encodes the 35-kDa viral movement 

protein required for virus cell-to-cell movement (local infection) in plants and infection of 

whole plants (systemic infection) [87, 93]. Although RNA-2 is not required for the 

replication of RNA-1 in protoplasts [94-96], a 34-nucleotide (nt) sequence in RNA-2 is 

required for transcription of subgenomic RNA from RNA-1 [97]. The addition of (i) a 

modified GTP (guanosine triphosphate) or any cap analogue (m
7
GpppA, m

7
GpppG) to the 5’ 

end (cap), and (ii) poly (A) (adenine nucleotide) to 3’ end (tail) of the premature-mRNA is 

the important canonical feature in the translation of many eukaryotic mRNAs [98]. Both 

RCNMV RNA-1 and RNA-2 lack a 5’ cap structure and their 3’ ends are not polyadenylated 
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[99]. However, the uncapped in vitro transcripts of RCNMV RNA-1 and RNA-2 show a 

comparable infectivity to that of capped transcripts in N. benthamiana [100] and in cowpea 

protoplasts [99]. The high infectivity observed in the uncapped RCNMV RNAs implies that 

this virus utilizes a cap-independent mechanism to translate viral proteins.  

While the RCNMV genome and function is well characterized for at least the past 30 

years, very little is known about how RCNMV interacts with the plant host. To date, no host 

resistance (R) genes have been described to recognize or target RCNMV during infection. 

RCNMV is known host tissue necrosis in many hosts. It is likely that the plant host must 

contain R genes that recognize RCNMV proteins. RCNMV has two known suppressors of 

host gene silencing. The first characterized is a composite of  the presence of p27, p88, and a 

replication competent RNA-2 [101], and the second is the RNA-2 encoded movement protein 

[102]. RCNMV replication process takes place on the remodeled endoplasmic reticulum 

(ER) membrane. The Lommel  laboratory previously found that RCNMV replication proteins 

(p27 and p88) accumulate at the ER membrane in N. benthamiana host and cause membrane 

restructuring, rearranging and proliferation [103]. Yet, there are no reports about the 

interaction between RCNMV and host factors/proteins associated with ER. Replication of 

ss(+) RNA virus is a complex process that involves numerous interactions among viral RNA, 

viral proteins, host proteins, and host membrane lipids. The movement of RCNMV to 

adjacent cells occurs through a plasmodemata channels that connect cells. However, this 

intercellular transport channel is dimension restricted and so is too small for virions or even 

free viral DNA or RNA strands to move through. An assumption is that RCNMV requires an 

interaction with host proteins in order to increase the plasmodesmata size exclusion limit 
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(SEL) [94, 104, 105]. The most relevant information that may help understand the interaction 

events between RCNMV and host comes from the studies previously performed on its close 

relative Tomato bushy stunt virus (TBSV), especially the studies from the Nagy group [106, 

107]. However, the Nagy group used yeast (Saccharomyces cerevisiae) as a model host to 

study the interaction between plant virus and host [108]. Genome-wide screening of yeast 

libraries led to the identification of a number of essential and nonessential host factors 

affecting TBSV RNA replication [109, 110]. The identification of yeast genes revealed that 

they might affect TBSV RNA recombination by altering (i) the ratio of the two viral 

replication proteins, (ii) the stability of the viral RNA, and/or (iii) the replicatability of the 

recombinant viral RNAs [110]. 

 

DNA microarray and its application to study plant-virus interactions 

DNA microarrays are commonly known as DNA chips. They are used to measure the 

expression levels of large numbers of genes simultaneously. A DNA microarray is composed 

of a collection of specific DNA sequences, known as probes (or reporters or oligos) attached 

to a solid surface. The core principle behind microarrays is the hybridization between a probe 

and its corresponding target gene. The probe is made of a complementary sequence to its 

target gene. The probe can be a short section of a gene sequence; however, it is required to 

specifically hybridize to its corresponding target gene. Only the probe that hybridizes to its 

corresponding target gene generates a signal. The signal intensity depends upon the 

abundance of the target gene present in the sample [111, 112]. DNA microarrays can 
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therefore be used to measure changes in expression levels of genes of interest under different 

experimental conditions; for example, changes in the expression of a gene in a healthy and 

infected state. DNA microarrays provide the ability to study the expression of thousands of 

genes simultaneously in a single experiment.  

 

DNA microarray limitations 

Although DNA microarrays are a powerful and high throughput technology, they do 

have limitations when being utilized in genome-wide studies. 

1. Microarrays measure only the steady-state mRNA abundance and do not measure the rate 

of transcription.  

2. Microarrays do not measure protein abundance or protein activity levels. The correlation 

between mRNA measured by the microarray and its corresponding protein level may not be 

correlated due to post-transcriptional or post-translational regulation.  

3. DNA microarray technology is not able to monitor expression of genes that are 

differentially expressed under certain criteria; genes that are expressed transiently, at low 

levels, or in a small number of cells. Careful experimental design is required for genes that 

exhibit these expression patterns. 

4. DNA microarrays may not be able to distinguish between gene family members with high 

sequence similarities. 
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5. DNA microarrays have a capacity limitation regarding the number of probes that can be 

printed on a chip; therefore, typically only portions of a genome are represented on a typical 

chip.   

6. Possible errors exist in array printing, probe sequence, probe self-hybridization, sample 

handling, RNA sample preparation, and hybridization procedure. 

7. Statistical methods used in microarray data analysis affect conclusions.  There has not 

been a standardization of analyses. With the same microarray data set, different statistical 

analyses therefore can lead to different conclusions.  

8. Creation of a custom DNA microarray may require prior knowledge of genomic 

information (such as expressed sequence tags) of the organism of interest. This makes 

microarray technology more difficult to use with non-model organisms that do not have 

extensive genomic information available. The alternative for this issue is the use of a cDNA 

microarray [112]. This type of microarray does not require prior knowledge of genome under 

study in that clones isolated directly from cDNA libraries are spotted onto the array. 

 

DNA microarray applications in plant-virus interactions 

Plant-pathogen interactions and the resulting downstream signaling are extremely 

complex and dynamic, and therefore are difficult to monitor with traditional genetic and 

biochemical methods which focus on studying a few host genes at a time. With the advent of 

large-scale genomic sequencing and EST (expressed sequence tag) projects in plants and the 
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development of DNA microarray technology, it is now possible to simultaneously monitor 

the expression of thousands of plant host genes at a time, in some cases all of the plant host 

genes in a genome, upon a pathogen attack. Host transcriptome profiling based on microarray 

technology opens up tremendous opportunities to examine differential host gene expression 

between healthy and infected plant samples, potentially leading to the discovery of new host 

factors, which can then lead to identification of host metabolic/defense/signaling pathways 

that are associated with pathogen attack [111, 113]. Although further validation is needed, 

the correlative results between host genes and pathogen invasion provide a vast amount of 

information that can guide hypothesis-driven research to elucidate the molecular mechanisms 

involved in transcriptional regulation and signaling networks in plant hosts. 

Microarray analysis is becoming a standard method for the study of plant-virus 

interactions. The majority of these microarray studies are with Arabidopsis [114-119] and 

they have revealed a remarkable complexity in host response to plant viruses that vary 

depending on the source of host tissue, duration of infection, virus strain, and host specificity. 

Comparative Arabidopsis microarray studies have also identified a number of common host 

factors induced by different plant viruses. Although Arabidopsis has been widely used to 

study host-virus interactions, it is not always an ideal host for most plant viruses that require 

a specific host to exhibit infected symptom. In this respect, N. benthamiana offers an 

alternative model host to study plant-virus interaction. Two previous studies have 

successfully utilized a potato cDNA array to probe the modulation of N. benthamiana gene 

expression by negative-sense, enveloped RNA viruses (Sonchus yellow net virus (SYNV) 

and Impatiens necrotic spot virus (INSV)) [120]; and positive sense RNA viruses (Plum pox 
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potyvirus (PPV), Tomato ringspot nepovirus (ToRSV) , and Prunus necrotic ringspot 

ilarvirus (PNRSV)) [121]. The development of a commercially available N. benthamiana 

microarray was one of the contributions of my dissertation, the details of which are described 

in chapter 2. 

 

Dissertation contributions and thesis organization 

How viruses modulate host physiological processes in cells, tissues and whole plants 

to favor their infectivity, while defeating plant host immune system remain one of the gaps in 

our knowledge of plant virology. We are particularly interested in determining how host 

physiological processes and host immune system changes correspond to each stage of a virus 

infection cycle. 

The work in this dissertation is a unique plant-virus interaction study in two 

significant ways; (i) we employed a high-throughput technology to study the expression flux 

of thousands of host factors simultaneously upon infection and (ii) this study was designed to 

capture the very early events of host-virus interaction from 1 to 24 hours.  

This dissertation is ultimately aimed to increase our understanding of not only the 

interaction between N. benthamiana and RCNMV, but also to expand the general knowledge 

base of the involvement of host factors to other ss(+)RNA viruses. This dissertation makes 

three important contributions.  

 



29 

 

 

1: Genomic information resource and a high-throughput tool for N. benthamiana was 

generated. 

N. benthamiana genomic data and a microarray were developed not only for use as a 

high-throughput tool to study host-virus interaction in this dissertation but also to provide a 

resource to the scientific community (chapter 2). We created a unigene collection, a gene 

expression microarray, and a functional annotation for N. benthamiana. Our array design is 

the first microarray layout of N. benthamiana gene expression (exon) array and also the first 

commercial N. benthamiana microarray available. 

 

2: The global gene expression pattern of N. benthamiana at the early stages of viral infection 

was studied in order to determine changes in host physiological processes and defense 

responses. 

The custom N. benthamiana microarray created from contribution 1 was utilized to 

study the regulation of host gene expression at the early stages of RCNMV infection. Chapter 

3 describes the profiling of host gene expression changes at 2, 6, 12, and 24 hours post 

inoculation.                                           

 

3: Plant host genes that affect viral replication at the early stages of and RCNMV infection 

were identified and partially characterized. 

Four host genes representing various plant biological functions were selected from 

the microarray study (chapter 3) to further functionally assay their impact(s) on RCNMV 
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replication. The genes chosen were: 1) NbSAR (systemic acquired resistance, chapter 4), 2) 

NbWRKY (putative WRKY transcription factor, chapter 5), 3) NbBTF3 (basal transcription 

factor 3, chapter 6) and 4) NbSI (C-8, 7- sterol isomerase, chapter 7). NbWRKY and NbSI 

are identified, isolated, and characterized for the first time in this dissertation. Therefore, the 

work in this dissertation is the first report of these two novel genes. 
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Chapter 2 

Analysis of expressed sequence tags in Nicotiana benthamiana 

defines a unigene set comprising 13,000 genes 

 

 

Chapter summary 

Herein, I describe the development of a N. benthamiana 13 K unigene collection, a 

microarray, and functional annotation of the unigenes. This unigene collection covers 

approximately 38% of the N. benthamiana genome. This report constitutes the first 

microarray of N. benthamiana gene expression (exon) array and also the first commercial N. 

benthamiana microarray available from Nimblegen Company. The performance of this N. 

benthamiana microarray is illustrated in the host-RCNMV interaction study which is 

described in Chapter 3.  
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Abstract 

Because of the complexity of the Nicotiana benthamiana genome and its estimated 

size at 3 Gb, sequencing of the expressed portion provides an alternative approach to rapidly 

study gene expression. Here we report our collection of N. benthamiana expressed sequence 

tags (ESTs). We sequenced 12,000 ESTs from three libraries: a standard (expanding leaf 

tissue), a normalized (green aerial part of the plant), and a subtracted cDNA (a library of 

healthy against a library of Colletotrichum destructivum-infected N. benthamiana) libraries. 

The expression analysis shows that, as expected, RuBisCO- and photosynthesis- related 

genes are highly expressed among these three libraries. Our sequenced ESTs were combined 

with publicly available ESTs, producing a total set of 41,700 N. benthamiana ESTs which 

was then condensed down to 13,014 unigenes. Homology searches against GenBank non-

redundant protein sequences (nr) database using BLASTX and E-value cut off of 1x10
-5

 

showed that 66% of the unigenes had at least one hit. A majority of homologs contributed to 

cell growth, enzymes, metabolism, cell communication, defense, and transcription regulation. 

We identified 261 unigenes that are involved in transcription. The most redundant 

transcription factor-related genes belong to AP2/ERF, WRKY and GRAS families. To enable 

a genome-wide study in N. benthamiana, we developed the first ready-to-use 13K unigene –

based N. benthamiana microarray. The array probes are 60-oligonucleotides long. The array 

contains 9 probes per unigene and 3 technical replicates per probe printed on the 385K-

formatted array. Currently, a custom N. benthamiana microarray and its unigene collection, 
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array design, sequences, and functional annotation information are available through a 

request from the Lommel laboratory and Nimblegen Company. 

Keywords; Nicotiana, Nicotiana benthamiana, ESTs, unigenes, microarray, gene expression 

 

Introduction 

N. benthamiana is a dicot plant, a close relative to tobacco, and a species in the  genus 

Nicotiana, family Solanaceae. It is indigenous to Australia, more specifically the Northern 

Territory and Western Australia, and it originally arose as a result of the hybridization 

between the two progenitor species of N. debneyi and N. suaveolens [1-3]. Next to 

Arabadopsis thaliana, N. benthamiana is the prominent model organism for conducting 

research in the field of plant biology and plant pathology. It is an excellent experimental 

plant subject and the best known model plant for performing agroinflitation and virus-

induced gene silencing (VIGS) to conduct plant functional assays, either transient gene 

knockdown or transient protein expression studies [4, 5]. Here, we demonstrate the 

phenotype of silenced PDS gene (phytoene desaturase) in N. benthamiana using TRV 

(Tobacco rattle virus)-VIGS method in Figure 1. The suppression of the PDS gene exhibits a 

visible leaf bleaching symptom at day 7-10 after agroinfiltration (Agrobacterium tumefacies). 

The phenotype is systemic due to the spreading of the PDS gene silencing signal to the upper 

and younger non- agro-infiltrated leaves from the agroinfiltrated leaf. N. benthamiana is also 

an efficient and a viable alternative platform for the industrial production of recombinant 

proteins, particularly in the field of pharmaceutical biotechnology [6-8]. N. benthamiana is 
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susceptible to a wide range of plant pathogens (bacteria, oomycetes, fungi, and viruses), 

making this plant species a cornerstone host for host-pathogen interaction studies, [1]. In 

comparison to Arabidopsis thaliana, N. benthamiana is susceptible to a wider range of 

pathogens and its life-cycle is longer allowing for productive pathogen infections.  

N. benthamiana is the most widely used host in plant virology studies due mainly to 

its susceptibility to more than 500 plant viruses, even to those that are typically restricted to 

monocot hosts and, most surprisingly, even to several animal viruses [9]. N. benthamiana is 

highly capable of (i) allowing plant viruses to establish a local infection, and (ii) facilitating 

viral cell-to-cell movement leading to a systemic infection. Therefore N. benthamiana is a 

local and systemic host for many plant viruses. Here, we demonstrate a viral susceptibility of 

N. benthamiana in Figure 2. Using, Red clover necrotic mosaic virus, (RCNMV) infected N. 

benthamiana exhibit local lesions on the inoculated leaves at 2-3 days after inoculation. The 

GFP protein expressed from a modified RCNMV can be detected under the microscope as 

early as 8 hours after inoculation, within individually infected cells. RCNMV systemic 

symptoms appear 3-4 days after inoculation, which are leaf curling, growth stunting, and 

characteristic necrotic-mosaic.  

Although N. benthamiana is an excellent plant model in many research areas, the 

genome-wide study and functional analysis of this plant species is likely far more difficult, 

largely due to the complexity of its genome structure and organization. The N. benthamiana 

genome (~ 3 Gb) is nearly 20 fold larger than the A. thaliana genome (~ 135 Mbp) [10-12]. 

N. benthamiana is an amphiploid species with n = 19; whereas, A. thaliana is a diploid 
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species with n=5. Genome sequencing is the cornerstone of high-throughput functional 

analysis and genomic study. It is fundamental to understanding the genetic composition of an 

organism. The first N. benthamiana draft genome was recently published in 2012. This N. 

benthamiana genome draft is a 63-fold coverage and is available on Sol Genomic Network 

for BLAST search and for downloading to local server [13]. However, because of the size 

and the complexity of the N. benthamiana genome structure and organization, together with a 

shortage of other sources of genomic database, it is likely that a comprehensive sequence and 

assembly, functional annotation, and gene/protein predictions will remain computationally 

and experimentally challenging. This complication leads to a lack of essential genomic 

information to enable the use of N. benthamiana as a plant model for genome-wide study.  

In this project, we aim to provide an alternative approach to enable an immediate and 

productive high-throughput gene function and pathway studies of N. benthamiana. While 

awaiting the comprehensive genome information, a random sequencing of gene transcripts 

and expressed sequence tags (ESTs) has been recognized as a simple and efficient method to 

identify expressed genes in an organism. ESTs are short ~ 200-800 nucleotide, unedited, 

randomly selected single-pass sequence reads derived from cDNA (complementary DNA) 

libraries. ESTs and cDNAs provide direct evidence for all the sample transcripts and they are 

currently one of the most important resources for transcriptome exploration [14]. In 1991, 

ESTs were used as a primary source for human gene discovery [15]. Thereafter, for at least 

two decades, high-throughput EST sequencing has become a valuable, efficient, and rapid 

method for gene and pathway discovery in plants, human, animals, and microorganisms [15-

23]. The sources of the cDNA libraries that are used for EST sequencing can come from 
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various tissue types which could be derived from different organs and different 

developmental stages, as well as, different environmental and stress exposure. Certain plant 

genes are tightly regulated both temporally and spatially [21, 24]. In addition, certain genes 

are expressed only under specific biotic or abiotic stresses [25-28]. The use of various 

sources to obtain ESTs increases the representation of events that are able to induce the 

activation of transcription of the majority of the organism’s genes to be expressed highly 

enough to be detected and sequenced during the sequencing process. On the other hand, with 

a use of a particular source to produce ESTs, an investigation of the ESTs could help identify 

the highly expressed genes under the particular experimental treatment. This comes from the 

assumption that when sampling is truly random from these different tissue types, the 

frequency of any given EST is related to differentials in gene expression on the conditions in 

which the corresponding gene is acting [23, 29-31]. So, an analysis of ESTs could provide an 

approach to identify genes that are significantly expressed in response to a particular 

biological milieu. The collection of ESTs also provides valuable preliminary information for 

genome studies. When aligning ESTs to the genome using physical mapping, it provides a 

resource to ensure the genome assembly and the estimation of gene numbers is accurate as 

well as distinguishing authentic genes from pseudogenes. ESTs were first used to construct 

maps of the human genome [32]. EST data mining is a powerful tool to help refine predicted 

transcript, SNP (single-nucleotide polymorphism) characterization, and splicing events for 

those predicted genes, which leads to a prediction of their corresponding gene products and 

ultimately their functions [14, 33-40]. Global, multi-tissue EST projects have been reported 

for Arabidopsis [41], rice [31], soybean [42], potato [24], and Populus [43]. To date, no 
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report exists of global, multi-tissue EST analysis from N. benthamiana. With an urgency to 

enable the use of N. benthamiana in many research areas, particularly as a plant model in 

genome-wide study, we propose here the examination of N. benthamiana ESTs, unigene 

assembly, and functional annotation.  

Single gene-orientated studies emphasize the study of one particular gene or a few 

genes at a time. This type of study is practical when research questions are focused on a 

certain aspect of the gene function. Despite genes being well-characterized in any single 

gene-orientated study; information obtained from this type of study limits an ability to 

resolve two fundamental research problems: (i) how an individual gene is inter-connected to 

other genes in biological networks; and (ii) how biological networks are comprehensively 

altered during the experimental challenges. One gene could be involved in multiple 

metabolic pathways. For this reason, high-throughput approaches are required to be 

implemented in order to tackle these two issues. In this project, we are particularly interested 

in the application microarray technology to develop the first N. benthamiana microarray as a 

ready-to-use genomic tool. In recent years, the number of available plant genomic tools has 

grown greatly. In fact, a search of the Affymetrix® website shows that not only is a whole 

genome array of A. thaliana offered, but there are now over 10 different plant arrays of 

agronomically important crops readily available for expression analysis. However, at the 

time of this study, a N. benthamiana array was not commercially available.  

Gene expression microarray is a very innovative high-throughput technology. It is 

prepared by a high-speed robotic printing of the complementary DNAs on glass which were 
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used to measure a quantitative expression of the corresponding genes. Microarray was 

developed to monitor the expression of many genes in parallel. In other words, it allows the 

host transcriptomic profile to be collectively and simultaneously gathered from individual 

genes in a single shot of study [44]. This pushes a boundary of our curiosity from the 

perspective of single gene study to many thousand gene study at one time of experiment. 

Bioinformatics and genomic databases are necessary tools to manipulating large datasets 

from the high-throughput experiment, including a dataset from microarray experiment. They 

extend an ability to extract significant and meaningful information from a massive genomic 

data to predict how the whole network of an organism’s physiological process behaves in 

response to the experimental challenges. A collection of differential gene expressions are 

dissected to construct the predicted models for metabolic pathway networks, gene-regulatory 

network (protein-DNA interaction such as transcription factor and its cognate nucleotide 

sequences), and interactome network (protein-protein interactions) that are impacted by the 

experimental challenges.  

Previous genome-wide studies using N. benthamiana as an experimental plant model 

have employed the heterologous microarray made from Solanum tuberosum (potato) for 

hybridization [24, 45, 46]. Potato is a close relative to N. benthamiana in the family 

Solanaceae. In spite of their close genetic relatedness [47, 48], the hybridization capacity of 

cDNA synthesized from N. benthamiana total RNA to the potato microarray is only 75% 

[45]. Here we provide a ready-to-use genomic tool of N. benthamiana for a the scientific 

community. We collaborated with Nimblegen Company to develop the first gene expression 

microarray of N. benthamiana by utilizing our EST and unigenes collection, and we present 
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here the design of our custom microarray. The validation and performance test of our custom 

microarray is thoroughly described in Chapter 3. 

We hope that our unigene collection, annotation information, and microarray 

presented in this work could serve as the promising powerful genomic resource and tool for 

genome-wide study in N. benthamiana. 

 

Materials and Methods 

1) Sources of EST sequences 

A collection of N. benthamiana EST sequences were compiled from six distinct 

libraries and a summary shown in Table 1. 

(i) A standard library prepared from expanding leaf tissue of N. benthamiana, cultivar 

Berkeley. The standard library was composed of ESTs from expanded leaf tissue made 

commercially by Amplicon Express, Inc (Amplicon Express, Inc., Pullman, WA). Total 

RNA was extracted and the poly A fraction isolated on oligo-dT column. The mRNA was 

reverse transcribed and subsequently double stranded. The poly A double stranded cDNA 

ranging in size from 400-4000 bp was directionally cloned into the EcoR I – Xho I restriction 

site of pBluescript S/K 
+
 vector for sequencing.  

(ii) A normalized library created in Dr. Andy Maule’s laboratory at the John Innes Centre 

(Norwich, UK) from the green aerial parts of the plant. HAP columns were used to normalize 

the double stranded cDNA three times.  
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(iii) A subtracted library donated by Dr. Paul Goodwin from University of Guelph (Guelph, 

Canada). This library is a subtraction from a library of healthy N. benthamiana against a 

library of Colletotrichum destructivum-infected N. benthamiana. 

(iv) A US library.  

(v) A TIGR N. benthamiana EST libraries (The Institute for Genomic Research) 

The EST sequences were derived from a search of TIGR database. The TIGR library 

combined N. benthamiana ESTs from various tissue types that were exposed to different 

abiotic and biotic stresses. RNA was isolated from N. benthamiana tissues that include 

callus, roots from liquid culture grown plants, heat-stressed leaves (38 
o
C, 3 hr and 6 hr), 

cold-stressed leaves (5 
o
C 3 hr, and 6hr), and pathogen challenged leaves (Pseudomonas 

syringae pv tomato 12 hr; Xanthomonas campestris pv campestris 12 hr, 18 hr; Pseudomonas 

syringae pv phaseolicola 18 hr, and Xanthomonas campestris pv vesicatoria 18 hr). RNA was 

isolated from these tissues and pooled in approximately equal molar amounts. 

Complementary DNA was cloned into pCMVSport6.1 vector through EcoRI and NotI for 

sequencing. 

(vi) A GenBank N. benthamiana EST libraries  

 

2) Sequence processing pipeline 

 The EST clones from libraries i, ii, and iii were sequenced by the Tobacco Genome 

Initiative (TGI, North Carolina State University, Raleigh, NC). Prepared DNA was 

sequenced on an ABI3700 DNA sequencer (Applied Biosystems, Foster City, CA). The EST 
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clones from library (iv) were sent to Agencourt for sequencing. After eliminating all poor 

quality sequences, the sequenced N. benthamiana ESTs were vector trimmed using a PEARL 

script created by the TGI. Vector trimmed sequences were run through RepeatMasker to 

screen for “interspersed repeats and low complexity DNA sequences” [49, 50]. These ESTs 

were then combined with the remaining N. benthamiana sequences from TIGR and GenBank 

to to be collated into unigenes. 

 

3) Contig/Unigene assembly 

The EST sequences that passed the sequence processing pipeline were combined and 

assembled into contigs using the default parameter setting of the CAP3 program [51]. 

Incorporation of ESTs into a contig requires a minimum of a 40 bp overlap and at least 95% 

sequence identity. 

 

4) Functional annotation of unigene sequences 

Blast2GO software [52] was applied to assign functional information to the unigenes 

(Figure 12). The unigene sequences were compared to the GenBank nr database using 

BLASTX [53] and only similarities with expected value (E) smaller or equal to 1 x 10
-5 

were 

further classified into categories according to gene ontology (GO) scheme. With the GO 

system, gene functions are classified into three categories: cellular component, biological 

process and molecular function [54]. In addition, all unigenes were searched against KEGG 
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[55] and InterProScan [56] databases to assign their protein functions, and their involvement 

in enzymatic reactions and metabolic pathways. 

 

5) The construction of N. benthamiana microarray 

The set of unigene sequences were submitted to Nimblegen Systems, Inc (Madison, 

WI) to construct a custom gene expression microarray (array design ID 1911 and 1871). The 

array design is based on Nimblegen’s proprietary method. 

 

Result and discussion 

N. benthamiana ESTs and unigene assembly 

Messenger RNAs (mRNAs) in the cell represent copies from the expressed genes. As 

RNA cannot be cloned directly, they are reverse transcribed to double-stranded cDNA using 

reverse transcriptase. The resultant cDNAs were then cloned to make libraries representing a 

set of transcribed genes of the original cells or tissues. Subsequently, these cDNA clones are 

randomly sequenced from both directions in a single-pass run with no validation or full-

length sequencing to obtain 5’ to 3’ chromatogram ESTs. These resultant ESTs are pre-

processed into high-quality ESTs wherein they are screened for sequence repeats, 

contaminants, and low-complexity sequences, which are eliminated. The collection of EST 

sequences in this project represent a wide range of tissue types from different plant 

developmental stages and organs (liquid culture grown plant, expanding leaves, and root), as 

well as, biotic and abiotic challenges (heat-stressed, cold-stressed, and pathogen challenged 
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tissues).  All EST sequences from six EST libraries were combined to generate a total of 

41,700 N. benthamiana EST sequences in the collection. A majority of  TGI and TIGR 

sequences is available in the GenBank EST database [57] under the library name 

“LIBEST_015697 SAL_US N. Bentheme” [58] and “LIBEST_015055 N. benthamiana 

mixed tissue cDNA library, normalized, full-length” [59] respectively. All EST sequences in 

the collection were passed through a sequence processing pipeline for a quality check prior to 

generating a unigene assembly. The set of 41,700 EST sequences were clustered and the 

assembly approach yielded 5,948 contigs with an average length of 963 bp (a range between 

45 bp and 6447 bp), and 7066 singletons with an average length of 752 bp (a range between 

9 bp and 6429 bp). The combined contigs and singletons produced a total of 13,014 unique 

sequences with an average length of 752 bp (a range between 9 bp and 6447 bp). The 

distribution of unigene length is illustrated in Figure 3. The average length of our ESTs is 

considered highly informative [14]. Each unigene was oriented from the 5’ to 3’ direction 

using three criteria: (i) an orientation according to a BLASTX hit against GenBank nr 

database with E-value cut off of less than 1 x 10
-5

, (ii) unigenes with no BLAST hit 

orientated according to a sequencing direction of the underlying ESTs, and (iii) the remaining 

sequences were screened for polyadenylation tail to identify 3’end of a transcript.  
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Potential highly-expressed N. benthamiana genes from standard, 

normalized, and subtracted EST libraries 

We analyzed sequence similarity and functional annotation of 3888 clones that were 

derived from three EST libraries: standard library, subtracted library, and normalized library. 

Expression patterns across these libraries were discerned using BLASTClust software [60]. 

BLASTClust is a program within the standalone BLAST package. It was used to cluster 

sequence similarity of either protein or nucleotide sequences. The program begins with 

pairwise matches and places a sequence in a cluster if the sequence matches at least one 

sequence already in the cluster. In the case of nucleotide sequences, the Megablast algorithm 

was used to compute the pairwise matches. The functional annotation of each cluster was 

obtained by BLASTX with E-value cut off of 1 x 10
-5

. Considering the frequency of EST 

clones among these three libraries, the potential highly-expressed genes are reported in Table 

2. Proteins that belong to ribulose bisphosphate carboxylase (RuBisCO) family were found to 

be the most highly-expressed gene and the most highly-correlated gene among standard, 

normalized, and subtracted libraries. 

 

Functional analysis of N. benthamiana unigenes 

Homology searches of 13,014 N. benthamiana unigenes against GenBank nr database 

[57] using BLASTX and E-value cut off of less than 1x10
-5 

[53] showed that 66% of the 

unigenes have at least one hit to an existing sequence. Of all the sequences that have BLAST 
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hits, 76% have an E-value between 1x10
-100

 to 1x10
-10

 (Figure 4).  The average sequence 

identity between unigene queries and their top BLAST hits is 82% (Figure 5).  

We analyzed functional annotation using a top hit from each unigene. A distribution 

of top hit organism species is demonstrated in Figure 6. A majority of homologous proteins 

are from grape (Vitis vinifera), castor oil plant (Ricinus communis), and black cottonwood 

(Populus trichocarpa). However, as would be expected, the most frequent top hit plant 

species are in the  Solanaceae family. About 24% of N. benthamiana unigenes are 

homologous to genes from other Solanaceae plants, 2.3% to A. thaliana, and 2% to soybean; 

whereas, 0.6% to rice and 0.3% to corn.  A majority of the homologous protein functions 

contributed to cell growth, enzymes, cell communication, defense, and transcription 

regulation. We identified 261 unigenes that are involved in the transcription regulatory 

network. The most redundant transcription factor-related genes belong to AP2/ERF, WRKY 

and GRAS transcription factor superfamilies. Of the 13,014 input unigene sequences, 7,841 

returned at least one GO hit, which is about 60% of the starting dataset. This return is not as 

high as we expected. However, given only 66% of unigenes had a BLAST hit, we believe 

that the GO hit result demonstrates that our search method is efficient. The 27,254 gene 

ontology terms for three principle GO categories, biological process, molecular function and 

cellular component were assigned to 4,493, 5,457, and 4,537 unigenes respectively. 

Approximately 60% of the biological process hits fell into the anabolic/catabolic process 

category which includes metabolic process of carbohydrate, lipid, protein, DNA, and 

secondary metabolites (Figure 7). About 25% of the hits related to cellular communication, 

signal transduction, and stress response. While only 10% involved in cell growth and 
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maintenance. The largest proportion of molecular function (Figure 8), about 46%, 

corresponded to binding activities (chromatin, DNA, RNA, nucleotide, protein, ion, and 

metal binding); while catalytic activities (peptidase, hydrolase, transferase, kinase, and 

phosphatase) were almost equally represented by 37% of the hits in molecular function. 

Under the cellular component (Figure 9), 75% of annotated unigenes were predicted to 

localize in or were subcomponent of intracellular membrane-bounded organelle (plastid, 

mitochondria, vacuole, endoplasmic reticulum, Golgi apparatus, endosome, and nucleus). 

About 7% and 4% were part of plasma membrane and cell wall respectively. 

 

Construction of the N. benthamiana microarray 

A total of 13,014 unique sequences were submitted to NimbleGen to develop a 

custom gene expression microarray. With NimbleGen’s proprietary method, the submitted 

13,014 N. benthamiana unigenes assembled by CAP3 were reduced to 12,738 unigenes. 

Given that N. benthamiana is widely used in plant virology study and host-virus interaction 

study, we decided to incorporate plant orthologs of genes from animals and insects into our 

array design. These ortholog genes were chosen because they were previously found to 

interact with other RNA viruses. Including these orthologs on the array provides for wider 

range of potential interacting plant host factors. The source of our EST collection for N. 

benthamiana is illustrated in Figure 10.  Nimblegen used ArrayScribe software package to 

arrange the probes on the array. The array was designed for 60-mer oligonucleotide probes 

format. The longer 60-mer probe gives a stronger signal, and higher sensitivity than the 
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shorter 24-mer probe [61]. Each unigene was represented by nine different probes, repeated 

three times, for a grand total of 362,205 probes representing the total of 12,738 N. 

benthamiana unigenes and 677 orthologs printed on a 385K array platform (Figure 10 and 

11).  

The process for creating the array, as described by Nimblegen, is as follows. All 

possible probes 24 base pairs in length are generated by “walking” the length of the sequence 

one base pair at a time. The probes were evaluated for uniqueness in two different ways. The 

first evaluation technique, a simple frequency count, involved counting the number of times 

each probe appears in the genome of interest. A more thorough, second way of evaluating the 

probes was a three step process. First, each probe was compared to the target genome and the 

probe was given a pass/fail score based on the level of uniqueness. The purpose of this scan 

is to avoid long runs of homopolymers or sequences that are overly GC or AT rich. Second, a 

self-annealing score for each oligonucleotide was calculated by comparing the 

oligonucleotide to its reverse compliment. Any probe that was greater than 60% self-

complimentary was eliminated. Third, probes that require a large number of cycles to 

synthesize were eliminated. The scores from the evaluation were combined and rank scored. 

The highest scoring probe was selected and the rank scores are recalculated. Neighboring 

oligonucleotide scores were decreased as oligonucleotides were selected in an effort to pick 

evenly spaced probes. 
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Conclusion 

We constructed an alternative platform for a transcriptome analysis in N. 

benthamiana using an EST collection, a unigene collection, and gene expression microarray 

technology. The design of the oligonucleotide probes printed on the microarray was based on 

EST analysis and unigene assembly. The array represented about 13,000 N. benthamiana 

unigenes derived from more than 40,000 ESTs. At the time of study, the GenBank EST 

database contained 56,102 sequences for N. benthamiana [57]. We believe that the coverage 

of our array is estimated to be approximately 70% of available N. benthamiana ESTs and 

38% of the transcriptome. It is not surprising that the coverage of our unigene collection to 

the entire transcriptome is low because it must be noted that EST sequencing is subject to 

sampling bias, leading to under-representation of rare transcripts, often accounting for 60% 

of an organism’s genes [14, 62]. The important factors contributing to this issue is the source 

of cDNA libraries used to obtain ESTs.  

However, functional annotation indicates that our unigene collection represents a very 

wide-range of plant functions and pathways from primary/secondary metabolism, 

transportation, molecular function (transcription, translation), signal transduction/cellular 

communication, to plant defense systems, suggesting a good representation of the majority of 

important expressed genes in the N. benthamiana genome. The broad coverage of these 

annotated functions of the genes on our microarray affirms that our microarray can be used to 

study a variety of experimental challenges, including but not limited to host-pathogen 

interaction studies. Currently, our custom N. benthamiana microarray is commercially 



59 

 

 

available from Nimblegen. A use of the array and the information of our N. benthamiana 

unigenes, functional annotation, array design, and sequence are available through a request 

from the Lommel laboratory. 

The validation and application of our custom microarray is thoroughly described in 

Chapter 3. We applied the array to study a modulation of N. benthamiana gene expression at 

the early stages of Red clover necrotic mosaic virus infection. We found that the microarray 

yields almost 100% hybridization capacity. We are able to identify significant differential 

gene expression and important host factors/pathways at sub 24 hours after inoculation. A 

study by Kim et al. (2011) has also shown that the microarray and functional annotation data 

were  able to determine a change in gene expression level of N. benthamiana in a bacterial 

pathogen interaction (Pectobacterium carotovorum) [63]. We anticipate that the unigene 

collection and microarray presented in this work could ultimately contribute to the scientific 

community as an alternative high-throughput tool and genomic resource that can help enable 

the use of N. benthamiana as a plant model for genome wide studies.  
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Table 1 Sources and numbers of N. benthamiana EST sequences used for unigene assembly 

 
Source Contact ESTs Reference 

Tobacco Genome Initiative (TGI),  

NC State University, Raleigh, USA 

Dr.Steven Lommel 

(steve_lommel@ncsu.edu) 

12,000 [58] 

John Innes Centre, Norwich, UK Dr. Andy Maule 

(andy.maule@bbsrc.ac.uk) 

6,700 [64] 

University of Guelph, Guelph, Canada Dr. Paul Goodwin 1,000 [65] 

 

The Institute for Genomic Research 

 (TIGR)  

Dr. Robin Buell  18,000 

 

[59] 

GenBank   4,000 [57] 

Total  41,700  

 

 

 

Table 2 Potential highly-expressed N. benthamiana genes from standard, normalized, and 

subtracted EST libraries 

 

Rank Top Hit Description Accession 

number 

No. of 

clones 

% 

frequency 

E-value 

1 Ribulose bisphosphate carboxylase  

[N. plumbaginifolia] 
AAA34110.1 702 

18% 2.00E-95 

 

2 Ribulose bisphosphate carboxylase small chain 8B  

[N. plumbaginifolia]  
P26573 660 

17% 
9.00E-96 

3 Chlorophyll a/b-binding protein type I precursor          

[S. lycopersicum] 
S16294 120 

3% 
1.00E-82 

4 Light harvesting chlorophyll a/b-binding protein  

[N. sylvestris] 
BAA25392.1 107 

2.8% 
1.00E-118 

5 Light harvesting chlorophyll a/b-binding protein  

[N. sylvestris] 
BAA25389.1 105 

2.8% 
1.00E-125 

6 Light harvesting chlorophyll a/b-binding protein  

[N. sylvestris] 
BAA25391.1 105 

2.8% 
1.00E-121 

7 Photosystem I reaction center subunit II 

 [N. sylvestris]  
P29302 83 

2% 
4.00E-99 

8 Metallothionein-like protein type 2  

[N. tabacum] 
CAC12823.1 79 

2% 
2.00E-26 

9 Glyceraldehyde 3-phosphate dehydrogenase A  

[N. tabacum] 
P09043 68 

1.7% 
1.00E-126 

10 Cab50 protein precursor  

(chlorophyll A-B binding protein) [N. tabacum] 
CAA36956.1 67 

1.7% 
1.00E-113 

11 Ribulose bisphosphate carboxylase small chain  

[N. tabacum] 
P00866 66 

1.7% 
6.00E-94 
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Figure 1 Transient silenced PDS (phytoene desaturase) gene in N. benthamiana using TRV-

VIGS system 

 

 

 

 
 

Figure 2 N. benthamiana healthy and RCNMV-infected plants 

C) RCNMV-infected N. benthamiana

Local symptom, 48-72 hpi

D) RCNMV-infected N. benthamiana

Systemic symptom, 72-96 hpi

A) Healthy, uninfected N. benthamiana 

4 weeks old

B) RCNMV with sGFP infected-N. benthamiana 

Viral GFP detected at earliest as 8 hpi
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Figure 3 Distribution of N. benthamiana unigene length 

 

 

 

 
 

Figure 4 Distribution of E-values of top BLAST hit N. benthamiana unigenes searched 

against GenBank nr database 
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Figure 5 Distribution of percent sequence similarity of top BLAST hit N. benthamiana 

unigenes searched against GenBank nr database 
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Figure 6 Distribution of organism species of top BLAST hit N. benthamiana unigenes 

searched against GenBank nr database 

 

 

 

 
 

Figure 7 GO distribution for “biological process” category assigned to N. benthamiana 

unigenes 
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Figure 8 GO distribution for “molecular function” category assigned to N. benthamiana 

unigenes 

 

 

 

 
 

Figure 9 GO distribution for “cellular compartment” category assigned to N. benthamiana 

unigenes 
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Figure 10 The sources of expressed sequence tag (EST) collection for creating a custom N. 

benthamiana microarray 
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Figure 11 A layout design of a custom N. benthamiana microarray 

 

 

 

 

1 unigene

9 different probes (60-mers oligonucleotide) per unigene 

3 repeats (blocks) 
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Total of  362,205 probes representing 

12,738 N. benthamiana unigenes and 677 plant orthologs

printed on a 385K Nimblegen array platform
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Figure 12 Blast2GO graphical user interphase (GUI) 
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Chapter 3 

N. benthamiana genome-wide screen reveals early changes in host 

gene expression patterns in response to Red clover necrotic mosaic 

virus infection 

 

 

Chapter summary 

In this chapter, I report the first genome-wide analysis of the modulation of N. 

benthamiana gene expression early in the RCNMV infection process. This is also the first 

host transcriptome profile studied as early as 2 hours after RCNMV infection. Key host 

genes, functions, and pathways that contribute to the RCNMV infection cycle are 

successfully identified. I also describe how host physiological processes as well as host 

immune system changes correspond to a particular stage of RCNMV infection (2, 6, 12, and 

24 hpi). The microarray data of host-RCNMV interaction dissected in this chapter was used 

as preliminary information for the subsequent functional studies of host genes that are 

described in the chapters that follow.  
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Abstract 

Plant viruses are minimalist pathogens that are required to co-opt host factors during 

the early period to produce a successful infection. Many events and interactions during this 

critical early period where the virus recruits host factors and reprograms plant physiological 

processes remain unknown. We utilized Nicotiana benthamiana (a model host for most plant 

viruses) and Red clover necrotic mosaic virus (RCNMV, a typical plus strand RNA plant 

virus) to elucidate these early events in the virus-host interaction. A custom microarray 

comprising 362,205 probes representing a total of 13 K N. benthamiana unigenes (equivalent 

to an estimated coverage of ~38% of the transcriptome) was developed for this study. Host 

transcriptome profiles were analyzed at four different time points of 2, 6, 12 and 24 hours 

post-inoculation (hpi). Microarray data was subjected to statistical analysis and 1,654 genes 

exhibited differential expression at FDR cutoff of 0.01. Selected genes displaying significant 

changes in expression levels from different metabolic pathways were validated by qRT-PCR 

analysis. With the use of a different set of plant samples for the microarray validation, we 

screened 60 genes and found that the expressions of 16 genes were significantly modulated 

and agreed with the microarray data. The global snapshot of microarray genes revealed that a 

majority of host genes was significantly down-regulated at 2, 6 and 24 hpi and significantly 

up-regulated at 12 hpi. This implies that host gene expression was shutdown early within 6 

hours of RCNMV infection but then was recovered at 12 hours. And by 24 hours, the same 

host expression pattern reappeared again.  This finding leads to a conclusion that the 

complete infection cycle within the primary infected cell and the viral movement to adjacent 
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cells takes place at the critical time point between 12 and 24 hours. Host systemic acquired 

resistance (NbSAR8.2a) was significantly modulated across all four time points of the study. 

Host SAR gene expression was down-regulated in the first 6 hours, but followed by an up-

regulation after 12 hours. The regulation switch suggests an allowance of RCNMV to 

presumably establish its primary infection. The hypothesis is that a down regulation of host 

SAR gene expression in the first 6 hours is driven by RCNMV, but once an initial infection is 

successful, an increasing host SAR gene expression was driven by a response from host to 

defend itself from further viral intrusion to other parts of the plant (systemic infection). Gene 

set enrichment analysis (GSEA) revealed that RCNMV infection affected the following key 

host functions/pathways: defense, translation, photosynthesis and chloroplast-related 

functions, carbon fixation (Calvin cycle), metabolism, multidrug and toxin extrusion 

(MATE) transporter, cell wall-associated functions, and protein kinases. GSEA revealed that 

host defense functions were suppressed in the first 6 hours of RCNMV infection. During this 

host defense functions suppression, the host apoptosis pathway appeared to be activated as a 

presumable result of a hypersensitive reaction in order to confine a primal infected area and 

so prevent further viral invasion. We conclude that host apoptosis is an immediate defense 

response of N. benthamiana against RCNMV infection as early as 2 hours; whereas, host 

defense gene expression is a delayed defense response. Host functions involved in 

chloroplast and Calvin cycle were significantly correlated to RCNMV infection across all 

stages of the infection cycle. A delay in Calvin cycle in the first 6 hours of RCNMV infection 

and a suppression of chloroplast-related functions until 12 hours indicates that RCNMV 

prevented host from being able to perform carbon fixation, and as a result, RCNMV 
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indirectly decreased plant biosyntheses of organic compounds, importantly carbohydrate 

biosyntheses.  

Keywords 

Plant-virus interaction, virus-host interaction, microarray, Nicotiana, RCNMV, Red 

clover necrotic mosaic virus, plant virus 

 

Introduction 

How viruses modulate host physiological processes upon cells, tissues and whole 

plants to reconstruct host environment to favor their infectivity while defeating plant host 

immune system remains one of the gaps in our knowledge of plant virology. Virus particles 

(known as virions) basically consist of two components; (i) genetic material in the form of 

either RNA or DNA, and (ii) coat proteins or capsid proteins that protect viral genetic 

material. Most plant viruses encode only 3-4 viral proteins due to their limited genetic 

makeup. These viral proteins are mostly viral replication proteins, coat protein, and 

movement protein [1, 2]. Due to a lack of other proteins or factors necessary for biological 

processes, importantly for viral translation, replication and movement, plant viruses 

absolutely rely on utilizing host factors/machineries to produce a successful infection [3-7]. 

However, plants are known to fight against invading viruses by using two different defense 

strategies; innate and adaptive immunity. A thorough review of the plant immune system is 

described in Chapter 1. Plant innate immunity involves plant resistance (R) genes, which 

encode specific resistance proteins that either directly recognize specific viral proteins (also 

known as Avr proteins), or indirectly recognize a modulation of host physiological processes 
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by viruses. In either case, this recognition leads to a hypersensitive reaction followed by an 

activation of host programmed cell death and host defense gene expression, resulting in an 

inhibition of viral infection in primary infected cell and a prevention of viral spreading to 

other parts of the plant [8]. Plant adaptive immunity involves a defense mechanism known as 

RNA silencing that tightly relies on the recognition of viral double-stranded RNA (dsRNA) 

generated during the viral replication process, leading to specific targeting of viral RNA for 

degradation [9-11].  

The field of plant defense strategies directed against viruses has been studied 

extensively over the past decades and has led to the observation that viruses have evolved a 

special counter defense repertoire that allows them to escape from host defense responses 

long enough to allow a productive infection. However, it is important to note that virus-host 

interaction requires balance for successful infections as illustrated by tobacco mosaic virus 

(TMV). TMV suppresses RNA silencing via one of its replication proteins, the 126-kDa 

protein [12]; however, its movement proteins antagonize the activity of this 126-kDa protein, 

resulting in promoting RNA silencing and so a reduction of viral infection [13]. This counter 

interact is preventing fatal effect to host while viruses are still able to maintain their 

infectivity. 

After the initial infection event, viruses remain within cytoplasm of primary infected 

cells. Neighboring host cells are infected only after virus progenies passage through 

plasmodesmata (intercellular channel) [14, 15]. The outcome of the local infection event and 

the progressive spread of the virus to other parts of the plant is the appearance of physical 
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symptoms, either local symptoms or systemic symptoms; for instance, leaf yellowing, 

chlorosis, leaf curling, cell/tissue necrotic pattern, ring spot, and growth stunting [16]. These 

physical symptoms represent the sum of the impact of host defense response and host 

physiological processes changed at the cellular level. The causes that drive the changes in 

host physiology and structure during virus attack comes from two sources; first is a host-

driven change and second is a virus-driven change. However, these two driving forces are 

difficult to distinguish. The assumption is that the modulation that is driven by the host is 

mostly a trigger of host immunity system for host survival. Whereas, the modulation that is 

driven by virus is an attempt to manipulate host pathways and outcompete host factors over 

the host’s own substrates in order to exploit host cellular resources for viral survival and 

reproduction.  

Virus movement to adjacent cells is observed within a few hours after first infection. 

In our study, we found that virus takes between 12 and 24 hours to complete the infection 

process in a primary infected cell. Since one infection cycle takes as short period as 2 to 24 

hours, dissecting the biochemical impact of virus replication at the host cellular level during 

this time period is very critical in order to identify key host factors responsible for each stage 

of infection. The earliest time point study of host-virus interaction is mostly after 24 hours, 

which by that time, the virus has already completed an initial infection in primary infected 

cells and then moved to adjacent cells to initiate another infection cycle; therefore, the 

changes in host physiological processes no longer reflect their involvement at each stage of 

infection due to asynchronous infection among infected cells. The main hypothesis of our 

study is that the changes in host gene expression at sub 24 hours-time frame are the results of 
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a particular stage of virus infection cycle. We carefully planned out a time course experiment 

to capture all the early events that happen to the host at 2, 6, 12, and 24 hours of infection. 

We are particularly interested in determining how host physiological processes and 

host immune system changes correspond to each stage of the virus infection cycle.  However, 

we did not directly measure host biochemical changes. Instead, we measured the host 

transcriptome profile and therefore, this entire study is based on the assumption that host 

transcriptome changes are the reflection of host physiological process changes. The study in 

this chapter is one of the few first reports of host-virus interaction at the earliest time point of 

infection at 2 hours and is also the first study that uses genome-wide analysis to study host 

gene changes at sub 24 hours time frame of virus infection. We used Red clover necrotic 

mosaic virus (RCNMV) and Nicotiana benthamiana as our virus-host interaction model 

system. Our main objective is to identify key host factors/ functions/ pathways that are 

essentially modulated by a particular stage of the virus infection cycle. Rather studying one 

host gene at a time, we utilized a microarray technology to enable us to study many 

thousands of host genes simultaneously. The microarray chip design was developed in our 

lab based on 13,000 N. benthamiana unigenes, covering about 38% of the transcriptome. Our 

microarray is the first N. benthamiana microarray and it is also the only one that is 

commercially available through a request from us and the Nimblegen Company. A thorough 

detail of the creation of the N. benthamiana microarray is described in Chapter 2.  

N. benthamiana is a dicotyledon plant, a close relative to tobacco, and a species of 

genus Nicotiana in the Solanaceae family. Its habitat is indigenous to Australia [17] and it 
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originally arose from the hybridization between the two progenitor species of N. debneyi and 

N. suaveolens [18]. The first N. benthamiana genome draft was recently published in 2012. 

This N. benthamiana genome draft is a 63-fold coverage and is available on Sol Genomic 

Network for BLAST search and for downloading to local server [19]. The N. benthamiana 

genome (~ 3 Gbp) is nearly 20 fold larger than the Arabidopsis thaliana genome (~ 135 

Mbp) [20-22]. N. benthamiana is an amphiploid species with n = 19; whereas, A. thaliana is 

a diploid species with n=5. N. benthamiana is currently becoming more popular in scientific 

communities around the world as a prominent model organism for conducting research in the 

field of plant biology and plant pathology. It is an excellent experimental plant subject and 

the best known model plant for performing agroinfiltration and virus-induced gene silencing 

(VIGS) to conduct plant functional assays, either transient gene knockdown studies or 

transient protein expression studies [23, 24]. It is also an efficient and a viable alternative 

platform for the industrial production of recombinant proteins, particularly in the field of 

pharmaceutical biotechnology [25-27]. N. benthamiana is susceptible to a wide range of 

plant pathogens (bacteria, oomycetes, fungi and viruses), making this plant species a 

cornerstone for plant pathogen study and host-pathogen interaction study in the particular 

context of host immunity and defense signaling [17]. By a comparison to Arabidopsis, N. 

benthamiana is susceptible to a broader range of pathogens. N. benthamiana is the most 

widely used host in plant virology studies due mainly to its susceptibility to > 500 plant 

viruses, even to those that are typically restricted to monocot hosts and, most surprisingly, 

even to several animal viruses [28]. N. benthamiana is also highly susceptible to RCNMV 

and capable of causing a systemic infection (Figure 1). The local lesions of RCNMV-infected 
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N. benthamiana appear 2-3 days after inoculation as the necrotic ring spots on inoculated 

leaves. And RCNMV systemic symptoms appear 3-4 days after inoculation, at which time 

the virus has spread from the inoculated leaves (primary infected leaves) through the plant 

vascular system to distal leaves, and on which the systemic symptoms develop as leaf 

curling, growth stunting, and a characteristic mosaic. Altogether, N. benthamiana represents 

a suitable model host for our study. We speculate that the identified key host factors from N. 

benthamiana interacting with RCNMV in our study may shed light on understanding why 

this plant species possesses the unique trait of being susceptible to such a vast number of 

diverse plant viruses.  

RCNMV is a plant virus in the genus Dianthovirus, and family Tombusviridae. 

RCNMV has a bipartite genome structure consisting of two positive-sense single-stranded 

RNAs (Figure 2): RNA-1 (3.9 kb) and RNA-2 (1.45 kb), which are packaged together into 

virions composed of 180 identical capsid protein subunits [29-32]. RNA-1 contains three 

open reading frames (ORF): (i) p27 encoding a 27-kDa functionally unknown protein, (ii) 

p88 (expressed as a -1 ribosomal frameshift of p27) encoding the 88-kDa viral polymerase 

protein (contains an RNA-dependent RNA polymerase motif (RdRp)) [33-35], and (iii) p37 

(expressed from subgenomic RNA) encoding the 37-kDa viral capsid protein [36]. Whereas 

RNA-2 is a monocistronic RNA (one ORF) which encodes the 35-kDa viral movement 

protein required for virus cell-to-cell movement (local infection) in plants and infection of 

whole plants (systemic infection) [31, 37]. Although RNA-2 is not required for the 

replication of RNA-1 in protoplasts [38-40], a 34-nucleotide (nt) sequence in RNA-2 is 

required for transcription of subgenomic RNA from RNA-1 [41]. The addition of (i) a 
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modified GTP (guanosine triphosphate) or any cap analogue (m
7
GpppA, m

7
GpppG) to the 5’ 

end (cap), and (ii) poly (A) (adenine nucleotide) to 3’ end (tail) of the premature-mRNA is 

the important canonical feature in the translation of many eukaryotic mRNAs [42]. However, 

the uncapped in vitro transcripts of RCNMV RNA-1 and RNA-2 show a comparable 

infectivity to that of capped transcripts in N. benthamiana [43] and in cowpea protoplasts 

[44]. The high infectivity observed in uncapped RCNMV RNAs implies that this virus 

utilizes a cap-independent mechanism to translate viral proteins. 

While the RCNMV genome and function is well characterized for at least the past 30 

years, very little is known about how RCNMV interacts with the plant host. To date, no host 

resistance (R) genes have been described to recognize or target RCNMV during infection. 

RCNMV is known by a symptom to cause host tissue necrosis. It is likely that the plant host 

must contain R genes that recognize RCNMV proteins. RCNMV is found to be capable of 

suppressing host silencing defense mechanism by a use of its silencing suppressor capability 

through either one of these conditions; (i) the presence of p27, p88, and a replication 

competent RNA-2 [45], or (ii) in the presence of RCNMV movement protein [46].A 

redundancy of genes encoding silencing suppressor proteins found in RNA-1 and RNA-2 

suggests RCNMV is evolutionarily competent to defeat host adaptive immune system. 

RCNMV replication process takes place on the remodeled endoplasmic reticulum (ER) 

membrane. Our lab previously found that RCNMV replication proteins (p27 and p88) 

accumulate at the ER membrane in N. benthamiana host and cause membrane restructuring, 

rearranging and proliferation [47]. Yet, there are no reports about the interaction between 

RCNMV and host factors/proteins associated with ER. Replication of ss(+) RNA virus is a 
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complex process that involves numerous interactions among viral RNA, viral proteins, host 

proteins, and host membrane lipids. The movement of RCNMV to adjacent cells occurs 

through a plasmodemata channel that connects cells. However, this intercellular transport 

channel is dimension restricted and so is too small for any virions or even free viral DNA or 

RNA strands to move through. An assumption is that RCNMV requires an interaction with 

host proteins in order to increase plasmodesmata size exclusion limit (SEL) [14, 38, 48]. The 

most relevant information that may help understand the interaction events between RCNMV 

and host comes from the studies previously performed on its close relative Tomato bushy 

stunt virus (TBSV), especially the studies from the Nagy group [6, 49]. However, the Nagy 

group used yeast (Saccharomyces cerevisiae) as a model host to study the interaction 

between plant virus and host [50]. Genome-wide screening of yeast libraries led to the 

identification of a number of essential and nonessential host factors affecting TBSV RNA 

replication [51, 52]. The identification of yeast genes revealed that they might affect TBSV 

RNA recombination by altering (i) the ratio of the two viral replication proteins, (ii) the 

stability of the viral RNA, and/or (iii) the replicatability of the recombinant viral RNAs [52]. 

The work in this chapter is ultimately aimed at increasing an understanding of not 

only host-RCNMV interactions, but also to expand the knowledge base of the involvement of 

host factors to other ss(+)RNA viruses. This contribution comes from an assumption that the 

interaction between host factors and the changes in host physiological processes might be 

analogous among other various ss(+)RNA plant viruses in spite of their diverse genome 

organization and gene expression strategies. Most of the previously identified host factors are 

conserved among other plant species, suggesting that ss(+)RNA viruses might selectively 
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target these conserved host genes/functions/pathways to produce a robust infection as 

opposed to plant species-specific factors. Such strategies could help viruses expand their host 

range. In addition, the studies on host factors could provide an insight into their normal 

cellular function, thus promoting an understanding of the basic biology of plant physiology 

and why certain plant species are susceptible to viruses. 

 

 

 
 

Figure 1 N. benthamiana healthy and RCNMV-infected symptoms 

 

C) RCNMV-infected N. benthamiana

Local symptom, 48-72 hpi

D) RCNMV-infected N. benthamiana

Systemic symptom, 72-96 hpi

A) Healthy, uninfected N. benthamiana 

4 weeks old

B) RCNMV with sGFP infected-N. benthamiana 

Viral GFP detected at earliest as 8 hpi
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Figure 2 RCNMV virion and genome organization 
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Experimental designs 

Here I describe the rationale behind our experimental design in three sections; (i) 

whole plant model and time point experiment, (ii) microarray experiment, and (iii) 

microarray confirmation experiment. 

 

Section 1 Whole plant model, time point experimental design and rationale 

Virus- infected tissues are biologically complex. This section discusses how several 

components contribute to this complexity. Each infected leaf consists of multiple cell types 

ranging from epidermis, mesophyll (palisade and spongy), guard cell, trichome, stoma, to 

vascular tissues (xylem and phloem) [53]. An infected leaf consists of multiple states of virus 

infection largely due to viral cell-to-cell movement. In any one infected cell, virus may just 

start be starting its first step of the replication cycle; whereas, virus may have already 

completed its replication cycle and assembly in another cell and be ready to migrate to the 

neighboring cells to begin another infection cycle. Any inoculation method (methods of how 

viruses are delivered into plant cells) produces a restricted number of initially infected cells, 

therefore, different inoculation methods yield different viral quantities (viral titer) in the 

inoculated leaf. Viral inoculum is usually delivered to a host leaf by a mechanical inoculation 

(rubbing with carborundum abrasive dust or scratching with needle), a needleless-syringe 

infiltration (Agrobacterium-mediated inoculation) or soaking method. There are no 

inoculation methods reported in the literature that are 100 percent effective, even when using 

viruses known to be highly infectious. Some cells are able to be infected right away while 

other cells are not. An infection rate of 60 to 80 per cent has usually been regarded as 
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extremely satisfactory [54]. Virus-free zone on the inoculated leaf is sometimes observed as 

green islands which are the areas that are resistant to a subsequent virus invasion due to an 

activation of host defense response [55, 56]. Therefore, any available inoculation method that 

attempts to deliver virus inoculum into “a plant tissue based-model” is considered to be 

biased, unless the inoculations are performed on “a single plant cell-based system” such as 

protoplasts.  

The protoplast system offers an attractive alternative; however, lack of cell wall and 

neighboring cells changes a naturally-occurring baseline of host cell physiological processes 

[57], affecting how host cells interact with viruses and limiting the ability to study how 

viruses modulate host gene expression to benefit their movement and how host cells 

communicate with each other to defend themselves from further invasion into the remaining 

healthy host cells. Thus, we decided to use a whole-plant system in this study in order to 

mimic the natural state of the host interacting with viruses.  

Given the complexity of host leaf/tissue and critical timing of viral movement, 

regardless of any biased inoculation method, two important problems must be resolved; (a) 

an inconsistent infection throughout the inoculated leaf, resulting in only specific zones 

containing higher virus titer than the other zones; and (b) asynchronous replication states, 

resulting in a mix of various replication states among the infected cells within the same leaf. 

These two issues have shaped the experimental design in this chapter. There are no ideal 

plant tissue-based experimental systems available to absolutely conquer these two 
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fundamental problems; however, the cautious and refined experimental design and statistical 

analysis offer a possible approach to reduce this noisy background. 

In our lab, we employ a mechanical inoculation technique of rubbing viral inoculum 

with carborundum abrasive and inoculation buffer; however, we are not able to infect all the 

cells on the inoculated leaf.  As seen in Figure1, RCNMV with sGFP reporter genes (green 

from viral sGFP protein) is visible in only a small number of host cells on the inoculated leaf; 

whereas majority of host cells do not contain the virus (red from chlorophyll). The uninfected 

cells are expected to cause a noise background or dilutional effect in our virus-host 

interaction study. In the experimental design, we also carefully planned out the time course 

experiment in order to increase the synchronous infection states among infected cells within 

the same leaf.  

If leaf samples are harvested after viral cell-to-cell movement, it is likely that RNA 

samples will be a mix of various viral replication states. This is due to asynchronous 

infection with respect to viral multiplication and movement. Therefore, the time course 

experiment was applied to the study system in this chapter. The hypothesis is that if the 

infected leaf is harvested and host cell physiological process is stopped at the precise time 

point prior to viral movement taking place (24 hours after inoculation), viruses in a majority 

of infected cells throughout the entire leaf are still in the same replication state and any 

significantly differential host gene expression is modulated as a result of how the plant 

responds to the particular state of viral replication. Viral cell-to-cell movement is generally 

an early event in the infection process, occurring in 4 hours for Tobacco rattle virus (TRV) in 
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N. clevelandii, and 5 hours for Tobacco mosaic virus (TMV) in N. tabacum and the level of 

movement protein produced in the first few hours is low [48, 58]. Tobacco etch virus (TEV) 

expressing the uidA reporter gene produces the lesion on host leaf which expands at a rate of 

2 hours per one host cell [59]. In our study, we speculate that RCNMV takes about 12-24 

hours to complete infection in a primary infected cell, and we found that RNA-2 transcript 

which encodes movement protein is not increased until after 12 hours (Figure 26). Since viral 

movement can take as short as a few hours up to 24 hours, the selection of time point of 

study at 2, 6, 12, and 24 hours post inoculation (hpi) was designed to harvest leaf samples 

and halt host physiological process in order to achieve the maximum infection 

synchronization, and to extend the study to cover the information of how host gene 

expression behaves after viruses complete the infection process in the primary infected cell, 

and move to the neighboring cells. Our hypothesis is that the stopping of virus infection at 

four different time points at 2, 6, 12, and 24 hours provides the maximum synchronization of 

RCNMV infection between infected cells. This leads to the other hypothesis that the impact 

of host gene modulation is affected by the duration of infection, not solely the infection or 

time of the day. The details of these hypothesis testing is discussed in section 2 and the result 

is illustrated in Figure 4. 

The nature of the leaf architecture tremendously affects host genes whose expression 

is tightly controlled by temporal and spatial regulation: (1) certain genes that are profoundly 

altered at specific developmental stages in specific cell types or in specific zones on the leaf, 

and (2) certain genes that have the opposite expression pattern among different cell types. In 

addition, we found that a younger N. benthamiana leaf is more susceptible to RCNMV 
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infection. Total RNA ideally should be isolated from a whole leaf with the same 

developmental stage to avoid these problems, and the hypothesis is that if these genes are not 

modulated during virus infection, their expression values are cancelled out or yield a small 

differential expression during a subtraction between infected-tissue sample and control. In 

our experimental design, we were able to extract total RNA from a leaf with the same age; 

however, we were not able to use a whole leaf due to limitations of the RNA isolation kit 

(Qiagen
TM

). Therefore, if tissue used for a total RNA extraction is cut from different parts of 

a leaf and contains different cell types, a false positive signal may be unintentionally picked 

up from a differential expression of host genes that are affected by the leaf architecture, 

rather than by viral infection. 

A differential expression of host genes is computed from a subtraction of RCNMV-

inoculated leaf and mock-inoculated leaf (control using inoculation buffer). The data 

presented in this chapter represents an overview of host transcription profiling changes at 

four different durations of viral infectivity. The time points or durations of study are assumed 

to correspond to different states of the viral replication cycle. The major hypothesis of this 

chapter is the extent of up- or down-regulation of host gene expression is biologically 

correlated with respect to the particular state of virus replication cycle.  

 

Section 2 Microarray experimental design, statistical analysis and rationale 

Details of how host biological networks and host factors underline the establishment 

of successful virus infections in plants by influencing viral replication, translation, 
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movement, and suppression of plant host defenses remains poorly understood. Single gene-

orientated studies emphasize the study of one particular host gene or a few host genes at a 

time. This type of study is practical when research questions are focused on a certain aspect 

of host gene function. Despite host genes being well-characterized in any single gene-

orientated studies, information obtained from this type of study limits an ability to resolve 

two fundamental research problems: (i) how an individual host gene is connected to other 

host genes in biological networks; and (ii) how host biological networks are comprehensively 

altered during virus infection. One plant gene could be involved in various metabolic 

pathways. For this reason, high-throughput approaches are required to be implemented in 

host-virus interaction studies in order to tackle these two issues.  

Gene expression microarray is a very powerful high-throughput technology. It is 

prepared by a high-speed robotic printing of the complementary DNAs on glass which were 

used for quantitative expression measurements of the corresponding genes. Microarray was 

developed to monitor the expression of many genes in parallel. In other words, it allows the 

host transcriptomic profile to be collectively and simultaneously gathered from individual 

genes in a single shot study [60]. This pushes the boundary of our curiosity from the 

perspective of single genes studied to many thousands of genes studied with a single 

experiment. Bioinformatics and genomic databases are necessary tools for high-throughput 

data manipulation. They extend an ability to extract significant and meaningful information 

from a massive amount of genomic data to predict how the whole network of host 

physiological processes behaves in response to virus infection. A collection of differential 

gene expressions are dissected to construct the predicted models for metabolic pathway 
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networks, gene-regulatory network (protein-DNA interaction such as transcription factor and 

its cognate nucleotide sequences), and interactome network (protein-protein interactions) that 

are impacted by virus infection. In our microarray study, the overall data mining was 

extracted from many different genomic databases, including GenBank [61], GEO (Gene 

Expression Omnibus) [62], SGN (Sol Genomic Network) [63] , GO (Gene Ontology) [64], 

InterProScan [65], TAIR (The Arabidopsis Information Resource) [66], KEGG [67], and 

FunCatDB (Functional Catalogue Database) from MIPS (The Munich Information Center for 

Protein Sequences) [68, 69].The ultimate goal of the microarray experiment in plant-virus 

interaction study is to determine host pathways that are most affected by virus infection. This 

could possibly lead to an identification of host factors that determine the fate of virus 

survival in the host cell and whether or not the entire plant commits to this decision. Some 

host genes are driven by the plant host itself to mainly trigger its defense mechanism; 

conversely, some host genes are driven by the virus to benefit its own survival and produce a 

successful infection.  

At the time of this study, there were no commercially available microarrays for N. 

benthamiana. So we decided to develop a custom microarray to be used in our virus-host 

interaction study. The microarray was derived from N. benthamiana expressed sequence tags 

and unigenes. The creation of the N. benthamiana microarray is thoroughly described in 

Chapter 2. Our microarray is a 13K unigene-based N. benthamiana; therefore, the expression 

of 13,413 host genes were simultaneously monitored and collectively gathered at one time of 

study. Four different time points after virus inoculation was selected to study host gene 

expression. The hypothesis is that the duration of virus infection elicits the unique changes in 
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host gene expression to suit a particular stage of the viral infection cycle. The microarray 

experiment was designed by a previous graduate student [70]. The simple diagram that 

demonstrates our microarray experimental design is shown in Figure 3. The weakness of this 

microarray experimental design is the use of only single biological-pooled samples to 

represent one time point of study for either mock- or virus- treated samples. Therefore, at any 

time point of study, there are no biological replicates in our plant-virus interaction microarray 

study; instead, there are four microarray technical replicates. The experiment was performed 

in one day and so the microarray sample was pooled from plants performed within the same 

day. As a result, our microarray experimental design does not have samples from other days 

of experimentation. In other words, this design does not contain samples that possess day-to-

day variation. Biological replicates from independent studies performed at different times or 

with different sets of plants or reagents are important for biological research to test the 

experimental reliability with respect to the reproducibility of the result; therefore, this 

microarray experimental design may not be appropriate for plant-virus interaction study [71]. 

From my understanding, this experimental design was not originally intended to be used for 

plant-virus interaction study; instead, it was aimed to test the repeatability and reliability of 

microarray hybridization (with a use of 4 array technical replicates for each biological pooled 

sample) [72] because our N. benthamiana microarray is the first microarray for this plant 

species and so it was used the first time in this project.  

Despite our microarray data presented here (either mock or virus at each time point of 

study) being obtained from a one day experiment and one biological sample pooled from four 

different plants within the same day of experiment, it still contains a meaningful result that 
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can be used as preliminary information for further study. Given the weakness of the 

microarray experimental design, we employed a statistical analysis of the microarray data to 

validate two issues: (1) time point experimental design to test if the state of the virus 

infection cycle is synchronized between infected cells; and (2) microarray experimental 

design to test if our microarray data is amenable for host-virus interaction studies. The major 

hypothesis of the microarray experiment is that host gene expression is modulated by 

duration of virus infection. The condition of mock or virus infection treated on the plant is 

called “treatment”. This hypothesis is focused on the interaction effect between time and 

treatment (together, equal to duration of infection). Statistical concept states that if host gene 

expression is significantly modulated by duration of infection, it means that the effect of 

treatment to host gene expression depends on the effect of time; therefore, treatment (factor 

1) and time (factor 2) are the factors that contribute to the interaction effect which is a 

duration of infection (factor 3). However, it is not known which of these three factors 

significantly affects the changes in host gene expression. Therefore, microarray statistical 

analysis must be designed to distinguish these three effects in order to answer three important 

research questions in this experiment. These three questions are: 

1) is host gene expression modulated by only virus infection (factor 1)? 

2) is host gene expression modulated by only the time of day (factor 2)? 

3) is host gene expression modulated by duration of infection (factor 3)? 

Microarray statistical analysis was designed to implement “treatment factor”, time 

factor” and “(treatment x time) factor” in a statistical model which is illustrated as an effect 

model shown in equation 1. An expression of each host gene is a response observed from the 
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combination of treatment and time. The microarray experiment is a two-way factorial 

experiment that contains two categorical factors, time and treatment. The microarray data 

structure of individual host genes is a 2 x 4 factorial design, representing 2 levels of 

treatments and 4 levels of time points, as shown in Table 1. The expression data of each host 

gene came from 4 array replicates of mock treatment and 4 array replicates of virus treatment 

at each time point of study. Four time points were selected to monitor host gene expression; 

therefore, each gene had a total of 32 data points, which is a multiplication product derived 

from (2 treatments x 4 time points x 4 array replicates) equal 32.The degree of freedom (df) 

for the analysis of each host gene is shown in Table 2 [73-75].  

Our microarray statistical model is shown in equation 1. The primary objective of the 

microarray statistical model is to test the hypotheses that corresponds to “treatment factor”, 

“time factor”, and “duration of infection factor (interaction effect between treatment and 

time)” in order to determine if host gene expression is significantly associated with any of 

these three factors. The hypotheses that are being tested in a statistical model are collectively 

called “model hypothesis”. Details of these three factors (effects) and their corresponding 

model hypothesis statements are described below. 

1) Effect of treatment (mock (m) and virus infection (v)) 

Hypothesis statements are 

H0: host gene expression is not associated with treatment. 

Ha: host gene expression is associated with treatment. 
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2) Effect of time (2, 6, 12, and 24 hours post inoculation (hpi)) 

Hypothesis statements are 

H0: host gene expression is not associated with the time of day. 

Ha: host gene expression is associated with the time of day. 

3) Interaction effect of treatment and time (mock at 2 hpi (2m), virus infection at 2 hpi 

(2v), mock at 6 hpi (6m), virus infection at 6 hpi (6v), mock at 12 hpi (12m), virus infection 

at 12 hpi (12v), mock at 24 hpi (24m), and virus infection at 24 hpi (24v))  

Hypothesis statements are 

H0: host gene expression is not associated with duration of infection (treatment and 

time). 

Ha: host gene expression is associated with duration of infection (treatment and time). 

The N. benthamiana microarray contains probes representing 13,413 host genes and 2 

RCNMV genomic RNAs (RNA-1 and RNA-2); therefore, the microarray statistical model 

had to be iterated for 13,415 times to analyze the expression of all the genes on the array. In 

other words, individual model hypothesis analyzes data from a single gene data at a time. 

Therefore, by analyzing one gene at a time, the overall 13,415 modeled hypothesis tests were 

conducted for 13,415 microarray genes. Individual model hypothesis determines three 

important p-values which are used to examine whether or not, any of these three effects 

(“treatment”, “time”, and “duration of infection”) is significantly associated with the 

expression of the gene being analyzed in the model. The frequency of all p-values derived 

from one particular effect of the model hypothesis tests is called “p-value distribution”. An 

expression value of any given gene is called “a response” and expression of all 13,415 
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microarray genes is called “overall responses”. The pattern of p-value distribution derived 

from any effect that is being analyzed in the model is used to determine if the effect is 

significantly associated with the overall responses.  

If a trend of p-value distribution is mostly clustered closer to zero, effect being tested 

has a significant association with the overall responses. But if a trend is closer to one, it is 

likely that it does not have a significant association with the overall responses. In the case of 

an ambiguous trend, it is still in question whether or not this effect has a significant 

association with the overall responses. Therefore, individual p-value distributions derived 

from either “treatment”, “time”, or “duration of infection” provides useful information to 

determine its association with the overall expressions of 13,413 host genes and 2 RCNMV 

genomic RNAs (RNA-1 and RNA-2). This strategy is used to draw a preliminary summation 

about the association of the three effects with the overall changes in the host transcriptomic 

profile in an early virus infection. In other words, this technique is useful to test if our time 

course experimental design is appropriate to be used for RCNMV-host interaction studies in 

the early infection process. It is necessary that our time course experimental design (four 

different time points) is able to distinguish the effect of modulation of host gene by RCNMV 

at different durations of infection. The p-distribution graphs of these three effects 

(“treatment”, “time”, and “duration of infection”) were illustrated in Figure 4. The 

distribution graphs of “treatment” (Figure 4A) and “time” (Figure 4B) are close to zero 

suggesting that these two parameters affect the expression of host genes. However, as seen 

again in the p-value distribution of “duration of infection” (Figure 4C), the trend of the p-

value from all 13,415 microarray genes is also accumulated close to zero.  The strong 
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association between host gene expression and duration of RCNMV infection confirms that 

there is an interaction effect between “treatment” and “time” to host gene expression and 

viral gene expression. Thus, our time course experimental design is appropriate and 

acceptable for studying RCNMV-host interactions early in the infection process. In addition, 

it confirms that our microarray experimental design as well as our microarray data from this 

RCNMV-host interaction study at 2, 6, 12, and 24 hpi could be used as preliminary data to 

examine the modulation of host gene expression at different duration of infection. Our 

microarray statistical analysis supports the conclusion that the alteration of host gene 

expression is influenced by a particular stage of viral infection. Further analysis of the p-

value distributions indicates inflation, especially for “time” and “duration of infection” 

(Figure 4, B and C). This needs to be addressed, for example by using permutation testing to 

obtain more accurate p-values, before claiming any significant associations. Instead of 

correcting the p-values to claim significance, an exploratory approach was used where the 

increased chance of false positives due to inflation was acceptable. 

All mean expression data, of any one host gene, retrieved from any combination of 

“treatment and time” were compared in a pair-wise manner. This pair-wise comparison is a 

differential gene expression between the pair. Pair-wise means that each comparison looks at 

a difference (a subtraction) between the means of two populations, and each population mean 

is obtained from a data group under a combination of “treatment and time”. Four time points 

(2, 6, 12, and 24 hpi) and two treatments (mock (m) and virus (v)) were selected in the 

microarray experiment; therefore, all combinations of “treatment and time” yield 8 data 

groups with respect to 8 population means (2m, 6m, 12m, 24m, 2v, 6v, 12v, and 24v). These 
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8 population means were compared in a pair-wise fashion and so there are 28 pairs for each 

host gene. Therefore, there are 375,620 pairs corresponding to 375,620 independent 

hypothesis tests for all 13,415 microarray genes. The general statements of these hypotheses 

are  

H0: gene expression between the pair are not different (µ1= µ2), and  

Ha: gene expression between the pair are different (µ1 ≠ µ2).  

Statistical concept states that if multiple pair-wise comparisons or multiple hypothesis 

tests are conducted in any statistical analysis, the consequence is an increased chance of 

making a type I error [76-78]. When one rejects H0 because the calculated p-value is less 

than a p-value cutoff, one accepts the possibility of making a false rejection of H0 when H0 is 

true. The false rejection in this decision making is known as a type I error. The p-value 

cutoff, known as “α”, is used to define the possibility of a type I error that one is willing to 

commit upon hypothesis testing. If α = 0.05, there is a 5% chance of committing a type I 

error. With each comparison using “α” in the hypothesis test, there is a chance of making a 

type I error on each comparison. Therefore, the more comparison pairs are tested, the more 

likely a type I error occurs at least once. If each pair-wise comparison test is accounted on α 

= 0.01, the total of pairwise comparisons is 375,620 and so the probability of committing a 

type I error at least once in the microarray multiple pair-wise comparison tests is 1- (1-

0.01)
375620

 ~ 1, or a ~100% chance of making a type I error at least once [79]. Therefore, a 

type I error definitely occurs in this microarray multiple pair-wise comparison. In any 

multiple comparison, there are two different types of errors, the comparisonwise error rate (a 
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probability of committing a type I error for a single pair-wise comparison), and the 

experimentwise error rate (a probability of committing a type I error somewhere in the 

analysis). Altogether, it leads me to focus on a control strategy of the experimentwise type I 

error. The strategy that I used to tackle this problem is reducing “α” or a p-value threshold 

for rejecting H0 in each pair-wise comparison test. Bonferroni correction is the simplest 

method for adjusting p-value cutoff that for any individual test, H0 is rejected if calculated p-

value ≤ (α/m), when m is the number of pair-wise comparison tests [79, 80]. However, 

Bonferroni correction is extremely conservative in the sense that while it reduces the number 

of false positives, it also reduces the number of true discoveries; thus it has very little power 

to find differences between means. The other method that I used is False Discovery Rate 

(FDR), which is designed to control the expected proportion of incorrectly rejected H0 [78]. 

The FDR also reduces the p-value threshold; however, it controls the number of false 

discoveries in those tests that result in a discovery. It is less conservative than Bonferroni and 

has a greater power to find truly significant results. One way to look at the difference 

between these two approaches is that a Bonferroni adjusted p-value cutoff of 0.05 implies 5% 

of all multiple pair-wise comparison tests will result in false positives; whereas, an FDR 

adjusted p-value cutoff of 0.05 implies that 5% of significant tests will result in false 

positives. Bonferroni adjusts the p-value threshold solely based on the number of pair-wise 

comparison tests; on the other hand, FDR takes the characteristic of p-value distribution 

derived from each p-value calculated from each pair-wise comparison test into account to 

adjust the p-value threshold. Bonferroni is more conservative in that it requires extra 

evidence to reject H0 for pair-wise comparisons; while, FDR is more sensitive because it is 
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able to detect the significance of a smaller change in gene expression. The fold change 

distribution (comparing host gene expression between virus and mock at each time point of 

study) of all 13,413 host genes spotted on the microarray is shown as log2 scale in Figure 5. 

The expression of all genes was changed in a narrow range of about 2-fold in either direction. 

This is quite expected because the experimental system using a whole-plant model is 

expected to cause a dilution effect on host gene expression as described in the section 

1(whole plant model, time point experimental design and rationale). For this reason, FDR 

was more preferred in my microarray statistical analysis in order to determine a significantly 

differential gene expression between mock- and virus- inoculated plants at different time 

points of study.  
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Figure 3 Microarray experimental design diagram 
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Figure 4 P-value distributions shows the effects of treatment, time, and duration of infection 

on the modulation host gene expression in the early stages of RCNMV infection. The p-value 

distribution displayed in each effect: A) treatment, B) time, and C) duration of infection were 

derived from the microarray statistical analysis utilizing the effect model (equation 1) and 

ANOVA (Table 1 and 2). 
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Figure 5 Microarray fold change distributions display the differential expressions of 13,413 

host genes at 2, 6, 12, and 24 hours post inoculation (hpi). A fold change of each host gene 

was computed from a subtraction between microarray expression data of RCNMV-inoculated 

plants (v) and mocks (m) at each time point of study. 
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Equation 1 Statistical model for microarray data analysis  

The model is illustrated as an effect model.  

yijk= µ + αi + βj + (αβ)ij + εijk 

Notation 

yijk : the kth host gene expression data point observed from the combination of the ith level of 

“treatment factor” and the jth level of “time factor” 

µ : reference level (intercept) 

αi : effect of the ith level of “treatment factor”  

βj : effect of the jth level of “time factor” 

(αβ)ij : interaction effect between the ith level of “treatment factor” and the jth level of “time 

factor”  

εijk : the kth random error from the combination of the ith level of “treatment factor” and the 

jth level of “time factor” 
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Table 1 The structure of microarray data analysis using a 2 x 4 factorial design 

  

 Time (hours post inoculation; hpi) 

2 hpi 6 hpi 12 hpi 24 hpi 

Treatment 
mock 4 arrays 4 arrays 4 arrays 4 arrays 

virus 4 arrays 4 arrays 4 arrays 4 arrays 

Total = 32 arrays 

 

 

 
Table 2 Degree of freedom (df) for microarray data statistical analysis 

 

Sources Description Formula for df calculation df 

Treatment Mock, virus (p = 2) p - 1 1 

Time 2, 6, 12, 24 hpi (q = 4) q - 1 3 

Treatment*time - (p - 1) x ( q- 1) 3 

Error - nT – (p x q) 24 

Total 32 arrays (nT=32) nT - 1 31 
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Section 3 Microarray confirmation experimental design, statistical analysis and 

rationale 

The plant samples for our microarray hybridization were no longer available and 

given the weakness of limited biological replicates in the microarray experimental design as 

described in section 2, I decided to re-design the experiment for microarray confirmation. 

Although this design is aimed to confirm microarray data, the main goal is to increase the 

number of biological replicates and to reduce the experimental errors. 

No matter how carefully the experiment is designed and conducted, there are always 

experimental errors in the measurement of host gene expression. The experimental errors 

consisted of both systematic error and random error [73]. In the microarray confirmation 

experiment, I am interested in only the effect of virus infection on host gene expression; 

therefore, any other effects on host gene expression are considered experimental errors. Plant 

maintenance environment, personnel, viral inoculum preparation, and inoculation procedure 

contribute to the random error. This type of error is reduced by implementing statistical 

analysis in the hypothesis testing. The statistical analysis is based on the assumption that 

random error is truly random and scattered around the mean value; as a result, the arithmetic 

mean of the random error is expected to be zero [73]. My microarray confirmation 

experimental design is based on how statistical methods were applied to reduce random error. 

Therefore, the statistical analyses were planned out before the actual experiments were 

carried out. The pre-planned statistical methods were used to determine numbers of plant 

samples, RNA sample handling, and day of experiment.  
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The word “random” indicates that random error is caused by inherently unpredictable 

fluctuation (variation) in an experimental system [73]. There are two variables which 

contributed to random error that are required to be removed from our microarray 

confirmation experimental design. These two variables are (i) day-to-day variation and (ii) 

plant-to-plant variation within the same day of experimentation. These two variables 

influence plant gene expression throughout the period of study. The hypothesis of the 

microarray confirmation experiment is that host gene expression is solely modulated by virus 

infection. This experiment is aimed to measure changes in host gene expression at sub 24 

hours of virus infection. Prior to being able to determine such measurements, these two 

variables (day-to-day variation and plant-to-plant variation within the same day of 

experimentation) have to be eliminated. I am only interested in the effect of virus infection 

on host gene expression. By eliminating these two variables, I can now focus only on 

differential host gene expression caused by the effect of virus infectivity. Therefore, it is 

necessary to design experiments and perform statistical analyses that are able to distinguish 

between the effect of virus infection and the effect of these two variables on changes in host 

gene expression.  

Time points of study are at 2, 6, 12, and 24 hpi. Experiments for all time points 

started around the same time at 7-8 am so that plants were in the same environment. Host 

gene expression was monitored over 24 hours in this time point experiment. This 24 hour 

period included 16-hour daylight (from 5 am to 9 pm) and 8-hour dark (from 9 pm to 5 am). 

The nature of plant physiological processes relies strictly on day time and night time [81-83]. 

Certain plant metabolic pathways are shut down during day time but turned on during night 
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time, and vice versa. Since plants were maintained at a green house facility (NCSU, Method 

Road, Raleigh, NC), light-dark period was mainly controlled by the natural sunlight and 

fluorescent light system. The fluorescent light system was programmed to detect the natural 

sunlight intensity. Any cloudy days or any cloudy periods where the natural sunlight is 

insufficient during a 16-hour daylight setup, triggered the fluorescent lighting system to be 

automatically turned on. However, plant signal transductions in certain light-regulated 

metabolic pathways are influenced drastically within less than a second. Therefore, any 

fluctuation due to light-dark period throughout 24 hours of study easily alters how plant 

physiological processes behave, resulting in the variation of experiments on a day-to-day 

basis. This variation is not the main effect that I am focused on in this experiment; therefore, 

it needs to be eliminated. The assumption is that there is no variation between the days of 

experiments. Meaning, no matter what day the experiment is carried out, the result should be 

the same. Therefore, four independent studies performed on four different days, a week apart 

were assigned in my microarray confirmation experiment to test this assumption. Performing 

an independent study on a different day offers more refined results and higher repeatability of 

the experiment. 

The major goal of microarray confirmation statistical analysis is to compare host gene 

expression between mock plants and virus-infected plants at one specific time point after 

inoculation. I am not interested in comparing host gene expression between time points. In 

other words, my statistical analysis for microarray confirmation is to compare two population 

means. One population mean is host gene expression data from mock samples and the other 

is host gene expression data from virus-infected plants at one specific time point of study. 
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Statistical methods that are typically used to compare the differences between two population 

means are student’s t-test (equation 2) and matched pair t-test (equation 3) [73]. Usage of 

these two methods depends on the nature or the assumption of samples. Student’s t-test is 

based on the assumption that samples are independent from each other. On the other hand, 

matched pair t-test is based on the assumption that samples are dependent on each other, so-

called paired data. 

I performed four independent studies on four different days in my microarray 

confirmation experiment. I use matched pair t-test (equation 3) to test my hypothesis 

(equation 4) and my statistical model is shown in (equation 5). The assumptions of my plant 

samples used in the microarray confirmation experiment are (i) no variation between days of 

study and (ii) mock samples are the baseline controls for virus-infected samples within the 

same day of study. In other words, the control mock plant performed on that day is used as a 

baseline for only that particular day. It cannot be used as a baseline for another day’s 

experiments. Therefore, mock and virus infected samples collected from each day are 

considered dependent or paired samples. This is like blood pressure taken from the same 

patient before and after treatment. But in my experiment, ideally, host gene expression was 

taken from the same plant if inoculated with buffer or if inoculated with virus. The data from 

mock plants on that day is match-paired control subject of the data from virus-infected plant 

performed on the same day. Matched pair t-test is considered a more sensitive test than 

student’s t-test. If there is a true difference between the pairs without the influence of the day 

of experiment, the matched pair t-test is more likely to pick this up. If student’s t-test is used 

instead of matched pair t-test, day-to-day variation will be taken into account as a main effect 
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to cause the changes in host gene expression. Therefore, matched pair t-test (equation 3) is 

more appropriate to be implemented in my hypothesis testing than student’s t-test (equation 

2) in order to reduce the effect of day-to-day variation in host gene expression. Four 

independent experiments were performed on four different days. Therefore, four match-

paired data sets by day of experiment were used to test my hypothesis (equation 4) that the 

changes in host gene expression are modulated solely by the effect of virus infection.  

Four independent studies are performed on four different days to obtain plant samples 

for the microarray confirmation experiment. Different sets of plants were prepared 

specifically for different days of experimentation. Plant-to-plant variation within the same 

day of experiment is unavoidable. On the day of experiment, I decided to randomly select 

plants that are different sizes to perform the experiment. This strategy is based on the 

assumption that the expression values retrieved from wide-ranged plant sizes represent wide-

ranged expression values as well. Therefore, the data retrieved from this assumption covers 

possible expression values influenced by virus infection. I do this to hopefully increase 

experimental repeatability or reproducibility. Standard deviation indicates the precision of 

measurements [73]. The wide-ranged expression values yield a larger standard deviation 

within the same day of experiment. However, this standard deviation is not important for me 

because I am not interested in the precision of expression values retrieved from the same day 

experiment. I am more interested in if I am able to have the same or similar result when I 

performed the experiment on a different day with a different plant set.  In other words, I am 

interested in the variation of host expression values between days more than the variation of 

host gene expression between each plant within a single day. Therefore, my assumption is no 
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variation between plants on the same day of experiment. I draw this assumption from the 

condition that plants were prepared from the same original seed stocks and maintained under 

the same conditions throughout the experiment.  

In any independent study, mock controls were performed on four different plants and 

viruses were also inoculated on four different plants. I used a sample pooling strategy to 

physically combine RNA extracts that were obtained from the same day of experiment 

together in order to reduce the variation due to plants as well as other variations that occurred 

on that day (such as the position of plant on the bench, water consumption, light intensity). 

The expression value from the sample pooled within the same day is a more reproducible 

measurement. Meaning, no matter what plant size used in the experiment, there is a 

possibility that the significant outcome will fall into this range. Consequently, four 

independent studies yield four biological replicates for mock and four biological replicates 

for virus infection, resulting in four match-paired data sets for my statistical analysis. 

The main-driven hypothesis of microarray confirmation experiment is that if day-to-

day variation and plant-to-plant variation within the same day of experiment are removed, the 

changes in host gene expression are modulated only by the effect of virus infection and the 

result should be repeatable. 
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Equation 2 Student’s t-test 

𝑡 =
 𝑥 1−𝑥 2 − 𝜇1−𝜇2 

𝜎(𝑥 1−𝑥 2)
    

If the population variances are equal then the information from both samples is combined to 

give the “pooled estimate of the standard deviation”. 

𝜎 =  
 𝑛1−1 𝑠1

2− 𝑛2−1 𝑠2
2

𝑛1−𝑛2−2
     

The standard error for the sampling distribution of the differences in sample mean is  

𝜎(𝑥 1 − 𝑥 2) = 𝜎  
1

𝑛1
−

1

𝑛2
    with    𝑑𝑓 = 𝑛1 + 𝑛2 − 2 

If the population variances are not equal, then the standard error is 

 
𝑠1

2

𝑛1
+

𝑠2
2

𝑛2
    with   𝑑𝑓 = min(𝑛1 − 1, 𝑛2 − 1) 

 

Equation 3 Matched pair t-test 

𝑡 =

 𝑑

𝑁

 
 𝑑2  − 

  𝑑 2

𝑁

𝑁(𝑁−1)

 

d = difference between matched scores 

N = number of pairs of scores 

df = N (number of pairs) – 1                                                                                           
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Equation 4 Hypothesis testing in microarray confirmation experiment   

µ1 is population mean of host gene expression from mock samples 

µ2 is population mean of host gene expression from virus-infected samples 

Null hypothesis; two population means are not different. 

   H0; µ1 = µ2 

Alternative hypothesis; two population means are different. 

   Ha; µ1 ≠ µ2                                                                             

 

Equation 5 Statistical model for microarray confirmation data analysis 

The model is illustrated as simple linear regression with an indicator variable. 

yi = β0 + β1x1+ εi 

Notation 

yi : the ith host gene expression data point observed from the effect of “treatment factor”  

β0 : reference level (intercept) 

β1 : slope  

x1 : the effect of “treatment factor (categorical variable)”  

                        0 if plant is mock control 

            x1 =  

1 if plant is inoculated with virus 

εi : the ith random error  

                                                                                                

 

Result and discussion 

 

1. Microarray data quality control and reliability 

The distribution of microarray data was visualized by a probability density function 

and a box plot (Figure 6). The probability density function was estimated by applying kernel 



117 

 

 

density estimation to smooth the data set [84]. These visualization techniques provided an 

overall image of how gene expression data was distributed across all arrays. I found that 

microarray raw data had an inconsistency distribution among its array replicates (Figure 6A 

and 6B). The differences in data distribution can cause bias and lead to a false interpretation 

when gene expression was compared between mock- and virus– inoculated plants. I used the 

Loess normalization method to correct this problem [85]. And as a result, the normalized 

microarray data was more concordantly distributed across array replicates (Figure 6C and 

6D). To assess data reliability, normalized microarray data were compared across all four 

replicates that were derived from within the same time point and treatment. Pearson 

correlation coefficient was calculated between these array replicate set. The variation due to 

the differences between array chips was evaluated based on Pearson correlation coefficient. 

Data correlation was visualized by a group scattering plot technique (Figures 7 to 10). I 

found that Pearson correlation coefficients of all combinations of time point and treatment 

was more than 0.9. The high correlation observed among array technical replicates indicated 

that the difference due to array hybridization were not significant.  This suggests that our 

custom microarray chip and the hybridization protocol suggested by Nimblegen are reliable. 
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Figure 6 Microarray data distribution and quality control before and after Loess normalization. These Figures are A) probability 

density function of raw microarray data, B) box plot of raw microarray data, C) probability density function of normalized 

microarray data, and D) box plot of normalized microarray data. 
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Figure 7 Correlation coefficients of the normalized microarray data derived from 4 array 

replicates of mocks (green) and 4 array replicates of RCNMV-inoculated plants (pink) at 2 

hpi 

 



120 

 

 

 
 

Figure 8 Correlation coefficients of the normalized microarray data derived from 4 array 

replicates of mocks (green) and 4 array replicates of RCNMV-inoculated plants (pink) at 6 

hpi 
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Figure 9 Correlation coefficients of the normalized microarray data derived from 4 array 

replicates of mocks (green) and 4 array replicates of RCNMV-inoculated plants (pink) at 12 

hpi 
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Figure 10 Correlation coefficients of the normalized microarray data derived from 4 array 

replicates of mocks (green) and 4 array replicates of RCNMV-inoculated plants (pink) at 24 

hpi 
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2. Host gene expression cumulatively fluctuated during the first 24 hours of RCNMV 

infection 

I monitored host transcription profile during the first 24 hours of RCNMV infection. 

Host genes were studied at four different time points; 2, 6, 12, and 24 hours post virus 

inoculation (hpi). I found that host gene expression fluctuated at all time points of study as 

shown in volcano plots (Figure 11). All 13,413 host genes exhibited a unique expression 

pattern during the first 24 hours of RCNMV infection. Within the first 2 hours, the majority 

of host genes asserted a dramatic down-regulation pattern. But then, at 6 hpi, the expression 

gradually shifted to the opposite direction. By time point 12 hpi, an up-rising expression of 

the majority of host genes revealed a strong reciprocal modulation, an opposing impact to the 

first 6 hours. This up-rising modulation persisted until time point 24 hpi.  The changes in host 

gene expression pattern is more obvious and confirmed when only significantly differentially 

expressed genes were dissected as displayed in Figure 12. When I count the number of host 

genes that are either up- or down-regulated and whose significance is based on an FDR 

cutoff of 0.01, I found that 84% of host genes were down-regulated at 2 hpi, but then the 

number of up-regulated genes started to increase to 35% at 6 hpi. And at 12 hpi, 95% of host 

genes were up-regulated. The same gene expression pattern re-appeared at time point 24 hpi. 

This host gene expression pattern is not only observed in this overall significant gene 

counting method (Figure 12), but also gene counting in functional categories (Figure 24). 

This suggests that the RCNMV infection process in a primary infected cell took between 12 

to 24 hours. After 24 hours of infection, virus started its movement from the primary infected 

cell to a neighboring cell to initiate a new infection cycle.  
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Figure 11 Volcano plots of the microarray data of 13,413 host genes shows the cumulative 

changes in gene expression at 2, 6, 12, and 24 hours post inoculation. A fold change of each 

host gene was computed from a subtraction between microarray expression data of RCNMV-

inoculated plants (v) and mocks (m) at each time point of study. The dashed line is an FDR 

cutoff (-log10 (p) = 3.04) of 0.01. 
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Figure 12 Total numbers of significantly differentially expressed host genes from the 

microarray data analysis at 2, 6, 12, and 24 hours post inoculation, with an FDR cutoff of 

0.01. A differential expression of each host gene was computed from a subtraction between 

microarray expression data of RCNMV-inoculated plants (v) and mocks (m) at each time 

point of study. 

 

 

3. Switch mode of host gene expression at 12 hour RCNMV infection 

I used hierarchical clustering method [86, 87] to study how each host gene behaved 

over 24 hour RCNMV infection. Host gene expression, gene by gene at a time, was analyzed 
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overall host gene expression pattern (Figure 13) [87]. Most genes maintained the same 

expression behavior from 2 to 6 hpi but then dramatically shifted its expression to the other 

direction at 12 hpi. The switched modulation of host gene expression by RCNMV infection 

was particularly prominent at 12 hpi, and thereafter subsided by 24 hpi. The switch mode 

event at 12 and 24 hpi was also concurrent with a dramatic accumulation of RCNMV RNA-1 

and RNA-2 transcripts after 12 hours (Figure 25 and 26). 

Evidence from 2) and 3) support the main finding that the majority of host genes are 

shutdown at the earliest state, approximately within 6 hours, of RCNMV infection; but then 

host gene expression appears to recover after 12 hours. This plant host gene shutdown was 

reminiscent of commonly observed phenomenon in animal virus infection, known as host-

gene “shut-off”. Animal system shut-off is achieved at diverse points in host gene 

expression, and has been widely interpreted as a mechanism to place virus gene expression at 

a competitive advantage over the expression of host genes [88]. A similar decline in host 

gene expression was also found to be modulated by other plant viruses. Most important 

works of these plant host gene shut-off studies were done by Andrew Maule’s research group 

(John Innes Centre, Norwich, UK), using a technique called spatial analysis [88, 89]. This 

technique was developed to measure host gene transcripts at the advancing infection fronts 

between infected and uninfected cells/areas using in situ hybridization (to detect host 

transcripts), immonocytochemistry (to detect viral protein) and tissue blotting technique. 

With this spatial analysis, they found host gene shut-off in pea host by Pea seed borne 

mosaic potyvirus (PSbMV) [90], and in marrow host (Cucurbita pepo) by Cucumber mosaic 

virus (CMV) [53]. However, this spatial analysis can only be applied to study one host gene 
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at a time. So far, in plant viruses, the study presented in this chapter is the first report of 

whole plant transcriptome shut-off at the earliest time point of RCNMV infection as within 6 

hours, using a temporal (time course study) rather than a spatial analysis. I observed that the 

coordinate response in the depletion of host transcripts covers a wide-ranged loss of host 

metabolism functions (Figure 24). This host shut-off phenomenon could potentially cause 

plant death. But why does RCNMV induce such a harsh pressure on host? Could it be a 

strategy that RCNMV employs to take over host translation machineries for viral protein 

production? In the case of Turnip mosaic virus (Potyviridae), it has been proposed that the 

binding of the viral protein known as virus genome-linked protein (VPg) to host eIFiso4E 

(eukaryotic initiation factor involved in the initiation phase of eukaryotic translation) 

competitively inhibits the expression of host genes [91]. This interaction is a proposed 

mechanism that Turnip mosaic virus employs to decrease host mRNA translation so that it 

can outcompete host essential translation factors. Messenger RNAs not recruited for 

translation are usually rapidly degraded [92]. In my study, the simultaneous depletion of 

many host transcripts by RCNMV might suggest that active RNA degradation plays a part in 

suppressing the expression of host genes.  

I assume that a reduction of host transcripts leads to a reduction of host translation of 

their own proteins. I speculate that the induction of host transcript degradation is a central 

strategy that RCNMV employs to manipulate and shift host translation machineries to 

produce viral protein. I note that our experiment only measured host changes at the transcript 

level, not the translation level. To test this hypothesis, protein quantification and biochemical 

assays are necessary.  
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If host gene shut-off is modulated by virus at the risky expense to potentially cause 

plant cell death so that virus can successfully produce viral replication protein to initiate 

replication process, how do some host infected cells survive after viral egress? In my study, 

interestingly, I found that the plant host was allowed to recover at 12 hours as illustrated by 

the “switch mode” effect. This indicates the transient nature of the host shut-off which 

explains how host cells are able to survive and maintain their function after the virus 

replication phase is complete. 
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Figure 13 Hierarchical clustering the differential microarray expression of 13,413 host genes 

at 2, 6, 12, and 24 hours post inoculation (hpi) reveals a reversal of regulation at 12 hours (a 

switch mode effect). A differential expression of each host gene was computed from a 

subtraction between microarray expression data of RCNMV-inoculated plants (v) and mocks 

(m) at each time point of study. 
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4. Systemic acquired resistance gene (SAR) expression was modulated over 24 hours 

RCNMV infection 

I used a Venn diagram to illustrate host genes that were significantly differentially 

expressed overlapping to other time points of RCNMV infection. In this diagram, I found 

only one host gene that was significantly modulated across all four time points of RCNMV 

infection (Figure 14). This one host gene is a N. benthamiana systemic acquired resistance 

gene 8.2m (NbSAR8.2m) [93]. This finding suggests that SAR is a key host gene that 

RCNMV battles throughout the course of its infection.  

With microarray and qRT-PCR data (Figure 14), I found that NbSAR 8.2m was 

significantly down-regulated in the first 6 hours, followed by a significant up-regulation after 

12 hours. The report in this chapter is the first study that shows host SAR gene suppression at 

the earliest state of viral infection. I hypothesize that SAR was down-regulated in the first 6 

hours of infection to presumably allow the establishment of virus in the primary infected cell. 

Once the virus produces a successful infection, the plant started to recognize the damage and 

started sending out the defense signal to the healthy cells which could be neighboring cells or 

cells located at the distal distance from the primary infected cell; as a result, SAR expression 

started to up-regulated after 12 hour of infection. 
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Figure 14 Venn diagram displays the microarray data of the overlapped host genes that were 

significantly differentially modulated at 2, 6, 12, and 24 hours post inoculation (hpi) at an 

FDR cutoff of 0.01 
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5. Functional analysis to determine the impacts of an early RCNMV infection on host 

physiological process 

This study focused on patterns of expression among different functional categories of 

host genes in order to identify key host biological pathways or host gene functions that were 

significantly correlated with a course of RCNMV infection (duration of infection at 2, 6, 12, 

and 24 hours post inoculation). N. benthamiana genes spotted on microarray were assigned 

functionalities by searching their sequence similarity against GenBank [61], Gene Ontology 

(GO) [64], MIPS functional catalogue (FunCat) [68], and KEGG [67] databases. Sequence 

alignment method was based on the BLAST algorithm (basic local alignment search tool) 

and E-value cutoff at 1 x 10
-5

 [94]. Although these genomic databases were powerful and 

convenient for functional annotation search, each had its own limitation; for instance, 

available organism genomic data, latest information, number of known annotations, 

annotation sources (did the annotation sources come from a computational analysis or an 

experimental analysis?). For these different limitations, more than one database was used in 

our microarray functional annotation. 

A direct counting number of significant up- or down- regulated genes that were in the 

same functional categories was the most straightforward approach to identify a correlation 

between host functions and virus infection event (Figure 24). However, upon my initial gene 

functional analysis, it became apparent that existing functional terms that were assigned on 

our microarray genes, in many cases, were incomplete, very general, and offered little and 

ambiguous insight into biological mechanisms. Most genes were assigned to major or general 
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functional groups rather than specific functions. This was due to a database limitation. It was 

not clear whether any of these terms represented significant enrichments in virus-infected 

plants. Therefore, a direct gene counting and use of these functional terms to perform a 

comparable functional analysis among host genes that were spotted on the array could cause 

a bias and false interpretation. I used GSEA (Gene Set Enrichment Analysis) [95] to 

minimize this potential problem. GSEA is a statistical-based method and it provides more 

advantages than a simple counting number of significant genes in each functional category. It 

took a consideration of all available functional terms of all genes spotted on the microarray 

(whether or not they were significantly regulated in an early RCNMV infection) and their 

associated t-statistic values (derived from a differential expression analysis between virus- 

and mock- inoculated plants) into a functional analysis. GSEA applied a permutation 

statistical method to compute an enrichment score of each host gene function based on the t-

statistic values of the gene members that were assigned to that particular function in order to 

define if the function being analyzed was significantly enriched and correlated in virus-

infected plants [95]. Therefore, a major difference between GSEA and a simple gene 

counting was that all genes and all functional terms that were associated with them were 

analyzed, rather than only significantly regulated genes. And as a result, GSEA provided 

overall information of how host pathways (or functions) were statistically significantly 

changed and modulated in an early RCNMV infection. GO terms were used to conduct 

GSEA analysis. The resulting top 20 significant GO terms, both positive and negative 

correlation enriched at each time point of RCNMV infection (Table 6 to 9), served as the 
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main context to interpret how the host interacted with RCNMV at the different stages of the 

viral life cycle in this study, as described in the following detail. 

 

5.1) Host defense responses 

Host defense response (GO 42742), particularly fighting against a bacterial infection, 

was negatively correlated to RCNMV infection in the first 6 hours (2 and 6 hpi), but then was 

positively correlated at 12 hpi (Figure 15). This indicated that host defense gene expression 

was suppressed in the first 6 hours of RCNMV infection but then de-suppressed at 12 hpi. 

The report in this chapter is the first study that shows host defense suppression at the earliest 

state of viral infection of 2 hours. Decreasing host defense gene expression in the early 6 

hours was likely driven by RCNMV infection, which was expected in a susceptible N. 

benthamiana host.  

The early host defense gene suppression may play a crucial role for a successful virus 

infection. However, during this host defense gene suppression, apoptosis-related host 

activities were increased (Figure 15), suggesting that the host utilized the apoptosis pathway 

(GO 6915) to immediately confine the infected area. This finding lead to my belief that host 

apoptosis was a primary and acute host defense response in N. benthamiana against RCNMV 

infection at the earliest time point of 6 hpi. However, in a longer defense response, the host 

shifted its defense strategy to increasing defense gene expression (GO 42742) which is more 

efficient than apoptosis and does not cause host cell death.  
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Figure 15 GSEA enrichment plots display host defense-related functions that were highly 

correlated to RCNMV infection at different time points 
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5.2) Host multidrug and toxin extrusion (MATE) transporter 

MATE transporters are found in prokaryotes and eukaryotes and represent conserved 

protein families [96, 97].  In bacteria, MATE transporter is a major cause of multidrug 

resistance (MDR). Mammalian MATE transporters enhance the efflux of cytotoxic drugs 

from cells [98, 99]; in addition, they’re involved in the immune system and in apoptosis 

[100]. Plants have the largest number of MDR genes. Arabidopsis possesses at least 58 

known MDR genes related to animal MDR genes [96]. MDR–like genes of Arabidopsis have 

been found to be involved in the detoxification of endogenous secondary metabolites and 

xenobiotics [101].  In addition, they are required for auxin transport and auxin-mediated 

development. One of these is AtMDR1 which was shown to be induced by the hormone auxin 

[102]. Other than detoxification and plant developmental roles, plant MATE-like proteins are 

also involved in pathogen resistance. Arabidopsis EDS5 (ENHANCED DISEASE 

SUSCEPTIBILITY 5), a homolog of the MATE transporter family, is an essential 

component of salicylic acid–dependent signaling for disease resistance [103]. Salicylic acid 

(SA) is synthesized in chloroplasts [104, 105]. Recently, it was found that EDS5 is a MATE-

like SA transporter located at the chloroplast envelope. Mutants with impaired EDS5 

function are unable to export SA from the chloroplast to the cytoplasm and so SA is trapped 

in the chloroplast, leading to an inhibition of SA synthesis which might be explained by a 

possible auto negative feedback. Thus export of salicylic acid from chloroplasts requires 

EDS5 transporter [106].  
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With so many diverse protein isoforms attributed to the products of MDR genes, it 

remains an experimental challenge to characterize functions of the MDR-like genes present in 

the Arabidopsis genome. And so far, no report has shown an involvement of MATE 

transporter in any plant viral infection. My functional analysis found that an activity of the N. 

benthamiana homolog of MATE protein was significantly enriched and increased in the first 

6 hours of RCNMV infection (Figure 16). The transcript level of the MATE-like gene was 

also immediately accumulated after 2 hours of RCNMV infection but not significantly until 

after 6 hours. This leads to an assumption that an increase in MATE activities and its 

transcript accumulation are involved in viral resistance, possibly through a mode of action 

similar to Arabidopsis EDS5 as a facilitator of SA transport.  
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Figure 16 GSEA enrichment plots display host multidrug and toxin extrusion (MATE)-

related functions that were highly correlated to RCNMV infection at different time points 
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5.3) Host translation process and machinery 

RCNMV is a positive sense, single stranded RNA plant virus and it does not carry 

any replication proteins as part of the virion. Therefore, RCNMV is required to first translate 

replication proteins from its own genome to initiate the viral replication process. RCNMV 

does not have its own translation machinery. My hypothesis is that RCNMV co-opted the 

host translation machinery at the very early time points of infection to facilitate its translation 

of replication proteins. As expected, GO terms related to host translation machinery 

(GO3735, GO5840, GO6412, GO6414, GO6448, GO22625, and GO42254) were altered 

during an early RCNMV infection. However, overall host translation was decreased in the 

first 6 hours of RCNMV infection (Figure 17). An increase in host translation elongation and 

ribosome biogenesis was not observed until 12 hours of RCNMV infection. The delay in 

overall host translation may implicate the host gene shut-off phenomenon that was discussed 

earlier in the results and discussion (2) and (3). 
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Figure 17 GSEA enrichment plots display host ribosome/translation-related functions that 

were highly correlated to RCNMV infection at different time points 
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5.4) Host photosynthesis process and chloroplast-related functions 

Several plant metabolic processes take place within chloroplasts, including 

photosynthesis, carbon fixation, amino acid biosynthesis, fatty acid biosynthesis, and 

carbohydrate metabolism [107]. Chloroplasts also have a critical role in plant immunity as a 

site for the production of salicylic acid (SA) and jasmonic acid (JA), two important mediators 

of plant immune system [104-106].  

Functional analysis using GSEA revealed that host functions that take place in the 

chloroplast were highly enriched and significantly correlated with an early RCNMV 

infection (Figure 18). Interestingly, a majority of the host functions in the top GSEA results 

enriched across all four time points of study are related to chloroplast activities. Host 

activities occurring in chloroplast thylakoid membrane and stroma were decreased in the first 

6 hours of RCNMV infection, but were later increased at 12 hours. Likewise, photosynthesis 

and light harvesting activities were suppressed in the first 6 hours but were then increased at 

12 hours. Photosytems I and II activities were both down at 6 hpi but followed by up-

regulation after 12 hours. And photosystem I maintained its increasing activity until 24 

hours. Surprisingly, an increase in photorespiration (GO9853) was observed at 24 hpi. The 

photorespiratory pathway is one major source of H2O2. Through production of these highly 

reactive oxygen species, photorespiration makes a key contribution to cellular redox 

homeostasis. In doing so, it influences several signaling pathways, in particular, those that 

govern plant defense response and programmed cell death [108, 109], suggesting that its 
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increasing activity at 24 hours of RCNMV infection may take a part in host defense response 

during the movement of virus to the adjacent cells.  

Overall, host physiological processes that occurred in the chloroplasts were 

suppressed as early as 2 hpi and the suppression continued until 6 hours. Due to the fact that 

the chloroplast is a center for many primary metabolite syntheses as well as an important 

plant organelle for producing defense signaling molecules, the sudden shutdown of 

chloroplast activities by RCNMV implied that RCNMV hijacked chloroplasts as one of the 

major targets at the very early stage of the infection process. This impact could cause 

dramatic changes in plant physiology to ultimately transform the host cell environment to 

favor the viral infection process.  
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Figure 18 GSEA enrichment plots display host chloroplast/photosynthesis-related functions 

that were highly correlated to RCNMV infection at different time points 
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5.5) Host carbon fixation and Calvin cycle 

The Calvin cycle, also known as the reductive pentose-phosphate pathway or C3 

cycle, is a series of biochemical redox reactions that results in a conversion of carbon dioxide 

into triose phosphate (TP) known as glyceraldehydes-3-phospahte (G3P) which is 

subsequently used as a substrate to synthesize organic molecules; for instance, carbohydrates 

such as glucose, sucrose, cellulose, starch, etc. The Calvin cycle occurs in the stroma, which 

is the area of the chloroplast surrounding the thylakoid membranes [107]. GSEA revealed 

that host functions involved in the Calvin cycle were highly enriched and significantly 

correlated to RCNMV infection across all stages of the infection process (2, 6, 12, and 24 

hpi) (Figure 19).  

The Calvin cycle was down-regulated in the first 6 hours of RCNMV infection, but 

then was up-regulated after 12 hours. GSEA also indicated that host function related to 

RuBisCO (GO 9573), an important enzyme in the Calvin cycle, was increased at 24 hpi 

(Figure 18). With the use of a KEGG diagram of “carbon fixation in photosynthetic 

organisms (KO 00710)”, I was able to look at the microarray expression data of individual 

host genes that encode enzymes in the carbon fixation pathway (Figure 20). I found that the 

majority of these host genes were down –regulated in the first 6 hours, followed by the up-

regulation at 12 hours. I also performed hierarchical clustering of the microarray expression 

data of these host genes (Figure 21) [87]. According to the clustering results, I found that the 

expression of host genes encoding the enzymes in the carbon fixation were dramatically 

down-regulated in the first 6 hours and up-regulated at 12 hours, but then a mixed direction 
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of expressions were seen at 24 hours, indicating the reappearance of host gene shut down at 

24 hours. The expressions of RuBisCO-related genes were also down-regulated in the first 6 

hours; however, they were able to maintain their up-regulation from 12 to 24 hours. With 

these consistent results, the delay in the Calvin cycle was an indicator that RCNMV 

prevented the host from being able to perform carbon fixation, and as a result, RCNMV 

might indirectly decrease plant biosyntheses of organic compounds, importantly 

carbohydrate biosyntheses.  
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Figure 19 GSEA enrichment plots display host Calvin cycle-related function (GO19253) that 

was highly correlated to RCNMV infection at different time points
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Figure 20 KEGG diagram of “carbon fixation in photosynthetic organisms (KO 00710)” and microarray expression data
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Figure 21 Hierarchichal clustering of the microarray expression data of host carbon fixation- 

and RuBisCO- related genes. The function annotation of these host genes are descibed in 

Table 3. 
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Table 3 KEGG functional annotation of N. benthamiana host genes in “carbon fixation in 

photosynthetic organisms (KO 00710)”. The microarray expression data of these host genes 

and the carbon fixation KEGG diagram are displayed in Figures 20 and 21. 

 

 

Sequence ID Enzyme name Enzyme ID

340 ribose-5-phosphate isomerase 5.3.1.6

364 malate dehydrogenase 1.1.1.37

398 ribulose-bisphosphate carboxylase 4.1.1.39

406 glyceraldehyde-3-phosphate dehydrogenase (NADP+) (phosphorylating) 1.2.1.13

3855 phosphoenolpyruvate carboxylase 4.1.1.31

3901 fructose-bisphosphate aldolase 4.1.2.13

3954 malate dehydrogenase (NADP+) 1.1.1.82

4106 pyruvate kinase 2.7.1.40

4137 malate dehydrogenase 1.1.1.37

4406 phosphoenolpyruvate carboxylase 4.1.1.31

4915 pyruvate kinase 2.7.1.40

7067 ribulose-bisphosphate carboxylase 4.1.1.39

7214 ribulose-bisphosphate carboxylase 4.1.1.39

7241 sedoheptulose-bisphosphatase 3.1.3.37

7272 fructose-bisphosphate aldolase 4.1.2.13

7353 fructose-bisphosphate aldolase 4.1.2.13

7466 ribulose-bisphosphate carboxylase 4.1.1.39

7536 ribulose-bisphosphate carboxylase 4.1.1.39

8103 phosphoenolpyruvate carboxylase 4.1.1.31

8538 pyruvate kinase 2.7.1.40

9397 ribose-5-phosphate isomerase 5.3.1.6

9454 ribose-5-phosphate isomerase 5.3.1.6

9553 malate dehydrogenase (NADP+) 1.1.1.82

9553 malate dehydrogenase 1.1.1.37

9618 glyceraldehyde-3-phosphate dehydrogenase (NADP+) (phosphorylating) 1.2.1.13

9805 glyceraldehyde-3-phosphate dehydrogenase (NADP+) (phosphorylating) 1.2.1.13

9892 fructose-bisphosphate aldolase 4.1.2.13

9963 ribulose-bisphosphate carboxylase 4.1.1.39

11905 sedoheptulose-bisphosphatase 3.1.3.37

12011 phosphoenolpyruvate carboxykinase (ATP) 4.1.1.49

12871 malate dehydrogenase (decarboxylating) 1.1.1.39

13003 transketolase 2.2.1.1

13429 ribulose-bisphosphate carboxylase 4.1.1.39
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Results from 5.4) and 5.5) strongly suggests the idea that the host activities occurring 

in the chloroplast are altered by an early RCNMV infection. I should make an important note 

that my study in this chapter does not investigate the development, structure, or genetic 

materials of the host chloroplast itself, but this study is rather focused on the expression level 

of host genes (i) whose functions are related to, and (ii) whose expressed proteins are 

localized in the chloroplast. Therefore, the report in this chapter is the first observation of 

host transcript levels showing the modulation of host chloroplast-related genes by an early 

virus infection. 

The disruption in host photosynthesis is also observed in other plant viruses [110-

119]. TMV is a model virus that is widely used to study its impact on host photosynthesis. 

There are two major impacts on host chloroplasts that are caused by plant viruses: (1) host 

chloroplast development and (2) host chloroplast functions. The most dramatic and perhaps 

the most fundamental effect of virus infection is the shutdown of the synthesis of chloroplast 

ribosomal RNAs and of chloroplast proteins. This phenomenon could account for the 

reduction of chloroplast numbers in virus-infected leaves [111, 120]. We have not yet 

investigated such an effect in RCNMV-host interactions. The viral symptoms described as 

mosaics, green islands, and yellows (or chlorosis) are all attributed largely due to the 

disruption/aberration of chloroplast structure, function, and/or development [120]. RCNMV 

causes visible mosaic patterns and yellowing at 3-4 days after inoculation (Figure 1). The 

examination of host chloroplast development during RCNMV-host interaction will be our 

next challenge. In this chapter, my study demonstrates a dramatic modulation effect of the 
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expression of host genes related to photosynthetic processes early in the RCNMV infection at 

sub 24 hours.  

In TMV, marked reduction in host photosynthetic activity arises early after 

inoculation in association with reduced size and number of chloroplasts, reduced chlorophyll 

content and low efficiency of CO2 fixation in chloroplasts [110, 115]. The impairment of 

chloroplast function is often coupled with a presence of viral coat protein in these organelles. 

There is strong evidence suggesting a close association between TMV and host chloroplasts. 

With the chloroplast isolation technique [121], both TMV coat protein and TMV RNA have 

been isolated from Percoll-purified chloroplasts [120, 122]. TMV coat proteins are found 

associated with chloroplasts and thylakoid membranes of infected leaves [118]. The coat 

protein of a TMV strain inducing chlorosis was detected inside chloroplasts 3 days after 

infection and thereafter accumulated at a rapid rate, first in the stroma and then in the 

thylakoid membranes. On the other hand, the coat proteins of a TMV strain that caused mild 

symptoms accumulated in chloroplast to lower levels and little coat protein was associated 

with thylakoids. In vivo and in vitro measurements of electron transport revealed that 

photosystem II activity was inhibited in plants infected with an aggressive TMV strain while 

no reduction was observed in plants infected with the mild strain[112]. Photochemical 

activities of the whole electron transport chain in isolated chloroplast dramatically declined 

with the progression of symptoms [114]. As TMV multiplies in the plant, the disease 

becomes visible as numerous light and dark green islands creating a clear-cut mosaic. The 

virus content is higher in light spots and it interferes there with chloroplast development and 

functions [123, 124]. Furthermore, TMV coat protein shares a common antigenic determinant 
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(an immunological cross-reactivity) and some amino acid sequence homology with the large 

subunit of host RuBisCO; however, the significance of this observation is unknown [125].  

However, contrary to the association between TMV and host chloroplasts, no 

evidence so far shows the correlation of the host chloroplast and host chloroplast-related 

activities to RCNMV replication, RCNMV RNAs and RCNMV proteins (viral replication 

proteins, coat proteins, movement proteins). In our lab, we previously described that 

RCNMV replication occurs on the endoplasmic reticulum (ER) membranes. We know that 

RCNMV replication proteins accumulate on ER membranes [47]. Therefore, hypothetically, 

it is unlikely that host chloroplast activity alteration were caused by RCNMV accumulation 

on the chloroplast. However, more works is needed to test this hypothesis. We do not yet 

observe any RCNMV component accumulation on chloroplast, or have determined if there is 

any chloroplast-localization signaling motif in the RCNMV genome. And since the work in 

this chapter is only focused on host transcript measurement, further studies are necessary to 

confirm the biochemical impact of RCNMV on host chloroplast activities. The investigation 

of the parameters of photosynthesis; for instance ,sensitivity of chloroplasts to inhibitors, 

activity of RuBisCO, rates of cyclic and non-cyclic photophosphorylation, products of CO2 

fixation, should be applied to evaluate the impact of RCNMV on host photosynthesis.  

 

5.6) Host protein kinases 

In plants, protein phosphorylations are catalyzed by protein kinases. Plant protein 

kinases have been implicated in response to many signal transductions, including light, 
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hormones, temperature stress, and nutrient deprivation. Protein kinases also play a central 

role in signaling during pathogen recognition and the subsequent activation of plant defense 

mechanisms. With this diversity of functions, there is a broad array of different protein 

kinases, collectively making up a large superfamily of homologous proteins [126-129].  

Our enrichment study found that host homologs of protein kinase functions (GO4713, 

GO7169, and GO4674) were positively correlated (up-regulation) to RCNMV infection in 

the first 2 and 6 hours of infection; but later, they were negatively correlated (down-

regulation) at 12 hours (Figure 22). An interesting note is that the switch of regulation of host 

protein kinase expression is against the direction of the majority of host genes, which were 

down-regulated in the first 2 and 6 hours following by an up-regulation at 12 hours (Figure 

11, 12, and 13). Protein kinases govern the regulation of host defense gene expression [128]; 

however, host defense gene expressions was not increased until 12 hours of infection (Figure 

15). This led to my belief that an increasing host protein kinase function in the first 6 hours 

of infection did not affect host defense gene expression until later on, after 12 hours. 

 

 

 

 

 

 

 

 



159 

 

 

 
 

Figure 22 GSEA enrichment plots display host protein kinase-related functions that were 

highly correlated to RCNMV infection at different time points 

2 hpi positive correlation 6 hpi positive correlation 12 hpi negative correlation

Enrichment plots: GO4713 protein tyrosine kinase activity

6 hpi positive correlation 12 hpi negative correlation

Enrichment plots: GO4674 protein serine/threonine kinase activity

2 hpi positive correlation 6 hpi positive correlation 12 hpi negative correlation

Enrichment plots: GO7169 transmembrane receptor protein tyrosine kinase signaling pathway
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5.7) Host cell wall 

Cell walls are an important feature of plant cells that provide shape to different plant 

cell types needed to form tissue and organs [130]. Plant cell walls also form the interface 

barrier to adjacent cells; therefore, intercellular communication and trafficking tightly 

depends on cell wall composition and structure. There are two well-characterized pathways 

known for plant cell-to-cell communication and transportation: apoplastic pathway (through 

cell) and symplastic pathway (though cytoplasm) [107]. An intercellular trafficking through a 

symplastic pathway is facilitated by a channel between cells, known as plasmodesmata [38, 

48]. Because of their surface location and function as a barrier between cells, plant cell walls 

play an important role in plant-microbe interactions, including defense response against 

potential pathogens [131]. Plant cell walls are the first barrier that most pathogens encounter 

and need to overcome in order to establish a primary infection. They are then also the first 

barrier that most pathogen progenies need to conquer during their migration to other parts of 

the plant in order to produce a systemic infection. The most characteristic component found 

in all plant cell walls is cellulose.  

My functional analysis revealed that host functions related to cell wall activities, 

structural constitutive of cell walls, and cell wall biogenesis (GO5199, GO9505, and 

GO42546) were significantly increased in the first 6 hours of RCNMV infection, followed by 

a significant decrease at 24 hours (Figure 23). This result implies that host cell wall activities 

are modulated as early as 2 hours. The immediate host response of increasing cell wall 

activities are likely driven by the host itself in order to build a stronger barrier to protect the 
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plant from the external stress stimuli, particularly viruses in our study. We also observed that 

the transcript level of the cellulose synthase gene was increased within 6 hours, but this 

microarray data is not significant (FDR cut off of alpha = 0.01).We did not observe an 

enrichment of host cell wall activities at 12 hours. We speculate that their reappearance at 24 

hours suggests that their function as a barrier between adjacent cells was once again 

disturbed during the movement of virus from cell-to-cell.  

Functional analysis also revealed that host functions related to the apoplastic pathway 

(GO48046) was significantly activated at 12 hours of RCNMV infection. RCNMV is known 

to travel through plasmodesmata [38, 132], which is a trafficking channel in the symplastic 

pathway. If RCNMV is only involved in the symplastic pathway, why was the host 

apoplastic pathway altered during RCNMV infection? The explanation may lie in the context 

of the pathogen induced-oxidative burst occurring in the cell wall, which then leads to an 

apoplast alkalinization. The apoplastic alkalinization is an important factor supporting 

disease resistance towards plant pathogens. Previous studies found that massive apoplastic 

alkalinization was induced by fungal elicitors from powdery mildew fungus in barley [133].  

During a pathogen attack, local oxidative stress occurred and generated hydrogen 

peroxide and superoxide anion which can then diffuse through the apoplast and transport a 

warning signal to neighboring cells. In addition, such an oxidative burst can cause a local 

alkalinization of the apoplast which then travels within minutes to the rest of the plant body 

via xylem and triggers systemic acquired resistance (SAR) [134, 135]. Our microarray and 

qRT-PCR analysis confirmed that N. benthamiana SAR gene expression was significantly 
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down-regulated in the first 6 hours of RCNMV infection, but followed by an up-regulation 

after 12 hours. With this concurrent observation, an increase in host apoplast activities at 12 

hours of RCNMV infection suggests they are responsible for the onset of SAR activation at 

12 hours.  
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Figure 23 GSEA enrichment plots display host cell wall-related functions that were highly 

correlated to RCNMV infection at different time points 

Structural constituent of cell wall 

2 hpi positive correlation

Structural constituent of cell wall 

6 hpi positive correlation

Plant-type cell wall 

2 hpi positive correlation

Plant-type cell wall 

6 hpi positive correlation

Plant-type cell wall 

24 hpi negative correlation

Cell wall biogenesis 

2 hpi positive correlation

Cell wall biogenesis 

6 hpi positive correlation

Apoplast

12 hpi positive correlation
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Figure 24 Functional categories (FunCat scheme) of the significantly differentially expressed 

host genes at different time points of study (2, 6, 12, and 24 hours post inoculation (hpi)) 

from microarray data analysis with an FDR cutoff of 0.01. 
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6. Tracking RCNMV RNA profile using the microarray 

We incorporated RCNMV probes on our microarray in order to monitor the progress 

of the RCNMV replication process and RNA accumulation, both RNA-1 and RNA-2. We 

designed 9 probes spanning across the RCNMV genome. RNA-1 was probed from position 

2489 to 3426 (5’-3’ direction) which covers the subgenomic RNA encoding the 37-kDa 

capsid protein (Figure 2 and 25). And RNA-2 was probed from position 172 to 1300 (5’-3’ 

direction) encoding the 35-kDa movement protein (Figure 2 and 26). Surprisingly, both 

RNA-1 and RNA-2 accumulation was not changed much in the first 12 hours. But the 

accumulation of both RCNMV RNAs was rapidly increased after 12 hours. The small 

accumulation of RCNMV RNA may be due to the effect of host defense mechanisms. 

However, host defense gene expression was not observed until after 12 hours. I assume that 

the degradation of RCNMV RNA may be largely due to the activated host silencing 

mechanism, rather than other host defense mechanisms. Although RCNMV is able to encode 

viral silencing suppressor from RNA-1 and RNA-2, the accumulation of viral RNA is 

delayed until 12 hours. We know that RCNMV movement protein encoding from RNA-2 is 

translated in the late infection process, for the purpose of viral movement to adjacent cells. 

This leads to my speculation that viral silencing suppressor encoding from RNA-2 may also 

be translated in the late infection process and may play a critical role in the survival of 

RCNMV RNA progeny in the secondary infected cells. We do not know the mechanism of 

the RCNMV silencing suppressor yet. However, the expression of RCNMV silencing 

suppressor may be reflected in the correlation between the dramatic increase in RCNMV 

RNA accumulation and the sudden up-regulation of host gene expression described as “a 
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switch mode effect” observed on the microarray at 12 hours (Figure 11, 12, and 13). I 

hypothesize that viral silencing suppressors expressed during 12 hours of infection may play 

a part in viral RNA accumulation and the host gene expression switch. 

 

 
 

Figure 25 Tracking RCNMV RNA-1 profiles from the microarray data. Number in a 

parenthesis is a probe position (5’-3’) on RCNMV RNA-1 complete sequence from GenBank 

ID: J04357.1. These microarray probes span from position 2489 to 3426 which covers a 

subgenomic RNA region (2428-3447) that encodes the 37-kDa capsid protein. Red line is the 

expression data from RCNMV-inoculated plants and blue line is the expression data from 

mocks. 
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Figure 26 Tracking RCNMV RNA-2 profiles from the microarray data. Number in a 

parenthesis is a probe position (5’-3’) on RCNMV RNA-2 complete sequence from GenBank 

ID: X08021.1. These microarray probes span from position 172 to 1300 which covers a 

region (80-1033) that encodes the 35-kDa movement protein. Red line is the expression data 

from RCNMV-inoculated plants and blue line is the expression data from mocks. 
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7. Microarray confirmation 

Candidate genes were selected to validate the microarray expression data. I selected 

these candidate genes using three criteria: (i) host genes that were previously known to be 

involved in plant-virus interaction, (ii) host genes that are important to plant physiology, and 

(iii) host genes that showed dramatic changes between mock and virus-infected plants. I used 

qRT-PCR method to validate the candidate genes [136], comparing expression profiles 

between mock and virus-infected plants. The 60 candidate genes were screened over 24 

hours of RCNMV infection. I found that 16 genes had a significant differential expression at 

α = 0.05. The expression profile of these 16 genes is shown in Table 4 and 5. I found that the 

majority of the selected genes were up-regulated. More than half of the genes are from time 

point 24. An interesting observation here is that SAR was significantly modulated at all time 

points of infection. It was down-regulated at time point 2 and 6, but then up-regulated at 12 

and 24. Selected candidates were further assayed functionally by either transient gene 

silencing or over-expression studies in order to determine their effect(s) on RCNMV 

replication. Details of these functional assays will be described in the chapters that follow. 
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Table 4 Microarray confirmed by qRT-PCR analysis. The differential host gene expression 

displayed here has a p-value < 0.1. The red arrow shows host gene up-regulation and the blue 

arrow shows host gene down regulation. The qRT-PCR expression data is displayed in Table 

5. 

 

 

 

 

 

 

 

Gene BLAST annotation 2 hpi 6 hpi 12 hpi 24 hpi

1 Sucrose transporter type 1

2 Basal transcription factor 3

3 ∆-9-desaturase

4 Fatty oxidation complex α subunit

5 Hexokinase

6 C-8,7 sterol isomerase  

7 C-4 -sterol methyl oxidase 2 

8 Succinate dehydrogenase

9 Ribose-5-phosphate isomerase

10 26S proteasome regulatory subunit

11 Heat shock protein, putative

12 Pyruvate kinase

13 WRKY transcription factor 6 

14 Lipoxygenase 3 

15 Mitogen-activated protein kinase 3 

16 Systemic acquired resistance 8.2m 
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Table 5 Differential host gene expression data confirmed by qRT-PCR analysis. The primer 

set used in this analysis is shown in Table 10. A fold change was computed by a comparison 

between mocks and RCNMV-infected plants within the same time point of study. A 

statistical analysis was performed using a match-paired t-test. 

 

 

 

Gene ID and 

primer set

GenBank BLAST Annotation hpi Fold change Fold change       

± standard error

p-value            

1 NB12361 Sucrose transporter type 1 2 1.16 1.14 - 1.19 0.02

2 NB09394 Basal transcription factor 3 6 1.36 1.25 - 1.48 0.04

3 NB01195 ∆-9-desaturase 6 1.78 1.67 - 1.89 0.00

4 NB08626 Fatty oxidation complex α subunit 6 1.30 1.22 - 1.40 0.03

5 NB08500 Hexokinase 6 0.56 0.48 - 0.65 0.03

6 NB02987 C-8,7 sterol isomerase 12 1.23 1.17 - 1.29 0.02

7 NB06928 C-4-sterol methyl oxidase 2 12 1.60 1.41 - 1.82 0.03

8 NB04453 Succinate dehydrogenase 12 1.16 1.12 - 1.21 0.03

9 NB09397 Ribose-5-phosphate isomerase 12 0.86 0.83 - 0.90 0.04

10 NB05721 26s proteasome regulatory subunit 24 2.29 2.20 - 2.38 0.00

11 NB02945 Heat shock protein, putative 24 1.50 1.33 - 1.69 0.05

12 NB08538 Pyruvate kinase 24 1.63 1.58 - 1.69 0.00

12 1.36 1.22 - 1.52 0.06

24 10.13 8.16 - 12.56 0.00

6 0.56 0.46 - 0.69 0.10

24 1.83 1.68 - 1.98 0.01

6 0.81 0.75 - 0.87 0.10

12 1.68 1.45 - 1.95 0.07

24 13.67 12.71 - 14.72 0.00

2 0.69 0.61 - 0.78 0.09

6 0.82 0.77 - 0.87 0.05

12 1.88 1.66 - 2.13 0.02

24 1.57 1.43 - 1.72 0.02

15 NB06980 Mitogen-activated protein kinase 3

16 NB12974 Systemic acquired resistance 8.2m

13 NB04875 WRKY transcription factor 6

14 NB10747 Lipoxygenase 3
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Conclusion 

With our time point experimental design and the use of microarray technology, the 

report presented in this chapter was able to thoroughly describe the temporal changes in the 

host transcriptomic profiles in relation to an early RCNMV infection. We believe that our 

sub 24 hour-time course experiment successfully provides the maximum synchronization of 

infection between infected cells at the different time points of this study. Thus, microarray 

data obtained from this time course study presents the specific modulation of host gene 

expression by the particular stage of infection. By comparing changes in host gene 

expression between RCNMV-inoculated and mock-inoculated plants at 2, 6, 12, and 24 hours 

post inoculation, it is possible to draw some general parallels between the observed alteration 

of host gene expression and the stage of virus infection. The majority of host genes exhibited 

a sudden shutoff as early as 2 hours. The host gene shutoff continued until 6 hours; but then 

at 12 hours, the majority of host genes expressed a switch mode to up-regulation. Consistent 

with these host gene expression patterns, RCNMV RNA-1 and RNA-2 transcript 

accumulation was not increased until after 12 hours. Host defense gene function was 

repressed in the first 6 hours. One might expect a dramatic increase in viral transcript 

accumulation within this first 6 hours due to the host defense suppression. But we do not find 

the accumulation of RCNMV RNA-1 and RNA-2 in the first 12 hours. In other words, 

RCNMV was not able to maintain its transcript progeny and it barely survived in the first 12 

hours. Our results support the idea that the repression of host defenses by RCNMV is 

presumably to only allow the establishment of viral infection in the primary infected cells. It 
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is unlikely that the repression of host defense genes influences viral transcript accumulation 

in the first 6 hours. So what inhibits or delays viral transcript accumulation? I speculate that 

the exclusive selection of certain host defense strategies at the earliest time periods is the 

determinant of the fate of the infected host cell. Given our observation of the increased host 

apoptosis at 6 hours, together with the known highly reactive plant RNA silencing as a plant 

immune response against viruses [9], I believe that N. benthamiana preferably utilizes host 

programmed cell death and possibly RNA silencing over the deployment of transcriptional-

dependent defenses to destroy RCNMV and so this may cause a delay of viral transcript 

accumulation in the first 12 hours.  

Host genes associated with chloroplast, photosynthesis (photosystem I and II), the 

Calvin cycle, and RuBisCO are repressed in the first 6 hours followed by activation after 12 

hours. Different analyses revealed that the suppression of host chloroplast-related functions 

and the reduction of host photosynthetic rate are the common impacts caused by plant 

viruses, especially plant viruses that cause leaf yellowing and mosaic symptom [110, 112, 

115, 116, 118-120]. Reinero and Beachy found a strong correlation between TMV coat 

protein associated inside tobacco chloroplasts and the reduction of host photosystem II 

activity [112]. Most reports of the interaction between virus and host 

photosynthesis/chloroplast utilized TMV and tobacco as the experimental host model. 

Recently, more research has utilized N. benthamiana. PMMoV and PaMMoV (pepper and 

paprika mild mottle viruses) cause a reduction of host photosynthetic electron transport in 

photosystem II in both symptomatic and asymptomatic leaves of N. benthamiana [118]. 

Dardick [137] reported the down-regulation pattern of chloroplast-related genes in his 
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genome wide study of the interaction between either ToRSV or PPV and N. benthamiana 

with the use of a potato microarray. Taken together with the mosaic symptoms of RCNMV 

visible at 3-4 days after infection, our results add to the body of knowledge that RCNMV 

may not only affect host activities occurring in the chloroplast but also host chloroplast 

development.  

Host translation, ribosome biogenesis and cytosolic large ribosomal subunits were 

also suppressed in the first 6 hours. This result leads to the assumption that RCNMV 

outcompetes the host translation machinery in the very early stages of infection (as early as 2 

hours) in order to use them for viral protein production. This competitiveness is very sudden 

as expected due largely to the necessity of RCNMV translation occurring prior to the 

replication process. The virus outcompeting the host for the translation machinery may cause 

a synergistic impact to host shutoff resulting in not only the sudden host shutoff at the 

transcript level but also at the protein level.  

In the opposite to the host gene shutoff phenomenon in the first 6 hours, host protein 

kinase was positively correlated to RCNMV infection in the first 6 hours but negatively 

correlated after 12 hours. Protein kinases play a major role in signal transduction against 

biotic stress [127, 128]. The increase host protein kinase transcription demonstrates the 

canonical central strategy that a plant host employs to activate a signal transduction cascade 

like a “light switch” during the intervention of RCNMV, perhaps in order to activate host 

defense gene expression. Host cell wall biogenesis was also increased in the first 6 hours, 
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possibly due to its function as a barrier protecting the plant from external stress and a barrier 

between adjacent cells.  

We believe that the alteration of host gene expression at the different time points of 

this study is a reflection of the modulation at the different stages of RCNMV infection. 

RCNMV necessarily recruits or co-opts host factors throughout the course of the infection 

process in order to produce a robust infection. Our study reveals that the crucial strategy that 

RCNMV employ is to reprogram host gene expression to accommodate its survival and 

reproduction. The modulation of host gene expression by RCNMV is a dynamic process; 

RCNMV alters the expression of a certain suite of host genes/functions/pathways to suit a 

particular state of the infection process. 

Whilst our experimental data provides significant insight into the biology of host 

changes during the attack by RCNMV, our study in this chapter only investigates the host 

changes at the transcriptional level. Future studies are expected to establish:  (i) the 

biochemical impact at protein and functional levels of the modulation of host gene 

expression by a virus, (ii) the spatial, in addition to the temporal, relationship between host 

gene expression and sites of virus accumulation (either viral RNA or proteins) at the 

organelle level within an infected cell. For instance, I found a strong modulation of host 

chloroplast-related genes by RCNMV. Reinero and Beachy [112] found that the level of 

TMV coat protein inside chloroplasts seemed to be correlated with the severity of chlorotic 

symptoms. They proposed that a large accumulation of TMV coat protein inside chloroplasts 

may affect photosynthesis in virus-infected plants by inhibiting photosystem II. The 
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localization study of virus at the organelle level may shed light on the strategy that RCNMV 

employs to manipulate host chloroplast-related activities. Moreover, when coupled with 

facile genetic modification methods for functional assays; for instance, gene silencing, gene 

over expression, transgenic plant, the report in this chapter provides a valuable foundation for 

studies aimed at identifying host genes that are required for viral replication and movement. 

Identification of such host genes may provide targets from which novel strategies can be 

developed for controlling related viruses that threaten crops and agricultural stability.  

In addition to providing insight into the interaction between host and RCNMV 

presented in this chapter, I have demonstrated that our custom microarray is a powerful 

technology for transcriptional profiling of N. benthamiana genes. Previous genome wide 

studies using N. benthamiana plants as an experimental plant model have employed the 

heterologous microarray made from Solanum tuberosum (potato) for hybridization  [137, 

138]. Potato is a close relative to N. benthamiana in the family Solanaceae. In spite of their 

close genetic relatedness [139, 140], the hybridization capacity of cDNA synthesized from N. 

benthamiana total RNA to the potato microarray is only 75% [138]. Thus, I hope that our 

microarray could ultimately be our contribution to the scientific community as an alternative 

high-throughput tool for the genome wide study of N. benthamiana in the future. 

Selected genes from our microarray validation studies in this chapter are further 

functionally assayed in the chapters that follow. With our interest to explore the interaction 

between various host functions and RCNMV, we selected candidate genes from three 

different groups of host functions:  defense, transcription factor, and metabolism. These 
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selected genes were either transiently silenced or over-expressed in order to determine their 

effects on RCNMV infection. 

 

Materials and methods 

1)  N. benthamiana microarray design and functional annotation 

A thorough detail of N. benthamiana microarray creation is described in Chapter 2. 

The microarray is composed of 13,415 N. benthamiana unigenes representing an estimated 

38% of the transcriptome. The N. benthamiana sequences composing the array were 

compiled from five distinct EST libraries: expanding leaf tissue manufactured by Amplicon 

Express, Inc. (Pullman, WA, U.S.A.); green aerial parts of the plant created in A. Maule’s 

laboratory at the John Innes Centre (Norwich, U.K.); a subtraction library of healthy plants 

against Colletotrichum destructivum–infected N. benthamiana donated by P. Goodwin from 

the University of Guelph (Guelph, ON Canada); EST sequences derived from a search of 

TIGR; and GenBank databases. The unigene set was collated from these 40,000 individual 

ESTs and the sequences were submitted to NimbleGen Systems, Inc. (Roche NimbleGen, 

Madison, WI, U.S.A.) to customize a oligonucleotide-based microarray which was designed 

to consist of 60-mer probes, and each EST consisted of nine different probes, repeated three 

times, on the array [70]. Our array is commercially available through a request from us and 

Nimblegen. 

The Blast2GO [141] software was applied to assign the functionality information of 

genes represented on this array. The sequences were subjected to an NR database of 
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GenBank search using BLASTX [94] and only similarities with expected value (E) smaller 

or equal to1 x 10
–5

 were further classified into categories according to a gene ontology 

scheme (GO); cellular component, biological process, and molecular function [64]. In 

addition to GO, we also had annotation information from KEGG [67] and MIPS functional 

catalogue (FunCat) [68]. 

 

2) Plants, RCNMV inoculum preparation and inoculation procedure 

N. benthamiana was a plant model used in this experiment. Details of plant 

maintenance, RCNMV inoculum preparation and inoculation procedure were described in 

Chapter 5 materials and methods. Briefly, RCNMV inoculum was prepared in a 110 µl 

volume per 1 plant. This 110 µl inoculum was a mixture of 1 µl in vitro T7 RNA-1 transcript 

and 1 µl in vitro T7 RNA-2 transcript and 108 µl inoculation buffer (10 mM sodium 

diphosphate, pH 7.2). Four leaves per 1 plant were inoculated with either RCNMV inoculum 

or buffer. 27 µl of the in vitro RCNMV transcript mixture (or inoculation buffer for mock) 

was pipetted onto each leaf and mechanically rubbed with carborundum (abrasive). 

Inoculated plants were maintained in a temperature and light controlled environment at 18-

22°C, 16 hour-light and 8 hour-dark period at the NCSU greenhouses (Method Road).  

 

3)  Microarray experiment  

The microarray experiment was previously described by a former graduate student 

[70]. Briefly, four plants and four leaves per 1 plant were inoculated with either RCNMV 

inoculum or buffer. One leaf from each inoculated plant was harvested at 2, 6, 12, and 24 hpi. 
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Each harvested leaf was immediately submerged and stored in RNALater (Ambion
TM

) at 4
o 

until RNA extraction took place. Total RNA was isolated from 100 mg tissue per leaf 

according to an RNeasy Plant Mini Kit (Qiagen
TM

). Isolated total RNA for each 

timepoint/treatment combination was pooled and DNase treated with Turbo DNA-free 

(Ambion
TM

) to remove any contaminating DNA. Purified RNA was quantified using a 

spectrophotometer (Bio-Rad Spec3000), separated on a 1% gel to check for RNA integrity 

and sent on dry ice to Nimblegen for microarray hybridization. Each RNA sample was 

hybridized on an independent array. 

 

4) Microarray data analysis 

The statistical software packages JMP genomics 5 and SAS 9.2 were used to conduct 

the microarray data analysis. Microarray raw data was pre-processed with a log2 

transformation and Loess normalization prior to a differential gene expression analysis. The 

quality control of the microarray data before and after being processed was evaluated by two 

approaches: a distribution analysis, and a correlation and grouped scatterplot.  

A differential gene expression analysis is a comparison of host gene expression 

between virus- and mock- inoculated plants. The ANOVA row-by-row modeling was used 

for a differential gene expression analysis of all the genes spotted on the array. The model 

fixed effects are “condition”, “hpi”, and “condition*hpi”. And a model LSmean effect is 

“condition*hpi”. Condition in this context is a treatment: virus- and mock- inoculation. The 

multiple testing correction FDR cutoff of 0.01 was used to define a significance of a 
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differential gene expression. The result of the differential gene expression analysis was 

visualized using Venn diagram, volcano plot, and hierarchical clustering.  

 

5)  Microarray confirmation experiment and data analysis 

Three plants and four leaves per 1 plant were inoculated with either RCNMV 

inoculum or buffer (mock). Two leaves per 1 inoculated plant were harvested at 2, 6, 12, and 

24 hpi. To precisely stop plant physiological process at the time point of the study, 100 mg 

tissue was cut from the harvested leaf, placed in 1.5 ml microcentrifuge tube containing 3 3-

mm glass beads, immediately submerged in liquid nitrogen and kept in -80 
o
C until a total 

RNA extraction. 

Total RNA extraction, total RNA cleanup, RNA quantification by real-time PCR 

(qRT-PCR), and real-time PCR data analysis are described in Chapter 5 materials and 

methods. Briefly, the total RNA extraction was performed accordingly to the TRIzol protocol 

(Invitrogen
TM

). The total RNA extracts isolated from the leaves harvested within the same 

day of the experimentation were pooled based on the time point of study and the treatment to 

represent a biological replicate. Total RNA extracts destined for qRT-PCR analysis were 

treated with Turbo DNA-free (Ambion
TM

) according to the manufacturer’s protocol to 

remove any residual input DNA. First strand cDNA synthesis was performed using a DNA-

free total RNA (equivalent to ~1 µg total RNA).  

SYBR Green-based quantitative real-time PCR (qRT-PCR) method was used in this 

study. The qRT-PCR reaction was prepared accordingly to FastStart Universal SYBR Green 
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Master ROX protocol (Roche
TM

). The first strand cDNA equivalent to 40 ng total RNA was 

used to prepare qRT-PCR reaction. The information of primers used in this qRT-PCR 

analysis is shown in Table 10. The qRT-PCR reactions were setup in a 384 well plate and 

placed in ABI7900 HT Fast real-time PCR system (Applied Biosystems
TM

). The Applied 

Biosystems SDS software version 2.4 was used to monitor and dissect real-time PCR data. 

Three qRT-PCR reactions were prepared per 1 biological replicate. All PCR products are less 

than 200 base pairs. The cycling condition was set as follows: 1 cycle at 95°C for 10 min, 

and 40 cycles at 95°C for 15 sec /55°C for 1 min. An association analysis was also performed 

in order to test if there were any non-specific PCR products formed. The condition for the 

association analysis was set as follows: 1 cycle at 95°C for 15 sec, 60°C for 15 sec and 95°C 

for 15 sec. 

A relative quantification, 2
-∆∆Ct

 method (equation shown in Chapter 5 materials and 

methods) [136] was used to analyze the real-time PCR data. Expression of the target gene 

was normalized against the expression of a reference gene. Actin and 18s rRNA were used as 

the reference genes to normalize the target gene that was performed within the same plate.  

Four independent studies were performed on four different days of the 

experimentation. Therefore, there were four biological replicates per treatment per time point 

of study. The matched-pair t-test statistical analysis was used to examine the real-time PCR 

data. A pair data is determined by the day of the experimentation; therefore, four matched 

pairs were used to compute a differential gene expression at one time point of study.  
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6) Gene set enrichment analysis (GSEA) 

GSEA software [95] was applied in the functional analysis in order to test an 

enrichment of host gene functions, that whether or not they are correlated to RCNMV 

infection. This method is focused on analyzing a set of genes that have the same 

functionality, rather than analyzing one gene at a time. GO (Gene Ontolgy) was used to 

classified host gene function in this study. Our microarray consists of 13,413 host genes that 

represents 1,931 unique GO terms. Therefore, GSEA was used to analyze the association 

between these 1,931 GO terms and RCNMV infection. A pre-rank method was used to 

organize our input files prior to uploading into GSEA software. The 1,931 GO terms and 

their corresponding host genes were used to create “GeneSetData.gmt” input file. Host genes 

and their corresponding t-statistic values were used to create “Tstat.rnk” input file. The t-

statistic value of each host gene was obtained from the microarray data analysis between 

mock- and virus- inoculated plants at each time point of study. These two input files were 

then subjected to GSEA version 2.0 software. The GSEA analysis was set at 1,000 

permutations. The resulting top 20 of the positively enriched GO terms and the resulting top 

20 of the negatively enriched GO terms were used to interpret their correlation to RCNMV 

infection. The data from each time point of study (2, 6, 12, and 24 hpi) was run on GSEA 

software separately. 
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Table 6 Top 20 GSEA result at 2 hours post RCNMV inoculation 

 

Top 20 positive correlation Top 20 negative correlation 
GO ID Description GO ID Description 

3964 RNA-directed DNA polymerase activity 3735 structural constituent of ribosome 

3993 acid phosphatase activity 6118 electron transport 

4713 protein tyrosine kinase activity 6414 translational elongation 

4872 receptor activity 6525 arginine metabolic process 

5199 structural constituent of cell wall 6950 response to stress 

5529 sugar binding 7264 small GTPase mediated signal transduction 

6278 RNA-dependent DNA replication 9507 chloroplast 

6771 riboflavin metabolic process 9535 chloroplast thylakoid membrane 

6813 potassium ion transport 9570 chloroplast stroma 

6855 multidrug transport 10287 plastoglobule 

7169 transmembrane receptor protein tyrosine  

kinase signaling pathway 

15035 protein disulfide oxidoreductase activity 

9505 plant-type cell wall 15979 photosynthesis 

9987 cellular process 19253 reductive pentose-phosphate cycle 

15238 drug transporter activity 19482 beta-alanine metabolic process 

15297 antiporter activity 22900 electron transport chain 

19497 hexachlorocyclohexane metabolic process 42254 ribosome biogenesis 

35091 phosphoinositide binding 42742 defense response to bacterium 

42546 cell wall biogenesis 45271 respiratory chain complex I 

44238 primary metabolic process 46487 glyoxylate metabolic process 

44464 cell part 51246 regulation of protein metabolic process 

 

 



183 

 

 

Table 7 Top 20 GSEA result at 6 hours post RCNMV inoculation 

 

Top 20 positive correlation Top 20 negative correlation 
GO ID Description GO ID Description 

3700 transcription factor activity 287 magnesium ion binding 

4190 aspartic-type endopeptidase activity 3735 structural constituent of ribosome 

4674 protein serine/threonine kinase activity 5840 ribosome 

4713 protein tyrosine kinase activity 6412 translation 

4872 receptor activity 6414 translational elongation 

5199 structural constituent of cell wall 9507 chloroplast 

5667 transcription factor complex 9522 photosystem I 

6855 multidrug transport 9523 photosystem II 

6915 apoptosis 9535 chloroplast thylakoid membrane 

7169 transmembrane receptor protein tyrosine  

kinase signaling pathway 

9570 chloroplast stroma 

7275 multicellular organismal development 9579 thylakoid 

9117 nucleotide metabolic process 9765 photosynthesis, light harvesting 

9505 plant-type cell wall 10287 plastoglobule 

10200 response to chitin 15979 photosynthesis 

15238 drug transporter activity 16168 chlorophyll binding 

15297 antiporter activity 18298 protein-chromophore linkage 

34960 cellular biopolymer metabolic process 19253 reductive pentose-phosphate cycle 

35091 phosphoinositide binding 22625 cytosolic large ribosomal subunit 

42546 cell wall biogenesis 42254 ribosome biogenesis 

44238 primary metabolic process 42742 defense response to bacterium 
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Table 8 Top 20 GSEA result at 12 hours post RCNMV inoculation 

 

Top 20 positive correlation Top 20 negative correlation 
GO ID Description GO ID Description 

287 magnesium ion binding 3700 transcription factor activity 

786 nucleosome 3964 RNA-directed DNA polymerase activity 

3735 structural constituent of ribosome 4674 protein serine/threonine kinase activity 

6096 glycolysis 4713 protein tyrosine kinase activity 

6412 translation 5576 extracellular region 

9507 chloroplast 5667 transcription factor complex 

9522 photosystem I 6278 RNA-dependent DNA replication 

9523 photosystem II 6355 regulation of transcription, DNA-dependent 

9535 chloroplast thylakoid membrane 6468 protein amino acid phosphorylation 

9570 chloroplast stroma 6813 potassium ion transport 

9579 thylakoid 7169 transmembrane receptor protein tyrosine  

kinase signaling pathway 

9765 photosynthesis, light harvesting 7275 multicellular organismal development 

9941 chloroplast envelope 9069 serine family amino acid metabolic process 

15986 ATP synthesis coupled proton transport 9607 response to biotic stimulus 

16168 chlorophyll binding 16042 lipid catabolic process 

18298 protein-chromophore linkage 34960 cellular biopolymer metabolic process 

19253 reductive pentose-phosphate cycle 35091 phosphoinositide binding 

42254 ribosome biogenesis 43565 sequence-specific DNA binding 

42742 defense response to bacterium 44238 primary metabolic process 

48046 apoplast 46983 protein dimerization activity 
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Table 9 Top 20 GSEA result at 24 hours post RCNMV inoculation 

 

Top 20 positive correlation Top 20 negative correlation 
GO ID Description GO ID Description 

272 polysaccharide catabolic process 166 nucleotide binding 

6414 translational elongation 786 nucleosome 

6952 defense response 3676 nucleic acid binding 

8080 N-acetyltransferase activity 3779 actin binding 

9538 photosystem I reaction center 3924 GTPase activity 

9573 chloroplast ribulose bisphosphate carboxylase 

complex 

4190 aspartic-type endopeptidase activity 

9737 response to abscisic acid stimulus 5215 transporter activity 

9853 photorespiration 5730 nucleolus 

10287 plastoglobule 5783 endoplasmic reticulum 

15035 protein disulfide oxidoreductase activity 5886 plasma membrane 

16579 protein deubiquitination 5982 starch metabolic process 

16984 ribulose-bisphosphate carboxylase activity 5985 sucrose metabolic process 

16998 cell wall catabolic process 6012 galactose metabolic process 

19253 reductive pentose-phosphate cycle 6334 nucleosome assembly 

19941 modification-dependent protein catabolic process 6448 regulation of translational elongation 

30001 metal ion transport 6508 proteolysis 

45271 respiratory chain complex I 7010 cytoskeleton organization 

46872 metal ion binding 9505 plant-type cell wall 

50832 defense response to fungus 43169 cation binding 

51246 regulation of protein metabolic process 50660 FAD binding 
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Table 10 Oligonucleotide information used in the real-time PCR analysis Chapter 3 

 

 

Primer set name 

 

Sequence information 

NB01195 

Forward ACACCACTTGCGTTTGAGTA 

Reverse CGAAGTTGAACCTCAAACAA 

NB02945 

Forward CTGACCCCTTTTGCTCATCA 

Reverse GCCATGCAAATTAGCCCTAA 

NB02987 

Forward ATATTCCTCTCACAGTCACAC 

Reverse GTAAAGACAAAATACCCCTC 

NB04453 

Forward ACCTCCAAAGACAACCAGCA 

Reverse GAGAAAAGTCGGCGAAAATG 

NB04875 

Forward CGTTGCCGGAAAAGTCATCA 

Reverse CGGAAAGTGTTTCGGAAAATGA 

NB05721 

Forward CTTTTCAGACAAGATGACTCAAGAC 

Reverse TAGTGCCATCGTCAACCTCA 

NB06928 

Forward TCTTCTTGTCTGGACTCCCG 

Reverse GCGTCCCCATGAATTTAAAG 

NB06980 

Forward TTCCTTCGGTTTTAACTCATGG 

Reverse ACGCATTCGCGATTTTCTTA 

NB08500 

Forward TATAGGTTATCTTCCGTTCG 

Reverse CAAGATGAGGATGGTAAAGA 
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Table 10 Continued 

 

 

Primer set name 

 

Sequence information 

NB08538 

Forward ATATCATTCTGGATGTGTGAGC 

Reverse GATCCTAAGCTTGGTGGTTC 

NB08626 

Forward CTTCGTCTCTTCCTCAGTTCC 

Reverse GGAACAGAACAGCAGAGTCG 

NB09394 

Forward ACATTGAAAGTAAGGGATGC 

Reverse ATTTGAAGAAGTTGGCTGAG 

NB09397 

Forward CACGAGGCAACCCTCCATTC 

Reverse TGGCGGAGAGTAGAAGGGGA 

NB10747 

Forward CCACCTCTCATGCGTCGATTAA 

Reverse TCGTCGGGTGAATGAGTCGA 

NB12361 

Forward ACAAACACACAGTAGCTAGTTC 

Reverse GGAGTCAATAAAGAAAGCTG 

NB12974 

Forward AACTAGCTGATGCAAGGGAGA 

Reverse AACATCTGCAAGCCAAACAA 

Actin 

Forward GTGACCTCACTGATAGTTTGA 

Reverse TACAGAAGAGCTGGTCTTTG 

18s rRNA 

Forward GCGACGCATCATTCAAATTTC 

Reverse TCCGGAATCGAACCCTAATTC 
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Chapter 4 

Red clover necrotic mosaic virus down-regulates Nicotiana 

benthamiana systemic acquired resistance (NbSAR) gene 

expression in the first 6 hours of infection, followed by an up-

regulation 

 

Chapter summary 

In this chapter, I report a study on the regulation of Nicotiana benthamiana defense 

gene expression in an early Red clover necrotic mosaic virus (RCNMV) infection. The 

microarray study previously described in Chapter 3 revealed that Nb12974 was the only host 

gene and the only defense-related gene that was significantly modulated across all four time 

points sub 24 hours post RCNMV infection (FDR cutoff of 0.01). This study is focused on a 

further characterization of the Nb12974 gene. I used a bioinformatics tool to perform 

Nb12974 sequence and phylogenetic analysis, and its full-length cDNA sequence prediction. 

This computational analysis leads to the conclusion that Nb12974 is a gene member of the 

SAR8.2 family (systemic acquired resistance) and is therefore assigned the name NbSAR 

based on this functionality. The host gene NbSAR was also further functionally assayed for 

its effect on RCNMV infection by a transient gene silencing study in N. benthamiana. This 

functional assay suggests that the modulation of NbSAR gene expression plays a critical role 

in allowing RCNMV to establish an infection in the primary infected cell.  
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Abstract 

Plant viruses are minimalist pathogens that are not only required to recruit host 

factors but also to manipulate the host defense system during the critical early period in order 

to produce a successful infection. This study is focused on a global examination of host 

defense responses in an early virus infection by utilizing a custom Nicotiana benthamiana 

array and Red clover necrotic mosaic virus (RCNMV). Host transcriptome profiles were 

analyzed at four different time points; 2, 6, 12 and 24 hours post RCNMV inoculation (hpi). 

The microarray study revealed that the majority of host genes were significantly down-

regulated at 2, 6, and 24 hpi but up-regulated at 12 hpi (FDR cutoff of 0.01), suggesting that 

a single replication cycle within the primary infected cell takes 12-24 hours. In the first 6 

hours, host defense-related functions were suppressed, but de-suppressed after 12 hpi. My 

hypothesis is that host defense systems were suppressed until after an initial round of 

infection occurred. An interesting observation in the microarray study is that a host systemic 

acquired resistance gene (NbSAR or Nb12974) was the only host gene and the only host 

defense-related gene that was significantly modulated across all four time points of the study 

(FDR cutoff of 0.01). Transiently silenced NbSAR expresssion study suggests that a down 

regulation of host SAR gene expression in the first 6 hours is driven by RCNMV, but once an 

initial infection is successful, an increase in host SAR gene expression was driven by an 

attempt from the host to defend itself from a further viral intrusion to other parts of the plant 

(systemic infection). 

Keywords; SAR, systemic acquired resistance, Nicotiana benthamiana, RCNMV 
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Introduction 

In spite of the extensive number of studies on host defense in response to virus 

infections, these previous reports are likely a summation of a few host defense genes studied 

individually. Moreover, these reports were focused on studying host defense at later points in 

the viral infection process. As such, there is still a knowledge gap in understanding the 

fundamental behavior of the host defense system as a whole at the early stages of a viral 

infection. Why is this issue so important? The underlying assumption of this project is that 

the immediate modulation of expression of host defense responses early in the infection 

process is a key and critical determinant of viral survival and reproduction; allowing the virus 

to establish a successful local infection leads to a subsequent robust systemic infection. This 

project is aimed at capturing the global co-regulation pattern of host defense genes early in 

the infection process. Thus, we designed our time-course study based on the onset of viral 

cell-to-cell movement. The study in this chapter is the first report of a genome-wide 

examination of host defense-related genes during the early stages of virus infection. 

The selection of the experimental host model is a critical feature in our project. How 

viruses accomplish infection solely relies on their ability to modulate the host defense 

system. N. benthamiana is widely used as a model host in many plant virology studies since 

it is highly susceptible to a wide range of plant viruses (500+ plant viruses, even to those that 

are typically restricted to monocotyledonous hosts) and, most surprisingly, even to several 

animal viruses [1].   N. benthamiana is highly capable of (i) allowing plant viruses to 

establish a local infection, and (ii) facilitating a viral cell-to-cell movement leading to a 
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systemic infection. N. benthamiana is also susceptible to a broad array of other plant 

pathogens, including bacteria, oomycetes and fungi, making this plant species a cornerstone 

universal host for plant pathogen and host-pathogen interaction studies [2]. In comparison to 

the more commonly used model plant Arabidopsis thaliana, N. benthamiana is susceptible to 

a broader range of pathogens. It is likely that these pathogens may share a common strategy 

to hijack the N. benthamiana host defense system. We hypothesize that N. benthamiana 

possesses a specific suite of host defense genes that is vulnerable to a viral infection. In our 

laboratory, we are particularly interested in studying the interaction between Red clover 

necrotic mosaic virus (RCNMV, a typical plus strand RNA plant virus) and N. benthamiana 

as a host, as described in Chapter 3. We previously found that RCNMV takes about 12-24 

hours to complete its infection in the primary infected cells. Therefore, we used N. 

benthamiana and RCNMV as the experimental host-virus combination to study the 

modulation of the host defense system by a virus early within the infection process (24 

hours). 

We are interested in studying the expression pattern of host defense genes that are co-

regulated by virus infection. Therefore, in this project, rather than studying one host defense 

gene at a time, we utilized our custom N. benthamiana microarray to enable a high-

throughput measurement of the differential expression of hundreds of host defense genes at 

2, 6, 12, and 24 hours post RCNMV inoculation (hpi). Our microarray is the first 

commercially available N. benthamiana microarray. The development of microarray design 

was based on our 13,000 N. benthamiana unigene collection, covering about 38% of the 

transcriptome. This custom microarray has a capacity to measure the expression of at least 
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170 host defense-related genes, including those involving in the innate and adaptive 

immunities. The construction of the N. benthamiana microarray is thoroughly described in 

Chapter 2. 

Our microarray study reveals the unique observation that Nb12974 is the only host 

gene that was modulated across all four time points of the study at 2, 6, 12, and 24 hours post 

RCNMV inoculation. Nb12974 has the highest similarity to NbSAR8.2m which is a gene 

member of the SAR8.2 family. Therefore, this study is focused on the further 

characterization of Nb12974. The main hypothesis is that if Nb12974 is an essential host 

defense factor involved early in the RCNMV infection process, the genetic modulation of 

this gene prior to RCNMV inoculation would affect viral infectivity. To test this hypothesis, 

expression of Nb12974 was transiently suppressed in N. benthamiana prior to RCNMV 

inoculation. The associated impact of the genetically pre-modulated host Nb12974 gene to 

viral infection efficiency is indirectly assessed by two different quantifying methods: (i) a 

quantitative measurement of viral RNA accumulation by qRT-PCR analysis, and (ii) a 

quantitative measurement of viral GFP accumulation by IVIS fluorescence imaging assay. 

 

Systemic Acquired Resistance (SAR) 

 Systemic acquired resistance (SAR) is characterized by an enhanced state of a long-

lasting resistance against infection by a wide range of pathogens, extending to plant tissues 

distant from the initial infection site [3, 4]. The term SAR8.2 was initially assigned to several 

related genes with unknown functions that were highly expressed during screening of upper, 
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non-inoculated N. tabacum cv. Xanthi leaves that exhibited SAR characteristics following 

the development of the hypersensitive reaction response in lower leaves inoculated with 

Tobacco mosaic virus (TMV) [5]. The initial discovery of increased SAR8.2 gene expression 

in plants undergoing SAR implies the association of this gene family to a systemic defense 

response. The increased SAR8.2 gene expression is also associated with other stimuli, 

including various environmental stresses, compatible plant host-pathogen interactions, as 

well as agents inducing SAR characteristics such as salicylic acid (SA)[5-11]. The common 

features of SAR8.2 protein structure are: (i) a signal peptide at N-terminus indicating 

secretion from rough endoplasmic reticulum (ER), (ii) a cysteine-rich C-terminus, and (iii) 

being highly basic with a molecular weight ranging from 3.0 to 9.4 kDa [12]. Members of the 

SAR8.2 family are found in Solanaceae plants (Table 2), including 15 members identified in 

N. tabacum (tobacco) and 4 members in Capsicum annuum L. (pepper).  

 Thus far, NbSAR8.2m is the first and only SAR8.2 homolog identified from N. 

benthamiana [12]. The discovery of NbSAR8.2m in N. benthamiana came from a PCR-

based cDNA subtraction library constructed from mRNA of N. benthamiana Domin. healthy 

against infected with a plant pathogenic fungi, Colletotrichum orbiculare [12]. Despite the 

identification of NbSAR8.2m from the original report as a partial coding sequence (CDS), 

the phylogenetic tree analysis shows a relatively high similarity between NbSAR8.2m and 

both the coding and 3’-UTR of NtSAR8.2m from N. tabacum. Expression of NbSAR8.2m 

occurred in healthy plants but was gradually increased from 0 to 4 days post C. orbiculare 

infection with a highest up-regulating peak of 8-fold induction at day 4, and the magnitude 

subsided afterward. Virus-induced gene silencing of NbSAR8.2m conducted on N. 
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benthamiana reduced its expression and resulted in the development of disease symptoms 24 

hours earlier than control plants, indicating that NbSAR8.2m affects the length of the 

biotrophic fungal infection phase. 

 

Result and discussion 

RCNMV suppressed N. benthamiana defense-related function in the first 6 hours of 

infection followed by a de-suppression 

Host defense response early events in an RCNMV infection were globally examined 

by utilizing our custom N. benthamiana array. The microarray chip is a high-throughput 

technology that enables the monitoring of transcription changes of many thousands of host 

genes simultaneously. Therefore, instead of studying only one host defense gene, this study is 

aimed at observing the expression flux of many defense genes simultaneously. This study is 

the first report of genome-wide study of host defense-related genes early during a virus 

infection. A thorough detail of the construction of the N. benthamiana microarray is 

described in Chapter 2. Our custom microarray represents 13,014 host genes with a coverage 

of approximately 38% of the N. benthamiana transcriptome. About 60% (7,841 genes) of the 

microarray genes have at least one GO annotation (Gene Ontology database). And 27,254 

GO terms were assigned to these 7,841 microarray genes. Approximately 2% (170 genes) of 

the microarray genes with GO annotation (7,841 genes) are assigned to “defense-related 

function categories”. These 170 defense-related genes are classified into six different GO 
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categories (Table 1). The majority of the defense-related genes fall into the “defense response 

to bacterium category (GO ID 42742)”.   

Host transcriptome profiles and host gene function (represented by GO term) were 

analyzed at four different time points of 2, 6, 12 and 24 hpi. All 27,254 GO terms assigned to 

our microarray genes and their associated t-statistic values were inputted into Gene Set 

Enrichment Analysis (GSEA) in order to determine which host functions are significantly 

enriched early in an RCNMV infection. The t-statistic value is derived from a differential 

gene expression comparing virus-infected samples to mocks at each point of study.  

The GSEA result (Figure 1) reveals that host defense response function (GO ID 

42742) was negatively correlated to RCNMV infection in the first 6 hours (2 and 6 hpi), but 

then was positively correlated at 12 hpi. This indicates that host defense gene expression was 

suppressed in the first 6 hours of the RCNMV infection but then de-suppressed at 12 hpi. 

Decreasing host defense gene expression within the first 6 hours was likely driven by the 

RCNMV infection, which was expected in the susceptible N. benthamiana host.  

Early host defense gene suppression may play a crucial role for a successful viral 

infection. However, during this host defense gene suppression, apoptosis-related host 

activities were increased (Figure 1) suggesting that the host utilized an apoptosis pathway 

(GO 6915) to immediately confine the infected area. This finding leads to the belief that host 

apoptosis is a primary and acute host defense response in N. benthamiana against RCNMV 

infection at the early stages 6 hpi. However, in a longer defense response, the host shifted its 
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defense strategy to increasing defense gene expression (GO 42742) which is more efficient 

than apoptosis and does not cause host cell death.  

An interesting observation is that all six defense-related GO terms assigned to our 

microarray genes (Table 1) are all significantly enriched in the top 20 GSEA result for either 

negative correlation or positive correlation to an early RCNMV infection (Figure 1). This 

suggests that the ability to immediately modulate the host defense response is an essential 

strategy that RCNMV employs early in order to produce a successful infection. 

 

N. benthamiana systemic acquired resistance (NbSAR or Nb12974) is the only host gene 

identified that was modulated across 2, 6, 12 and 24 hours post RCNMV inoculation 

 A genome-wide study of the modulation of N. benthamiana host gene expression 

early in an RCNMV infection is thoroughly described in Chapter 3. Host transcriptome 

profiles were analyzed at four different time points of 2, 6, 12 and 24 hours post-inoculation 

(hpi). Microarray data was subjected to statistical analysis and 1,654 genes exhibited 

differential expression at an FDR cutoff of 0.01.This microarray analysis revealed that 

Nb12974 is the only host gene that was significantly modulated across all four time points of 

study between 2 and 24 hpi at an FDR cutoff of 0.01 (Figure 2). With a confirmation from 

microarray and qRT-PCR analyses, the expression of Nb12974 was down-regulated in the 

first 6 hours of an RCNMV infection followed by an up-regulation (Figure 2).  
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A functional annotation of Nb12974 to NbSAR 

i) Nb12974 sequence analysis 

 The unigene Nb12974 sequence was searched against the GenBank nucleotide 

collection (nr/nt) and non-redundant protein sequences (nr) databases by using BLASTN and 

BLASTX algorithms, respectively [13, 14]. The BLASTN result showed that the Nb12974 

nucleotide sequence is matched to NbSAR8.2m (accession number AY644732) with 99% 

identity, and an E –value = 7 x 10
-170

 (Figure 6). Also, the BLASTX result shows that the 

Nb12974 amino acid sequence is matched to NbSAR8.2m (accession number AAV65395) 

with 100% identity, and an E –value = 5 x 10
-11

 (Figure 7). This leads to the conclusion that 

Nb12974 is a gene member of the SAR8.2 family and Nb12974 is possibly an NbSAR8.2m 

gene [12]. An interesting observation is that a BLAST search of the Nb12974 sequence 

against the GO database (Gene Ontology [15]) does not return a result, suggesting that none 

of the sequences in the GO database has a significant similarity match to Nb12974. 

NbSAR8.2m was originally cloned and identified by Shan & Goodwin [12]. 

NbSAR8.2m is the only SAR gene that has been discovered to date in N. benthamiana. In 

spite of its partial coding sequence (Figure 8), it was assigned the name NbSAR8.2m due to 

its high similarity to NtSAR8.2m from tobacco. However, a BLAST search of NbSAR8.2m 

and NtSAR8.2m against the N. benthamiana genome from the SolGenomics network 

returned a different result. This observation was quite unexpected because the difference in 

results indicates that there is another gene that has a closer similarity to NtSAR8.2m than the 

gene that was originally assigned the name NbSAR8.2m. This leads to the conclusion that the 
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gene sequence that was originally assigned as NbSAR8.2m may not actually be 

NbSAR8.2m. Thus while Nb12974 is the same gene that Shan & Goodwin assigned to 

NbSAR8.2m, Nb12974 may not be NbSAR8.2m. This result is discussed in the next section.  

 

ii) A prediction of the full-length cDNA sequence of Nb12974 

Nb12974 is 621 base pairs long. Using the ExPASy translation tool [16, 17], a 

standard genetic code, and its highest similarity to NbSAR8.2m, a translation frame of 

Nb12974 was chosen from frame +2 in the 5’to 3’ direction. This translation frame yields a 

peptide of 60 residues in length (Figure 8). The early translational termination coupled with a 

poly (A) tail at the 3’-end suggests that the Nb12974 sequence is an mRNA segment 

containing the complete 3’ region of the CDS (coding sequence) and the 3’ UTR 

(untranslated region) of approximately 437 nucleotides. However, the lack of a start codon 

(ATG) and a translation starting from frame +2 indicates that the Nb12974 sequence does not 

contain a complete CDS at the 5’-end. In this section, I will focus on how to use a 

bioinformatics tool to predict potential sequence information for a complete CDS at the 5’ 

end of Nb12974. 

A comparison of all publicly available genes in the SAR8.2 family, 15 members from 

N. tabacum (tobacco) and 4 members from C. annuum (pepper) (Table 2), reveals that the 

size of the full-length SAR8.2 cDNA ranges from 162 to 333 base pairs with approximately 

54 to 111 amino acids. All 15 members of the NtSAR8.2 family from tobacco contain a 

signature motif “MFSKT” at the 5’ cDNA end (Figure 9). According to the rule of von 
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Heijne (1983) [18], this motif is the first five amino acids of the signal peptide at the N-

terminus, indicating secretion of the protein from the rough endoplasmic reticulum (ER). 

Given the close genetic relationship to N. tabacum, my assumption is that a SAR8.2 homolog 

in N. benthamiana may also contain a similar signature motif at its 5’ cDNA end.  

With this information, the multiple alignments of NtSAR8.2m and Nb12974 to the N. 

benthamiana draft genome (SolGenomic network database [19]) will presumably yield the 

potential full-length cDNAs of N. benthamiana SAR8.2 homologs. In spite of their high 

similarity (71% amino acid identity with E-value = 2 x 10
-26

), the NtSAR8.2m and Nb12974 

nucleotide sequences are mapped to different regions of the N. benthamiana genome.  

The BLASTN prediction using the BLOSUM62 matrix alignment score shows that 

NtSAR8.2m from position 1 to 115 (5’to 3’ direction) was 96% identity matched to a 

genome number Niben.v0.3.Scf25076466 and NtSAR8.2m from position 114 to 203 (5’ to 3’ 

direction) was 85% identity matched to a genome number Niben.v0.3.Scf24801001. 

Whereas, Nb12974 was 100% identity matched to two different regions on the same genomic 

scaffold number Niben.v0.4.2.Scf6278. These two different regions on the same genomic 

segment may imply the isoform property of this gene. 

A full-length cDNA was predicted from an assembly of the matched exons that are 

discontinuously dispersed on the genomic hit regions. The discontinuous genomic DNA 

segments or exons representing a high similarity to NtSAR8.2 and Nb12974 are likely the 

result of RNA splicing events [20] and so it may offer the splicing information of SAR8.2 

genes.  
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The predicted full-length cDNA matched to NtSAR8.2m is 67 amino acids and 

assigned the name to “predFLNbNtSAR8.2m”. The BLASTP alignment between 

NtSAR8.2m and predFLNbNtSAR8.2m shows 84% similarity with an E-value = 2 X 10
-38

 

(Figure 10).  

The predicted full-length cDNA match to Nb12974 appears to have two isoforms 

which are assigned the names to “predFLNb12974_1” for isoform 1 and 

“predFLNb12974_2” for isoform 2. Both isoforms are translated into peptides 65 residues in 

length with 100% similarity to Nb12974 (E-value of 4 X 10
-42

 and 3 X 10
-42

 for isoforms 1 

and 2, respectively; Figure 11). These two isoforms contain a single nucleotide difference at 

residue 9 (Figure 12) resulting in cysteine (isoform 1) or tryptophan (isoform 2) (Figure 11). 

Recently, a survey of the  N. benthamiana genome identified 164,595 single nucleotide 

polymorphisms (SNP), representing  a polymorphism rate of 0.007% throughout the genome 

[21]. The occurrence of these two potential isoforms of the same SAR gene in N. 

benthamiana may reflect its SNP characteristics; in this case, there are two alleles occurring 

in the coding region.  

 

iii) SAR8.2 phylogenetic analysis 

The predicted amino acid sequences of predFLNbNtSAR8.2m, predFLNb12974_1, 

and predFLNb12974_2, along with all available SAR8.2 genes (Table 2) were then used in a 

phylogenetic analysis in order to re-confirm the identification previously performed by Shan 

& Goodwin [12]. Phylogenetic analysis (Figure 15), using the hdrC2 gene from 
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Methanocaldococcus jannaschii as a control, reveals that predFLNbNtSAR8.2m, 

predFLNb12974_1, and predFLNb12974_2 are closely related to NtSAR8.2m.  However, 

predFLNbNtSAR8.2m is closer to NtSAR8.2m than the other two genes (Figure 15). The 

BLASTP alignment shows that predFLNbNtSAR8.2m is 97 % identical to 

predFLNb12974_1 and predFLNb12974_2 with E-value 2 x 10
-31

 and 1 x 10
-31

, respectively 

(Figure 13).  

It is likely that predFLNbNtSAR8.2m is the NbSAR8.2m homolog found in N. 

benthamiana. Whereas predFLNb12974_1 and predFLNb12974_2 (the predicted isoforms of 

full-length Nb12974 cDNA) are likely not the homologs of NtSAR8.2m. The computational 

evidence suggests that predFLNb12974_1 and predFLNb12974_2 may be novel gene 

members of the SAR8.2 family found in N. benthamiana. In this study, Nb12974 is therefore 

assigned its name and functionality to “NbSAR”. 

The complete coding region covering the entire open reading frame (ORF) from start 

to stop codon is essential for clone construction and gene over-expression studies. The study 

in this chapter only presents the bioinformatics and computational evidence of the potential 

full-length sequence of the SAR8.2 homolog in N. benthamaiana. Further work will be 

required to retrieve the actual clone and verify the full-length sequence. Other than using 

bioinformatics tools, the common alternative experimental method employed to retrieve the 

full-length cDNA sequence information from the 5’ terminus is 5’RACE (rapid amplification 

of cDNA ends). 
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Pre-silenced NbSAR (Nb12974) promoted RCNMV RNA-1 and RNA-2 replication at 24 

hpi and increased RCNMV R1SG1-sGFP accumulation 

NbSAR (or Nb12974) gene expression was suppressed in N. benthamiana by utilizing 

the TRV1:TRV2-NbSAR VIGS vector system [22] (Figure 3). NbSAR gene was pre-

silenced 10 days prior to RCNMV inoculation. The expression of pre-silenced NbSAR 

significantly remained suppressed > 2 fold throughout the 72 hours of RCNMV infection (α 

= 0.05). The pre-silenced NbSAR affected RNA-1 and RNA-2 replication (Figure 4) as well 

as sGFP accumulation from R1SG1 (Figure 5). The RNA-1 POL, RNA-1 CP and RNA-2 MP 

RNA levels were significantly increased > 2 fold at 24 hpi (α = 0.1). Also, R1SG1-sGFP 

accumulation was significantly increased > 3 fold after 3 days (α = 0.05). However, the pre-

silenced NbSAR significantly decreased RNA-1 POL and CP RNA accumulation > 2 fold in 

the first 6 hours of RCNMV infection (α = 0.1). At 12 hpi, both RNA-1 and RNA-2 RNA 

levels were not affected by the pre-silenced NbSAR. An interesting observation is that RNA-

2 RNA level was significantly increased > 2 fold at 3 hpi, followed by decrease > 2 fold at 6 

hpi (α = 0.1). 

This result suggests that the pre-silenced NbSAR does not promote RCNMV 

replication until the late infection phase at 24 hpi. However, it promotes RNA-2 replication 

as early as 3 hpi. In a wild-type RCNMV infection of N. benthamiana, microarray data 

showed that RNA-2 was not accumulated until after 12 hours (Chapter 3, Figure 21). RNA-2 

is encoded for a viral movement protein which is presumably not required until viral cell-to-

cell movement occurs at 12 hpi (?). Also, RNA-2 is encoded a viral suppressor of RNA 
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silencing (VSR) [23]. Taken together, the sudden increase in RNA-2 MP at 3 hpi by the pre-

silenced NbSAR suggests that NbSAR in a wild-type RCNMV infection of N. benthamiana 

may likely take part in regulating the expression of the viral silencing suppressor, rather than 

viral movement.  

 

Conclusion 

RCNMV down-regulated a subset of N. benthamiana defense-related genes in the 

first 6 hours of infection followed by up-regulation. During this early host defense gene 

suppression, RCNMV increased host apoptosis function as a primary and acute host defense 

response in N. benthamiana to immediately confine the infected area. However, in a longer 

defense response, the host shifted its defense strategy to increasing defense gene expression. 

The temporal microarray study revealed that Nb12974 is the only host gene on the array that 

was modulated across all four time points of study at 2, 6, 12, and 24 hpi. Nb12974 was 

previously known as NbSAR8.2m; however, a bioinformatics prediction indicates that 

Nb12974 is not NbSAR8.2m and therefore, it may be a novel gene of the SAR8.2 family in 

N. benthamiana. In this study, Nb12974 is assigned a name and functionality to “NbSAR”.  

The alteration of NbSAR gene expression early in an RCNMV infection demonstrates 

its contribution to a successful virus infection. Microarray and qRT-PCR analysis indicated 

that NbSAR expression in a wild-type RCNMV infected N. benthamiana was down-

regulated in the first 6 hours post infection, followed by an up-regulation. The early down-

regulation of NbSAR in a wild-type RCNMV infected host was to presumably allow the 
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establishment of the viral infection in the primary infected cells within 12 hours. But once the 

virus completes the infection, NbSAR expression was allowed to be increased after 12 hours 

to engage in a host defense mechanism. It is likely that the early down-regulation of NbSAR 

in the first 6 hours was driven by RCNMV in order to not only disarm host defense but also 

to presumably helped promote the expression of the viral silencing suppressor. This 

assumption is drawn from the result that the pre-silenced NbSAR promoted RNA-2 

replication as early as 3 hpi. On the other hand, the late up-regulation of NbSAR after 6 hpi 

in a wild-type RCNMV infected host was likely driven by the host itself in order to increase 

systemic resistance toward a further viral invasion.  This latter assumption is consistent with 

the results from silencing experiments showing that the pre-silenced NbSAR did promote 

both RCNMV RNA-1 and RNA-2 replications until 24 hpi. The counter interaction driven by 

the host may actually benefit the virus in terms of preventing a fatal effect to the host while 

viruses are still able to maintain their infectivity. 

 

Table 1 Numbers of N. benthamiana microarray genes assigned to the defense-related 

functional categories based on GO database. A total of 170 N. benthamiana microarray genes 

are assigned to the GO defense-related categories. 

 

GO ID GO term % of all genes with defense-

related function (no. of genes 

in the assigned GO term) 

6915 apoptosis   9% (16) 

6952 defense response 30% (50) 

9737 response to abscisic acid stimulus 11% (19) 

42742 defense response to bacterium 37% (63) 

50832  defense response to fungus 9% (15) 

10200 response to chitin 12% (20) 
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Figure 1 Host defense-related functions were highly enriched and correlated to an early 

RCNMV infection at time points 2, 6, 12 and 24 hpi. Host function enrichment is analyzed 

by using GSEA (Gene Set Enrichment Analysis) software. The GSEA enrichment plots 

demonstrate if the GO term is positively or negatively enriched and correlated to RCNMV 

infection. The defense-related GO terms displayed in this figure are in the top 20 result of 

either negatively or positively enriched GO terms at each time point of study. GSEA was 

performed using the microarray data and all 1,931 GO terms that are assigned to the 

microarray genes. These GO terms are pre-ranked by their associated t-statistic values. The t-

statistic values was derived from a microarray differential gene expression data comparing 

between virus-infected plants and mocks at each point of study. 
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GO 6915: apoptosis 

6 hpi positive enrichment

GO 10200: response to chitin

6 hpi positive enrichment

GO 6952: defense response

24 hpi positive enrichment

GO 9737: 

response to abscisic acid stimulus

24 hpi positive enrichment

GO 50832: defense response to fungus

24 hpi positive enrichment

2 hpi negative enrichment 6 hpi negative enrichment 12 hpi positive enrichment

GO 42742: defense response to bacterium
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Figure 2 Nb12974 (NbSAR) was the only host gene in the microarray study that was 

modulated across all four times points of study at 2, 6, 12, and 24 hours-post RCNMV 

inoculation. A) Venn diagram of microarray data displaying an overlap of host genes that 

were a significantly differentially expressed with at an FDR cut off of 0.01 across other time 

points of study. B) Microarray data of Nb12974 (red marker indicates significance at FDR 

cutoff of 0.01). C) qRT-PCR analysis of Nb12974 (blue marker indicates significance at α = 

0.1 and green marker indicates significance at α = 0.05). 
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Figure 3 NbSAR (Nb12974) gene expression was suppressed in N. benthamiana by using 

TRV-VIGS vector system. The silencing vectors were delivered into plant cells by an 

agroinfiltration method using 1 ml needleless syringe. NbSAR was pre-silenced by the 

silencing vectors TRV1:TRV2-NbSAR for 10 days prior to RCNMV inoculation. The pre-

silenced NbSAR plants were inoculated with in vitro T7 RNA-1 transcript and in vitro T7 

RNA-2 transcript, and then harvested between 0 and 72 hours-post RCNMV inoculation 

(hpi). The qRT-PCR analysis showed that the expression of pre-silenced NbSAR 

significantly remained suppressed over 72 hpi (α = 0.05). Plants agroinfiltrated with 

TRV1:TRV2 10 days prior to RCNMV inoculation were used as the baseline controls in a 

student’s t-test statistical analysis. 
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Figure 4 Pre-silenced NbSAR (Nb12974) affected RCNMV RNA accumulation at 3, 6, and 

24 hours-post inoculation (hpi), but not at 12 hpi. The expression of NbSAR was transiently 

suppressed by TRV1:TRV2-NbSAR (TRV-VIGS system) 10 days prior to RCNMV 

inoculation. The pre-silenced NbSAR plants were inoculated with in vitro T7 RNA-1 

transcript and in vitro T7 RNA-2 transcript, and then harvested between 3 and 24 hours after 

RCNMV inoculation. RCNMV RNAs were measured by qRT-PCR analysis. The viral RNA 

accumulation was computed by a relative quantification method, and displayed as % viral 

replication. Plants agroinfiltrated with TRV1:TRV2 10 days prior to RCNMV inoculation 

were used as the baseline controls in a student’s t-test statistical analysis. All data shown in 

this figure was significant at α = 0.1, except the data with an asterisk symbol (*). 
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Figure 5 Pre-silenced NbSAR (Nb12974) promoted RCNMV GFP accumulation at 3 days 

post inoculation. The expression of NbSAR was transiently suppressed using TRV-VIGS 

system 10 days prior to RCNMV inoculation. The pre-silenced NbSAR plants were 

inoculated with in vitro T7 R1SG1 transcript and in vitro T7 RNA-2 transcript, and then 

harvested at 3 days after RCNMV inoculation. Plants agroinfiltrated with TRV1:TRV2 10 

days prior to RCNMV inoculation were used as the baseline controls in a student’s t-test 

statistical analysis (α = 0.05). 
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Unigene 

ID 

(Query) 

BLASTN hit 
Accession 

number 

Query 

coverage 
E-value Identity Gaps Strand 

Nb12974 

621 bp 

NbSAR8.2m  

(N. benthamiana) 

331 bp, partial 

CDS 

AY644732 53% 7 x 10
-170

 
330/331 

(99%) 

0/331 

(0%) 
+/+ 

 

 
 

Figure 6 BLASTN information and alignment between Nb12974 and NbSAR8.2m 

nucleotide sequences. A green box shows one nucleotide difference between Nb12974 and 

NbSAR8.2m. 
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Unigene 

ID 

(Query) 

BLASTX hit 
Accession 

number 

Query 

coverage 
E-value Identity Gaps Frame 

Nb12974 

60 aa 

NbSAR8.2m 

(N. benthamiana) 

60 aa, partial 

AAV65395 100% 5 x 10
-11

 
60/60 

(100%) 

0/60 

(0%) 
+2 

 

 
 

Figure 7 BLASTX information and alignment between Nb12974 and NbSAR8.2m amino 

acid sequences. 

 

 

 
taatctttttatttgtgtttctttggctattttgctaatagtaatactccaactagctgat 

  N  L  F  I  C  V  S  L  A  I  L  L  I  V  I  L  Q  L  A  D  

gcaagggagatgtctaaggcggctgctccaattacccaaggaatggattcaaacaacatt 

 A  R  E  M  S  K  A  A  A  P  I  T  Q  G  M  D  S  N  N  I  

agtgatcaagcgggttatgctcgggttttacgttgtttggcttgcagatgttgtgtcggt 

 S  D  Q  A  G  Y  A  R  V  L  R  C  L  A  C  R  C  C  V  G  

taaattttatatattttttacgatcaaatatcatacaatgtttttgtatgtgctaaaagt 

 -  I  L  Y  I  F  Y  D  Q  I  S  Y  N  V  F  V  C  A  K  S  

aataatactccaaaataaggcacaacattgtggtagtattagtttgtgttgttatacatg 

 N  N  T  P  K  -  G  T  T  L  W  -  Y  -  F  V  L  L  Y  M  

tcttgtccggttgtctttcaactttgtggtactgtaattttaattctggtcaataaatag 

 S  C  P  V  V  F  Q  L  C  G  T  V  I  L  I  L  V  N  K  -  

tactactaattagtgtttatggttaaaaaaaaaaaaaaagggcggccgctcgcgacgagt 

 Y  Y  -  L  V  F  M  V  K  K  K  K  K  G  R  P  L  A  T  S  

aggcgcgcctactctgaggggttagtatgttgtttgatctgtagcttttggtaaagattg 

 R  R  A  Y  S  E  G  L  V  C  C  L  I  C  S  F  W  -  R  L  

catttttactgtgatttctgatctgacgattttagcacctgaaagatttcatctttttct 

 H  F  Y  C  D  F  -  S  D  D  F  S  T  -  K  I  S  S  F  S  

agtttgggatttgagattataacagttttcaggggttaattttttccagggtttattttt 

 S  L  G  F  E  I  I  T  V  F  R  G  -  F  F  P  G  F  I  F  

gtggatatgaaaaaaaaaaa 

 V  D  M  K  K  K     

 

Figure 8 The predicted amino acid sequence of Nb12974 using ExPASy translation tool and 

standard genetic code. A translation starts from a direction 5’ to 3’ of Nb12974 and frame +2. 

A green box indicates a stop codon. Blue hi-lighted residues represent the selected 

translational frame for Nb12974, yielding a peptide of 60 residues in length. Nb12974 is a 

partial coding sequence with incomplete coding at its 5’end. 
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Figure 9 Signature motif elucidation of a signal peptide at 5’ cDNA end of all N. tabacum 

SAR8.2 gene members. A green box shows the signature motif “MFSKT” at the 5’ end. 

 

 

 

 

 
 

Figure 10 Amino acid sequence comparison between NtSAR8.2m and 

predFLNbNtSAR8.2m using BLASTP alignment. 

 

 

 

 
 

Figure 11 Amino acid sequence comparison between Nb12974 and the two predicted 

isoforms of full-length Nb12974 (predFLNb12974_1 and predFLNb12974_2) using 

BLASTP alignment. A green box indicates one amino acid difference between the two 

predicted isoforms of full-length Nb12974 cDNA. 
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Figure 12 Nucleotide sequence comparison between the two predicted isoforms of full-

length Nb12974 cDNA (predFLNb12974_1 and predFLNb12974_2) using BLASTN 

alignment. A green box shows two different codons encoding two different amino acids as 

shown in Figure 11. 

 

 

 

 
 

Figure 13 Amino acid sequence comparison between the predicted full-length cDNA of N. 

benthamiana SAR homologs using BLASTP alignment. 
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Figure 14 Multiple alignments of the predicted full-length cDNA sequences of N. 

benthamiana SAR8.2 homologs and all publicly available gene members in the SAR8.2 

family. Details of these genes are described in Table 2. 
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Figure 15 Phylogenetic analysis of all publicly available gene members in the SAR8.2 

family. The phylogenetic tree is constructed by utilizing ClustalW2-phylogeny software with 

UPGMA clustering method and the hdrC2 gene as a control. HdrC2 is a heterodisulfide 

reductase subunit hdrC2 from a thermophilic methanogenic archaea, Methanocaldococcus 

jannaschii. The genes used in this phylogenetic analysis are described in Table 2. The green 

box denotes the relationship between the tobacco NtSAR8.2m gene and the predicted N. 

benthamiana SAR genes (predFLNb12974_1, predFLNb12974_2, and predNbNtSAR8.2m). 
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Table 2 Publicly available gene members in the SAR8.2 family. This sequence information 

is used to construct multiple alignment analysis in Figure 9 and 14 and the SAR8.2 

phylogenetic tree in Figure 15. 

 
Plant species 

and cultivar 
Gene name 

GenBank accession number Coding 

sequence (CDS) 
Ref. 

DNA Protein 

N. tabacum Xanthi nc NtSAR8.2a M97194 

(584 bp) 

AAA34117 

(95 aa) 

Complete [5] 

N. tabacum Xanthi nc NtSAR8.2b M97359 

(502 bp) 

AAA34118 

(94 aa) 

Complete [5] 

N. tabacum Xanthi nc NtSAR8.2c M97360 

(560 bp) 

AAA34119 

(95 aa) 

Complete [5] 

N. tabacum Xanthi nc NtSAR8.2d M97361 

(529 bp) 

AAA34120 

(95 aa) 

Complete [5] 

N. tabacum Xanthi nc NtSAR8.2e M97362 

(607 bp) 

AAA34121 

(111 aa) 

Complete 

 

[5] 

N. tabacum Xanthi nc NtSAR8.2f U64807 

(1865 bp) 

NA Complete 

 

[24] 

N. tabacum Xanthi nc NtSAR8.2g U64810 

(1864 bp) 

AAF23850 

(94 aa) 

Complete 

 

[24] 

N. tabacum Xanthi nc NtSAR8.2h U64808 

(1881 bp) 

AAF23848 

(94 aa) 

Complete 

 

[24] 

N. tabacum Xanthi nc NtSAR8.2i U64811 

(1940 bp) 

AAF23851 

(96 aa) 

Complete 

 

[24] 

N. tabacum Xanthi nc NtSAR8.2j U64812 

(1394 bp) 

AAF23852 

(109 aa) 

Complete 

 

[24] 

N. tabacum Xanthi nc NtSAR8.2k U64814 

(2006 bp) 

AAF23854 

(97 aa) 

Complete 

 

[24] 

N. tabacum Xanthi nc NtSAR8.2l U96152 

(488 bp) 

AAB53799 

(54 aa) 

Complete 

 

[8, 25] 

N. tabacum Xanthi nc NtSAR8.2m U89604 

(201 bp) 

AAB49767 

(67 aa) 

Complete [8, 25] 

N. tabacum Samsun NN NtSAR8.2n AB040145 

(483 bp) 

BAB13706 

(95 aa) 

Complete 

 

[11] 

N. tabacum Xanthi nc NtSAR8.2o 

 

U64815 

(2013 bp) 

AAF23855 

(95 aa) 

Complete 

 

[24] 

C. annuum Hanbyul CaSAR8.2a AF112868 

(580 bp) 

AAF18935 

(86 aa) 

Complete 

 

[10] 

C. annuum Hanbyul CaSAR8.2b AF313765 

(626 bp) 

AAL16782 

(86 aa) 

Complete 

 

[10] 

C. annuum Hanbyul CaSAR8.2c AF313766 

(450 bp) 

AAL16783 

(86 aa) 

Complete 

 

[10] 

C. annuum Bugang CaSAR8.2d AF327570 

(591 bp) 

AAL56986 

(86 aa) 

Complete 

 

[26] 

Lycopersicon Combined 2 

S. lycopersicum 

S. habrochaites 

S. pennellii 

UNIGENES 

match to  

AAL16783 

SGN-U171580   [27] 

S. tuberosum build 2 UNIGENES 

match to 

AAL16783 

SGN-U177567   [27] 

Methanocaldococcus 

jannaschii 

hdrC2 U67530,old 

L77117, new 

AAB98869 complete [28] 
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Table 3 Oligonucleotide information used in Chapter 4. 

 

Name Sequence information 

Nb12974F AACTAGCTGATGCAAGGGAGA 

Nb12974R AACATCTGCAAGCCAAACAA 

GS12974F AATTTCTAGAGCTCGTAATACTCCAACTAGCTGATGC 

GS12974R AATTTCTAGAGCTCACATCTGCAAGCCAAACAAC 

RNA1-POLF TCACAAGGGTCAAATTCTCAAATCCT  

RNA1-POLR TGCTGCTTTTTGGTATAACTTCCTCTT 

RNA1-CPF ATGTCTTCAAAAGCTCCCAA 

RNA1-CPR CGCTCATGACTAACTGGGTA 

RNA2F CGCGTCTGATTGAGTTGGAAGTA 

RNA2R CTGCCTTGATGCTCGACAGTA 

TRV2F TTACTCAAGGAAGCACGATGAGC 

TRV2R GAACCGTAGTTTAATGTCTTCGGG 

ActF GTGACCTCACTGATAGTTTGA 

ActR TACAGAAGAGCTGGTCTTTG 
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Materials and Methods 

  

1) Plants, RCNMV inoculum preparation and inoculation procedure 

N. benthamiana was a plant model used in this experiment. Details of plant 

maintenance, RCNMV inoculum preparation and inoculation procedure were described in 

Chapter 5 materials and methods. Briefly, RCNMV inoculum was prepared in a 110 µl 

volume per 1 plant. This 110 µl inoculum was a mixture of 1 µl in vitro T7 RNA-1 transcript 

(or 1 µl in vitro T7 R1SG1 transcript), 1 µl in vitro T7 RNA-2 transcript and 108 µl 

inoculation buffer (10 mM sodium diphosphate, pH 7.2). Four leaves per 1 plant were 

inoculated with either RCNMV inoculum or buffer. 27 µl of the RCNMV transcript mixture 

(or inoculation buffer) was pipetted onto each leaf and mechanically rubbed with 

carborundum (abrasive). Inoculated plants were maintained in a temperature and light 

controlled environment at 18-22°C, 16 hour-light and 8 hour-dark period at the NCSU 

greenhouses (Method Road).  

 

2) Plasmid DNA constructs 

The silencing construct TRV2-NbSAR utilizing the TRV VIGS system [29] was 

designed to down regulate NbSAR expression in N. benthamiana. A construction of the 

silencing construct is described in Chapter 5 materials and methods. Briefly, a 132 bp 

fragment of the NbSAR gene was amplified accordingly to OneTaq DNA polymerase 

protocol (NEB
TM

), with a primer set of GS12974F and GS12974R (Table 3) to generate the 

GS-NbSAR. The PCR conditions for amplifying GS-NbSAR were as follows: 1) a 

denaturation cycle of 94
°
C for 30 sec, 2) 30 amplification cycles of 94°C for 30 sec, 55°C for 
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30 sec and 68
°
C for 1 min, and 3) a final extension cycle of 68°C for 5 min. A ligation 

between GS-NbSAR and TRV2 was performed via SacI restriction site. A colony PCR 

technique using the primer set TRV2F (forward primer) and TRV2R (reverse primer) (Table 

3) was used to identify TRV2 clones that contained the GS-NbSAR insert. A positive 

plasmid was also confirmed by digesting with SacI. The resultant construct TRV2-NbSAR 

was used for down regulating NbSAR expression in N. benthamiana for a gene silencing 

study. 

 

3) Agrobacterium preparation and infiltration 

Agrobacterium was prepared accordingly to a detail in Chapter 5 materials and 

methods. Briefly, the silencing constructs TRV1, TRV2-NbSAR were transformed into 

Agrobacterium tumefaciens strain C58C1 using a BioRad electroporator. Transformed cells 

were plated onto LB agar plates containing rifampicin, gentamicin and kanamycin and then 

incubated at 28°C for 48 hours. Individual colonies were inoculated into 2 ml LB broth 

cultures with the appropriate antibiotics and incubated at 28°C for 20 hours with shaking at 

270 rpm. From these initial cultures 250 μl was used to inoculate 5 ml LB broth cultures with 

the appropriate antibiotics and 40μM acetosyringone/ 10 mM MES, pH 5.6. These cultures 

were similarly incubated at 28°C for 20 hours with shaking at 270 rpm. Cultures were 

subsequently pelleted, resuspended in 10 mM MgCl2/ 10 mM MES, pH 5.6/ 200 μM 

acetosyringone to the OD600 reading ~1 and then incubated at room temperature for at least 

3 hr prior to syringe infiltration into plants. 
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 The Agrobacterium cultures of TRV1 and TRV2-NbSAR (or TRV2 for the control) 

were mixed at a 1:1 ratio immediately prior to infiltration into plants. Agroinfiltration was 

performed on 2-3 week old (Chapter 5 Panel B in Figure 18) N. benthamiana plants with two 

leaves per plant being infiltrated by using a 1 ml needleless syringe on the abxial side of the 

leaf. Plants were maintained in a temperature and light controlled environment at 26°C, 16 

hour-light and 8 hour-dark period at NCSU greenhouses (Method Road).  

 

4) Total RNA extraction and cleanup 

Four plants and two leaves per 1 plant were used to represent the test condition 

(silencing of NbSAR) as well as the control (see above). Total RNA extracts isolated from 

the same plant were pooled to represent one biological replicate (4 biological replicates for 

the test condition and 4 biological replicates for controls). Leaf samples were collected 10 

days after agroinfiltration as well as various time points after RCNMV transcript inoculation.  

A total RNA extraction and cleanup were performed accordingly to details in Chapter 

5 materials and methods. Briefly, total RNA was extracted from 100 mg N. benthamiana leaf 

tissue samples according to the TRIzol protocol (Invitrogen
TM

). And total RNA extracts 

destined for qRT-PCR analysis were treated with Turbo DNA-free (Ambion
TM

) according to 

the manufacturer’s protocol to remove any residual input DNA.  The samples were stored at -

20°C. 
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5) RNA quantification by real-time PCR (qRT-PCR) 

First strand cDNA synthesis and quantitative real-time PCR (qRT-PCR) preparation 

were performed according to details in Chapter 5 material and methods. Briefly, First strand 

cDNA was synthesized by using a DNA-free total RNA (equivalent to ~1 µg total RNA) as a 

template. SYBR Green-based quantitative real-time PCR (qRT-PCR) method was used in 

this study. The qRT-PCR reaction was prepared accordingly to FastStart Universal SYBR 

Green Master ROX protocol (Roche
TM

). The first strand cDNA equivalent to 40 ng total 

RNA was used to prepare qRT-PCR reaction. The qRT-PCR reactions were setup in a 384 

well plate and placed in ABI7900 HT Fast real-time PCR system (Applied Biosystems
TM

). 

The Applied Biosystems SDS software version 2.4 was used to monitor and dissect real-time 

PCR data. Three qRT-PCR reactions were prepared per 1 biological replicate. All PCR 

products are less than 200 base pairs. The cycling condition was set as follows: 1 cycle at 

95°C for 10 min, and 40 cycles at 95°C for 15 sec /55°C for 1 min. An association analysis 

was also performed in order to test if there were any non-specific PCR products formed. The 

condition for the association analysis was set as follows: 1 cycle at 95°C for 15 sec, 60°C for 

15 sec and 95°C for 15 sec. 

NbSAR transcript levels were assayed using primers Nb12974F and Nb12974R 

(Table 3). RCNMV RNA levels were assayed with 2 primer pairs for RNA-1 and 1 primer 

pair for RNA-2: 1) RNA1-POLF and RNA1-POLR for probing RNA-1 at the polymerase 

(RNA-1 POL), 2) RNA1-CPF and RNA1-CPR for probing RNA-1 at the coat protein (RNA-

1 CP) and 3) RNA2F and RNA2R for probing RNA-2 at the movement protein (RNA-2 MP).  
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6) qRT-PCR data analysis  

A relative quantification, 2
-∆∆Ct

 method (equation shown in Chapter 5 materials and 

methods) [30] was used to analyze the real-time PCR data. Expression of the target gene was 

normalized against the expression of a reference gene. Actin was used as the reference genes 

to normalize the target gene that was performed within the same plate. Student’s t-test 

statistical analysis was used to examine the real-time PCR data. 

 

7) RCNMV sGFP quantification 

N. benthamiana plants were inoculated with a combination of in vitro T7 R1SG1 and 

RNA-2 transcripts. Ten plants and two leaves per plant were used for each test condition and 

each control. Leaf samples were harvested 3 days post inoculation. The GFP florescence 

intensity was analyzed by the IVIS imaging system and subjected to Student’s t-test 

statistical analysis. The IVIS Lumina System (Xenogen Corporation, Alameda, CA) is 

capable of quantifying photon emission from a variety of sources. A CCD camera measured 

and recorded photon emission data which was then incorporated into Living Image Software 

(Xenogen Corp.) for further analysis. Whole leaves were placed under the CCD camera and 

measurements were taken with a GFP excitation filter, and exposure time of 1 second. 
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Chapter 5 

 

Modulation of N. benthamiana WRKY gene expression early in a 

Red clover necrotic mosaic virus infection implies its involvement 

in plant immunity 

 

Chapter summary 

In this chapter, I report a study on the regulation of N. benthamiana WRKY gene 

expression early in a Red clover necrotic mosaic virus (RCNMV) infection. The microarray 

study described in Chapter 3 reveals that three N. benthamiana WRKY genes are 

significantly modulated in response to RCNMV infection (FDR cutoff of 0.01). Among these 

three WRKY genes, the unigene Nb04875 was selected for a functional characterization. The 

study in this chapter is the first and only report that thoroughly analyzes the characteristics of 

Nb04875.  The cumulative computational evidence from the sequence, protein structure and 

subcellular localization analyses led to the conclusion that Nb04875 is a novel N. 

benthamiana WRKY gene. The GFP tagging Nb04875 study also confirms its nuclear 

localization. Nb04875 was also further functionally assayed for its effects on RCNMV 

infection by both transient gene silencing and transient gene overexpression studies in N. 

benthamiana. These functional assays suggest that Nb04875 plays a critical role in the 

regulation of early host defenses towards an RCNMV infection. 
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Abstract 

Transcriptional re-programming is a key step of the plant defense response to 

pathogen recognition. Transcriptional profiling of N. benthamiana early in the RCNMV 

infection process reveals that three host WRKY gens were significantly modulated at prior to 

24 hours post inoculation (hpi) at an FDR cutoff of 0.01. Among these three WRKY genes, 

the unigene Nb04875 was further functionally characterized due to its 10 fold up-regulation 

at 24 hpi. Its full-length cDNA of 975 bp encoded a putative polypeptide consisting of 325 

amino acids. The putative Nb04875 translation product contained a single WRKY DNA 

binding domain which included the conserved sequence “WRKYGQK” at its N-terminus, 

and an atypical zinc finger motif at its C-terminus. It has the highest similarity to StWRKY6, 

a member of the WRKY transcription factor (TF) family in potato. A 3D protein structure 

prediction indicated that Nb04875 consists of four β-stranded sheets. It also contains a 

potential nuclear localization signal (NLS) at its N-terminus. These features lead to the 

conclusion that Nb04875 is a novel gene belonging to the WRKY TF family. Thus, its full-

length protein is assigned the name NbWRKY. A C-terminally tagged NbWRKY with GFP 

also confirmed its nuclear localization. NbWRKY (Nb04875) was further functionally 

assayed for its effects on RCNMV infection by both transient gene silencing and gene 

overexpression studies in N. benthamiana. These functional assays suggest that NbWRKY 

possesses dual functionality in regulating the defense response: shifting its function between 

both a positive and negative regulator of disease resistance depending on the duration of the 

RCNMV infection. A bioinformatics prediction indicates that the promoter region of 
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NbWRKY contains at least three putative W-box elements, suggesting that the regulation of 

NbWRKY transcription is under the control of either auto- or cross- regulation, and may be 

responsive early in the RCNMV infection process. 

Keywords; WRKY, Nicotiana benthamiana, defense, RCNMV 

 

Introduction 

Plants are constantly exposed to a plethora of pathogens in their natural habitat. 

Adapting to such changes in order to survive and reproduce requires a great degree of 

phenotypic and genotypic plasticity that is mainly determined by the plant’s genome or a 

plant’s genetic makeup. How plants are able to integrate the multitude of different defense 

strategies that enable them to respond rapidly, effectively and properly under any given 

phytopathogen-induced stress condition remains a fundamental question in plant-pathogen 

interaction studies. What has become apparent, however, is that plants are capable of 

extensive reprogramming of their transcriptome in a highly dynamic and temporal manner, 

which is mainly achieved through an exclusive enforcement of a network of various 

transcription factors (TFs). This responsive regulation leads to an adaptive plasticity of plants 

during exposure to highly variable environmental stresses. WRKY TFs are a large family of 

regulatory proteins forming and executing such a network [1]. They are involved in various 

plant processes but most notably in coping with stresses induced by a diverse array of 

pathogen attack [1, 2]. A large body of circumstantial evidence has accumulated during the 

past twenty years implicating WRKY factors in transcriptional reprogramming during plant 
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immune responses [3-5]. The majority of the 74 Arabidopsis WRKY genes are 

transcriptionally inducible upon pathogen infection and other defense-related stimuli [6-8]. In 

this study, I will restrict my attention to investigating the immunity role of WRKY TFs in 

plant-virus infections. 

Plant adaptability early in the virus infection period is a critical determinant in 

deciding the fate of plant survival and reproduction. Such rapid adaptability requires an 

effective strategy to re-program plant physiological processes to protect the plant from a viral 

attack and prevent subsequent further viral invasion. What strategy the plant employs to 

rapidly manipulate such processes to launch an immediate immune system against a virus 

remains unknown. To investigate this strategy during a plant-virus interaction, I utilized 

Nicotiana benthamiana (a model host for most plant viruses) and Red clover necrotic mosaic 

virus (RCNMV, a typical plus strand RNA plant virus). A custom microarray representing a 

total of 13,415 unigenes (equivalent to an estimated coverage of ~38% of the N. benthamiana 

transcriptome) was developed to simultaneously monitor the modulation of expression of 

thousands of host genes early in an RCNMV infection. The construction of the N. 

benthamiana microarray was previously described in Chapter 2. Host transcription profiles 

were analyzed at 2, 6, 12 and 24 hours post RCNMV inoculation (hpi). The microarray 

analysis described in Chapter 3 reveals that three WRKY genes were significantly modulated 

early in an RCNMV infection at an FDR cutoff of 0.01. Among these three genes, the 

unigene Nb04875 was selected for a functional characterization in this chapter due to the 

rapid accumulation of its transcripts and the high degree of modulation after 12 hours. The 

central hypothesis in this chapter is that the alteration of host WRKY gene expression is 
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driven by the plant host in order to rapidly engage the regulation of host defense gene 

expression to induce a disease resistance toward an early RCNMV infection. 

 

What is WRKY TF? 

The defining feature of WRKY TFs are their unique DNA binding domain, known as 

the WRKY DNA binding domain after the almost invariant WRKY amino acid sequence at 

the N-terminus [9]. The WRKY DNA binding domain appears to exist exclusively in plants, 

in one or two copies in a superfamily of plant TFs [4]. WRKY TFs are involved in the 

regulation of various physiological processes that are unique to plants, including pathogen 

defense [1, 10], response to abiotic stress (wounding, drought, cold adaptation and heat-

induced chilling tolerance) [11-14], hormone signaling [15], secondary metabolism [16], 

senescence [13, 17, 18] and trichome development [19].  

The WRKY DNA binding domain is 60 amino acids in length that is defined by the 

conserved invariant amino acid sequence “WRKYGQK” at its N-terminus, together with a 

novel zinc-finger-like motif (zinc binding motif) at the C-terminus [20]. This atypical zinc-

finger motif occurs in two different amino acid sequence motifs: CX4-5CX22-23HXH and 

CX7CX23HXC. In 2005, Yamasaki et al. reported the first solution structure of a WRKY 

domain [21]. They found that the WRKY domain consisted of four or five -stranded β-sheets, 

with the zinc coordinating Cys/His residues forming a zinc-binding pocket. Of these four β-

strands, the N-terminal strand contains the WRKY sequence that binds DNA and the other 

three strands form a novel zinc finger structure. They also demonstrated that the WRKYGQK 
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residues corresponding to the N-terminal β-strand: (i) enables extensive hydrophobic 

interactions, contributing to the structural stability of the β-sheet, and (ii) partly protrudes 

from one surface of the protein, thereby enabling access to the major DNA groove and 

contacts with the DNA. It was proposed that the five-stranded β-sheet containing the 

WRKYGQK motif makes contact with an approximately 6-bp region of the DNA, which is 

consistent with the length of the W box, the binding sites of most known WRKY proteins.  

In 2012, the same research group [22] reported the NMR solution structure of a 

Arabidopsis WRKY4 domain complexed with the W box binding site. This was the first 

structure of the WRKY-DNA complex. They concluded that the apolar contacts by residues 

in the conserved WRKYGQK motif with thymine methyl groups were important in 

recognition of the W-box sequence. They discovered that a four-stranded β-sheet of the 

WRKY domain enters the major groove of the DNA in a nearly perpendicular manner to the 

DNA helical axis. This atypical mode of interaction between the WRKY DNA binding 

domain and its DNA target was assigned the term B-wedge. 

 

What is the target of WRKY TF? 

The WRKY proteins control transcription of the target genes by binding to the 

promoter regions that contain the specific DNA element (T)(T)TGAC(C/T), termed the W-

box [3, 23, 24]. The invariant “TGAC” core is essential for function and WRKY binding. It 

has long been clear that the conservation of the WRKY domain in WRKY proteins is 

mirrored by a remarkable conservation of the W-box. Gel shift experiments, random binding 



245 

 

 

site selection, yeast one-hybrid screens and co-transfection assays performed on many 

different WRKY proteins confirmed that the W-box is the minimal consensus element 

required for specific DNA binding. The W-box mediates transcriptional response to 

pathogen-derived elicitors [3, 25] and is present in the promoters of many plant genes that are 

associated with defense [26]. 

 

Result and discussion 

1) RCNMV up-regulated N. benthamiana WRKY TF expression 12 hours after the 

initiation of infection 

Our custom N. benthamiana microarray includes 24 unigenes that have a BLAST hit 

to WRKY TF but only 19 of these contain a conserved WRKY-DNA binding domain (Table 

1). The functionalities of these unigenes were therefore computationally assigned as WRKY 

TFs. The microarray experiment described in Chapter 3 showed that three N. benthamiana 

WRKY-like unigenes were significantly modulated early during an RCNMV infection at sub 

24 hours (FDR cutoff of 0.01) (Figure 1). Of all these WRKY-like genes, the expression of 

the unigene Nb04875 had the highest modulation magnitude during RCNMV infection. The 

qRT-PCR analysis also confirmed that Nb04875 was significantly up-regulated greater than 

10 fold at 24 hours post RCNMV inoculation compared to the mock inoculated control plants 

(p-value = 0.00). The up-regulation of this WRKY-like gene was likely driven by the plant 

host in order to fight against the RCNMV invasion. Nb04875 contains a highly conserved 

WRKY domain. WRKY proteins are thought to play important roles in plant defense 
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responses to pathogens [1]. The hypothesis that will be tested here is that the plant host 

increases Nb04875 expression to engage in transcriptional reprogramming of other defense 

genes, possibly inducing host defense gene expression. A delayed modulation of this 

WRKY-like unigene may reflect host recognition of only late events in the RCNMV 

infection cycle of the primary infected cells. The stimulant could be the late encoded viral 

proteins, either movement or capsid protein. 

The unigene Nb04875 has not been documented elsewhere in the literature or in any 

public genomic databases. The evidence in this report points toward the conclusion that 

Nb04875 is a novel gene belonging to the WRKY TF family in N. benthamiana. Given its 

unknown functions, this unigene required a substantial amount of analysis for authoritative 

identification. In the next section, I describe a preliminary analysis of Nb04875, including 

sequence analysis, WRKY DNA binding domain and zinc finger motif identification, 

computational protein structural study, full-length cDNA sequence prediction, protein 

subcellular localization and a promoter analysis. Also, the unigene Nb04875 is further 

functionally assayed by both gene silencing and gene overexpression studies in order to 

determine its impact on RCNMV replication. 
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2) A functional annotation of Nb04875 as a WRKY TF using a bioinformatic/ 

computational approach 

2.1) Nb04875 is a WRKY homolog 

The unigene Nb04875 sequence was searched against the GenBank database [27] 

using the BLASTX method [28]. The homologous search revealed that the top hits matched 

to Nb04875 were WRKY TFs from various plant species such as potato, tobacco, cocoa, 

cucumber, Barbados nut, castor oil plant, mulberry, grapevine and cotton (Table 2). The 

multiple alignments comparing Nb04875 to the experimentally verified WRKY TFs support 

the assumption that Nb04875 contains a relatively strong match to a conserved WRKY 

domain (Figure 2). The conserved invariant amino acid sequence “WRKYGQK” was found 

at the N-terminus of Nb04875 while a novel zinc finger motif with the amino acid sequence 

“CX7CX23HXC” was identified at its C-terminus (Figure 2). 

The unigene Nb04875 nucleotide and amino acid sequence has the highest similarity 

to the StWRKY6 gene from potato (Solanum tuberosum; 66 % amino acid identity and E-

value = 4 x 10
-115

; Table 2 and Figure 5). Also, the phylogenetic tree analysis demonstrated 

in Figure 3 indicates that Nb04875 is most closely related to StWRKY6.  

A BLAST search against the plant TF database v3.0 (PlantTFDB) [29] also revealed 

that Nb04875 possesses the highest similarity to WRKY proteins from Solanaceae plants, 

with the top 4 hits to N. tabacum (tobacco), S. tuberosum (potato), S. lycopersicum (tomato) 

and Capsicum annuum (pepper). Nb04875 is also similar to Arabidopsis thaliana WRKY70 

(AT3G56400.1) with an E-value = 4 x 10
-40

.  This accumulation of evidence leads one to 
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speculate that Nb04875 functions as a WRKY TF.  However, the homology search and 

multiple alignments of nucleotide and amino acid sequence approaches only provides the 

sequence similarity information between compared sequences. These bioinformatics 

approaches do not take into consideration similarities in protein structure.  

To annotate an unknown protein as a WRKY TF by using BLAST and multiple 

alignment approaches may not be appropriate because only particular regions are conserved 

among WRKY homologs and so whatever is matched to these conserved regions may lead to 

the false positive assumption that the query sequence is a WRKY TF. In other words, the 

query sequence containing the conserved WRKY domain and zinc finger is not necessarily a 

WRKY TF. Why? The functionality of TFs strictly relies on the proper protein conformation. 

Therefore, if the protein structure of the query sequence containing the conserved WRKY 

domain and zinc finger is unable to fold in the proper conformation, it is likely that it could 

not function as a WRKY TF.  

Protein structure is an important feature that defines WRKY functionality. In order to 

be able to perform their biological/molecular function, WRKY proteins are required to fold 

into a more specific spatial conformation, driven by a number of interactions between amino 

acid residues. The proper conformation of WRKY TFs is defined by two characteristics of 

WRKY proteins: (i) their active or inactive states, that is whether or not their DNA binding 

domain is exposed or accessible to bind/interact with their target DNAs and (ii) their 

subcellular localization, that all TFs including WRKY TFs are destined for the cellular 

nucleus.  
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The nuclear localization signal (NLS) [30, 31] is an important element of the WRKY 

protein structure that allows the protein to be imported from the cytosol into the nucleus 

where its molecular functions occur – binding to/interacting with its target DNAs and 

regulating the transcription of its targets, either activation or repression of transcription. NLS 

is characterized as a signal patch which is made up of amino acid residues that are distant to 

one another in the primary sequence, but come into close proximity in the tertiary structure of 

the folded protein.  

Although the non-conserved regions of the WRKY TF do not contribute to the 

functionality of the WRKY TF, these regions are an essential component that enables proper 

folding of the WRKY TF. The multiple alignments between Nb04875 and WRKY homologs 

indicate that the region that is outside of the conserved DNA binding domain and zinc finger 

are highly variable. Even with its best hit to StWRKY, only 66% amino acid identity is found 

to Nb04875. Therefore, in order to confirm the functional annotation of the unigene Nb04875 

as a WRKY TF, I also conducted Nb04875 protein structural analysis to determine its: (i) 

three dimensional structure, and (ii) nuclear localization signaling capability. 

 

2.2) Putative Nb04875 protein structure is composed of a four β-stranded sheet 

The unigene Nb04875 protein structure was predicted by using SWISS-MODEL 

server [32]. The SWISS-MODEL is a web interface that applies homology modeling 

methods to build a three dimensional (3D) model for a protein of unknown structure from the 

known experimental structures. Homolog modeling relies on evolutionarily related structures 
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(templates), utilizing evolutionary information between the potentially related proteins, to 

generate a protein tertiary and quaternary structural model for the protein of interest (target).  

The Nb04875 amino acid sequence (target) was searched against the SWISS-MODEL 

template library (STML). However, the unigene Nb04875 is originally derived from an 

expressed sequence tag (EST) so it is a nucleotide sequence. Therefore, the unigene Nb04875 

was first putatively translated to an amino acid sequence using ExPASy software [33] with a 

standard genetic code prior to its structural analysis. Since the unigene Nb04875 sequence is 

not a complete coding sequence (CDS), it is unlikely that the positions of the start and stop 

codons are known. Nb04875 sequence structure is discussed later in section 2.4. ExPASy 

software translated the Nb04875 nucleotide sequence into an amino acid sequence using six 

frame translations from both 5’-3’ direction and 3’-5’ direction. The putative Nb04875 amino 

acid sequence that was used for structural analysis was selected from the translation frame 

that included the conserved WRKY domain and zinc finger motif.  

The putative Nb04875 amino acid sequence is best hit to the protein structure of A. 

thaliana WRKY1 (2ayd.1.A) with 42.2 % sequence identity. Therefore, the A. thaliana 

WRKY1 protein structure was used as a template to build a predicted 3D model for Nb04875 

(Figures 9 and 10). The protein structure of A. thaliana WRKY1 (2ayd.1.A) was previously 

well-characterized using an X-ray diffraction method with 1.60 angstroms resolution [34]. 

The 3D protein structure of A. thaliana WRKY1 in Figure 10 shows that: (i) its tertiary 

structure contains five β-stranded sheets with a zinc binding pocket, (ii) the conserved 

sequence “WRKYGQK” is located on β1, (iii) a Zn
2+

 ion interacts with the zinc finger motif 
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at its amino acid positions C40, C45, H69, and H71 (C2H2 is a typical zinc finger motif), and 

(iv) the DNA-binding residues are located on β2 and β3. 

With the use of the A. thaliana WRKY1 template, the predicted 3D model revealed 

that the Nb04875 amino acid sequence is able to fold into a tertiary structure containing a 

four-stranded β sheet (Figures 9 and 10). The model-template alignment shows that a 

conserved DNA binding domain of the “WRKYGQK” sequence from both models 

(Nb04875 or NbWRKY) and template (AtWRKY1) is located on the first β strand, and the 

zinc finger motif is also located at the same position in the alignment (Figure 9) as well as in 

the 3D model (Figure 10). 

The model quality is assessed with a QMEAN Z-score which relates the predicted 

model to the reference structure solved by X-ray crystallography. The QMEAN Z-score is an 

estimate of the “degree of nativeness” of the structural features (geometrical features: 

pairwise atomic distances, torsion angles, solvent accessibility) observed in an entire 

predicted model by describing the likelihood that a predicted model is of comparable quality 

to the high-resolution experimental structures. The GMQE (Global Model Quality 

Estimation) is another estimation of model quality which combines properties from the 

target-template alignment. The resulting GMQE score is expressed as a number between zero 

and one, reflecting the expected accuracy of a model built with that alignment and template. 

Higher numbers indicate higher reliability. 

The predicted 3D model of Nb04875 has a QMEAN Z-score of -2.91 and a GMQE 

estimate of 0.12, indicating a relatively low quality and low reliability model. This is not a 
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surprising result due to the fact that the entire model and template possesses only 42% 

sequence identity. Despite the low quality score observed for the entire predicted model, the 

local quality estimation suggests otherwise as shown in Figures 9 and 10. Predicted local 

similarity between template and target is estimated as a number between zero and one; the 

higher number indicates the higher quality of the predicted structure. Figure 9 shows that 

certain regions of Nb04875 have a higher estimation of similarity to the template, suggesting 

a high quality predicted protein structure of Nb04875. In Figure 9, the alignment between 

model and template also reveals that the residues of Nb04875 that have a high quality score 

(blue shaded) are particularly located in the predicted β strand structure, confirming that 

these residues potentially drive the interactions to enable protein folding into β strand 

structure. The predicted 3D model of Nb04875 in Figure 10 shows that the majority of 

residues contributing to β strand structure have a high quality score estimation (blue shade). 

The predicted 3D model of Nb04875 confirms its potential ability to fold into the four β 

stranded-sheet; therefore, this piece of information is strong evidence for the assumption that 

the Nb04875 functions as a WRKY TF.  

 

2.3) Putative Nb04875 protein contains the N-terminal signal peptide that enables its 

translocation to the nucleus 

 Subcellular localization provides information on the location of the mature protein in 

the cell. The functions of a protein are essentially dependent on its subcellular localization. 

Therefore, the ability to predict subcellular localization directly from the protein sequence is 

useful to inferring the potential role of a protein of unknown function.  
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The subcellular localization of the putative Nb04875 product was predicted using a 

variety of software applications to avoid bias. Their differences lie in the methods 

(algorithms) and databases that are used to compute the prediction. Individual prediction 

tools implement their own algorithms and rules, and use different benchmark data (standard 

data that is used to train algorithms) to determine their abilities and reliabilities at predicting 

protein subcellular localization. Some algorithms are better than others at predicting 

subcellular localization to particular localization sites (subcellular sites/compartments). 

These prediction tools also have their own databases (or libraries) that are used to predict the 

localization of the query protein. The databases from the individual prediction tools are also 

different in three important features: (i) organism types (ranging from prokaryotes, 

eukaryotes, animal, plant, bacteria, yeast, to specific species), (ii) number of proteins or 

motifs with experimentally verified subcellular localizations, and (iii) number of subcellular 

localization sites (for instance, some software analyzes the query protein localization for up 

to 12 subcellular compartment sites). 

A number of reports have noted that sequence similarity is useful in predicting 

subcellular localization such that one can accurately infer the subcellular compartment of a 

protein if one can find close homologs with an experimentally verified localization [35]. 

Some software applications rely strongly on sequence similarity for predicting the subcellular 

localization. However, the accuracy of the prediction depends on the certain similarity 

threshold. Studies indicate that this homology search approach performs well down to 30% 

sequence similarity and the performance deteriorates considerably for sequences sharing 

lower sequence identity [36]. Given a low sequence similarity between Nb04875 and other 
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WRKY homologs (% identity ranging from 37% to 66% as shown in Table 2), utilizing 

software that depends solely on sequence similarity to predict a subcellular localization may 

lead to a false positive prediction.  

The subcellular localization of the putative Nb04875 product was predicted by 

utilizing four different software tools: 1) PSORT [37], 2) WoLF PSORT [38], 3) Plant-

mPLoc [39], and 4) CELLO [36]. WoLF PSORT is an extension of the PSORT tool where 

WoLF PSORT incorporates UniProt and the Gene ontology database into the methodology. 

PSORT and WoLF PSORT both include homology search (sequence comparison against 

their libraries) in their methods. However, they exclude highly homologous protein 

sequences in predicting protein localization; they instead emphasize mainly on the non-

homologous proteins that have similar localization motifs to the query protein to predict its 

subcellular localization. The result from WoLF PSORT provides the so-called nearest 

neighbors which are proteins with a similar PSORT score (localization score), but with low 

homology to the query protein. The Plant-mPLoc tool also applies a homology-based 

approach to predict protein subcellular localization. However, the advantages of this tool are: 

(i) its algorithm is specifically designed to handle predicting plant protein localization, and 

(ii) it provides the prediction for up to 12 subcellular localization sites. CELLO is the only 

protein localization prediction tool used in my analysis that does not rely on homology 

search; therefore its performance remains relatively unaffected by sequence similarity.  

The top results from PSORT, WoLF PSORT, CELLO, and Plant-mPLOC software 

collectively affirm that the putative Nb04875 protein localizes to the nucleus. WoLF PSORT 
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indicates that Nb04875 has the highest similar localization feature (nearest neighbors) to the 

nucleus localization of proteins from A. thaliana: PLETHORA TF (At5g65510.1), AP2 

domain TF (At3g54990.1), and WRKY TF 29 (WR29_ARATH). These A. thaliana proteins 

have between 14% and 15% amino acid sequence identity to Nb04875. 

In addition to its protein subcellular localization prediction, the putative Nb04875 

product was further analyzed for its nuclear importing abilities. As would be expected from 

TFs, WRKY proteins contain an NLS. The two most common NLSs are: (i) monopartite 

signals, which are short stretches enriched in basic amino acids [31], and (ii) bipartite signals, 

which are composed of two short basic stretches separated by a spacer [40]. The WoLF 

PSORT, CELLO, and Plant-mPLOC programs did not pinpoint an exact NLS motif on 

Nb04875. However, the PSORT tool revealed that the monopartite NLS pattern with the 

consensus four residue sequence K-K/R-X-K/R [31] was detected in the putative Nb04875 

translation product as K-R-R-K (Figure 4). The multiple alignments in Figure 2 demonstrated 

that the monopartite NLS pattern of “K-R-R-K” was also identified in many WRKY gene 

homologs from other plant species. PSORT did not find any bipartite signals for nuclear 

targeting in the Nb04875 sequence. 

In summary, the bioinformatic prediction produced from homology search, multiple 

alignments, three dimensional protein structure, and localization prediction point to the 

conclusion that Nb04875 is highly similar to WRKY homologs found in other plant species. 

The putative Nb04875 protein is capable of folding into a four β-stranded sheet protein 

structure. Nb04875 contains a conserved WRKY DNA binding domain, which includes the 
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conserved invariant amino acid sequence “WRKYGQK” at its N-terminus, together with a 

novel zinc-finger-like motif (zinc binding motif) at the C-terminus. Nb04875 also contains an 

NLS consensus sequence at its N-terminus that enables protein translocation to the nucleus. 

These findings lead to my belief that the putative Nb04875 product is a N. benthamiana 

WRKY TF.  

To date, there have been no studies reporting the experimental characterization of the 

WRKY TF genes from N. benthamiana. Although this study does not directly investigate 

Nb04875 functionality as a TF, it is the first report of the computational analysis of Nb04875 

as a novel N. benthamiana WRKY TF. To further confirm the function of the putative 

Nb04875 product as a WRKY TF, it is necessary to identify its biochemical characteristics, 

especially its ability to interact with its DNA target (DNA-protein interaction). The most 

common experimental approaches would be DNA foot printing or gel-shift assays. 

 

2.4) Construction of the full-length NbWRKY cDNA 

The unigene Nb04875 sequence is 940 bp in length which translates to 313 amino 

acids using ExPASy translation software [33] and a standard genetic code (Figure 6). The 

sequence of unigene Nb04875 does not contain a complete open reading frame (ORF): it 

appears to be a partial coding sequence (CDS) with a complete 5’ cDNA end and a 12 bp 5’ 

untranslated region (UTR), but lacking a complete 3’ cDNA end. The 5’UTR is not 

conserved among WRKY homologs, therefore, the prediction of the start codon position in 

the Nb04875 sequence was assumed by computational evidence. The full-length Nb04875 
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cDNA was predicted from an alignment of the unigene sequence to the N. benthamiana 

genome (Sol Genomics Network [41]). The 3’ cDNA terminal sequence was predicted from 

the first stop codon that occurs on the genome at the 3’end of the unigene sequence. This 

may not be the actual complete 3’ cDNA end. However, the sequence prediction of the full-

length cDNA provides the necessary information required to design primers to obtain the 

clone that has the longest sequence of the potential full-length Nb04875 cDNA. This 

predicted full-length Nb04875 cDNA is assigned the name predFLNbWRKY. I successfully 

designed the primers (primer set of FL04875F and FL04875R as shown in Table 4) and 

cloned this predicted full-length Nb04875 cDNA using total RNA extracted from an 

RCNMV-infected N. benthamiana leaf at 3 days post inoculation. The obtained clone was 

named NbWRKY.  

The sequence alignment comparison between the predicted full-length cDNA 

(predFLNbWRKY) and the obtained clone (NbWRKY) is shown in Figure 7. The NbWRKY 

clone contains 325 amino acids and displays 90% identity to the predicted full-length cDNA. 

However, the NbWRKY clone is 99% identical to the Nb04875 unigene, with only one 

amino acid difference from arginine (R) to lysine (K) at position 162 (Figure 8). The side 

chain structures of these two amino acids are both basic polar with a positive charge. This 

amino acid (R K) is located on the third β strand (β3) of the four-β-stranded sheet of the 

predicted 3D WRKY protein structure as shown in Figure 10A and B. The predicted 3D 

structures of both Nb04875 and NbWRKY are very similar. Therefore, this amino acid 

difference (R  K) is unlikely to affect the protein folding. 
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2.5) The putative NbWRKY promoter contains W-boxes, indicating an auto/cross-

regulation 

In this study, I utilized bioinformatic tools to analyze the promoter region of 

NbWRKY. The promoter analysis of NbWRKY was performed on the nucleotide sequence 

retrieved from its genome data (N. benthamiana genome draft from Sol Genomics Network 

[41]). A BLAST search [28] of the full-length NbWRKY nucleotide sequence against the 

draft N. benthamiana genome database reveals 99% similarity with only one mismatched 

nucleotide to the database scaffold ID Niben.v0.4.2.Scf16974, hit region between10802-

12451. The search result also suggests that NbWRKY mRNA is a constituent product from a 

splicing process retrieved from three exons (Figure 11). The 1,500 bp nucleotide sequence 

upstream (Figure 11) from a predicted start codon of the NbWRKY gene retrieved from this 

scaffold was therefore used for its computational promoter analysis. 

The core promoter is the minimal portion of the promoter required to properly initiate 

transcription. One of the important elements in the core promoter experimentally identified in 

both plants and animals is a TATA box feature [42]. This study utilized the PLACE 

bioinformatic tool [43] to computationally predict the promoter architecture of the NbWRKY 

gene. PLACE is a plant promoter prediction tool and a database of plant cis-regulatory DNA 

elements. Using PLACE, two TATA box elements are predicted at positions -743 

(TATAAAA) and -330 (TATATAA) upstream from the predicted NbWRKY start codon 

(Figure 11). An interesting observation was the presence of three W-box regulatory elements 

at positions -1357 (TTGAC), -1059 (TTGAC), and -579 (TGACT) upstream from the 
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NbWRKY start codon (Figure 11). This finding is not uncommon for WRKY promoters. 

Indeed, multiple studies in A. thaliana have revealed that many WRKY genes that are 

themselves responsive to pathogenic stimuli typically contain numerous W box elements 

within their promoters [1, 8]. There are multiple reports demonstrating the interaction of 

WRKY TFs with either their own promoters or those of other family members [18, 24, 44, 

45]. This suggests that several WRKY genes enriched for W boxes are extensively engaged 

under a direct positive or negative control by WRKY TFs via specific feed-back mechanisms 

(auto/cross regulation). The computational identification of W-box elements in the putative 

NbWRKY promoter leads to the conclusion that NbWRKY transcription is potentially 

regulated either by itself or by other WRKY TFs. Such a WRKY interactome may ensure the 

fast, efficient, and specific defense signal amplification upon a pathogen attack. In addition, 

it may also allow for a tighter control in limiting the extent of defense responses via negative 

feedback mechanisms.  

 

3) NbWRKY - sGFP fusion protein localizes to the nucleus 

Green fluorescent protein (GFP) was used as a visual protein tag to identify the 

subcellular localization [46] of the full-length NbWRKY protein in this study. The GFP was 

fused to the C-terminus of the full-length NbWRKY protein. This experimental design 

ensures that the translation will have to start from the full-length NbWRKY first and then the 

GFP, which is from the N-terminus to the C-terminus of the NbWRKY- GFP construct. A 

study in HEK293T cell (human cell line) indicated that the N-terminal tagging with GFP 

adversely affects the protein localization in reverse transfection assays, whereas tagging with 
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GFP at the C-terminus is generally better in preserving the localization of the native protein 

[47]. The study showed that all C-terminal fusion proteins localized to cellular compartments 

in accordance with previous studies and/or bioinformatic predictions [47]. The limitations of 

N-terminal or C-terminal tagging with GFP have not yet been thoroughly investigated in 

plant cells. However, with this concern, the study in this section utilized an experimental 

design to tag the full-length NbWRKY at its C-terminus. The GFP used in this study is a 

synthetic copy of GFP (sGFP) which was codon optimized for human expression and further 

modified with the addition of 6xHis to the N-terminus GFP structure in order to improve its 

stability [48].  

The confocal images of NbWRKY-sGFP expressed in plant cells demonstrate that the 

full-length NbWRKY proteins are intensively localized inside the nucleus (Figure 12). This 

experimental evidence confirms the computational prediction regarding the NbWRKY 

nuclear localization that is discussed in section 2.3. However, the confocal images of sGFP 

(control) also show the typical characteristic localization of sGFP inside the nucleus. Many 

studies also confirm the nuclear translocation of sGFP as a result of GFP's relatively small 

size (~27 kDa), which allows for passive diffusion through the nuclear pores [49]. The size 

exclusion limit of nuclear pore complexes is approximately >60 kDa [50-52]. Any particle 

with a mass less than 60 kDa may passively diffuse into the nucleus. The natural nuclear 

localization of sGFP and the use of a GFP fusion product with a total molecular mass less 

than 60 kDa could hamper a conclusion regarding true nuclear localization. The mass of 

NbWRKY and the fusion protein NbWRKY-sGFP was predicted using a bioinformatic tool 

(ExPASy [33]). The computational molecular mass estimation of NbWRKY is 37 kDa and 
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NbWRKY-sGFP is 64 kDa, suggesting that the molecular mass of the NbWRKY-sGFP 

fusion product exceeds the limit for passive transport into the nucleus. This finding leads to 

the conclusion that the NLS computationally identified in NbWRKY truly facilitates the 

translocation of sGFP to the nucleus. 

However, this initial study does not include an organelle staining/dye experiment for 

a specific subcellular localization comparison. The nuclear stain/dye study is therefore 

further required to precisely examine the nuclear localization of NbWRKY. A commonly 

used nuclear staining dye to use would be DAPI due to its strong binding to A-T rich regions 

in DNA. DAPI can pass through an intact cell membrane; therefore, it can be used to stain 

both live and fixed cells [53]. When bound to double-stranded DNA, DAPI has an absorption 

maximum at a wavelength 358 nm (ultraviolet) and its emission maximum at 461 nm (blue). 

Therefore, for fluorescence microscopy, DAPI is excited with ultraviolet light and is detected 

through a blue/cyan filter. DAPI’s blue emission is practical for using with a multiple 

florescent staining in a single sample. There is some florescence overlap between DAPI and 

GFP but the effect is small. In a future study, the use of DAPI staining of the leaf tissue 

sample containing the expressed NbWRKY-sGFP will allow the more precise analysis of the 

nuclear localization of NbWRKY protein. 
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4) The functional impacts of NbWRKY on RCNMV replication 

4.1) Pre-silenced NbWRKY promoted RCNMV replication at 24 hpi and increased 

RCNMV R1SG1-sGFP accumulation 

The NbWRKY gene was significantly down-regulated > 8 fold (α = 0.05) in N. 

benthamiana by TRV1:TRV2-NbWRKY VIGS vector system [54]. The silencing constructs 

TRV1:TRV2-NbWRKY were delivered to plant cells using an agroinfiltration method. The 

NbWRKY gene was pre-silenced 10 days prior to RCNMV inoculation.  

The expression of the pre-silenced WRKY gene remained down-regulated throughout 

72 hours of RCNMV infection (Figure 13). The pre-silenced NbWRKY affected RCNMV 

RNA-1 and RNA-2 replication (Figure 14) as well as R1SG1-sGFP accumulation (Figure 

15). The RCNMV RNA-1, the CP subgenomic RNA and RNA-2 levels were significantly 

increased > 4 fold at 24 hpi (α = 0.1). Also, R1SG1-sGFP accumulation was significantly 

increased > 3 fold after 3 days (α = 0.05). However, the pre-silenced NbWRKY significantly 

decreased RNA-1 and its subgenomic RNA accumulation > 5 fold in the first 6 hours of 

RCNMV infection (α = 0.1). At 12 hpi, both RNA-1 and RNA-2 levels were not affected by 

the pre-silenced NbWRKY. An interesting observation is that RNA-2 was significantly 

increased > 3 fold at 3 hpi, followed by decreasing > 5 fold at 6 hpi (α = 0.1). This result 

suggests that the pre-silenced NbWRKY does not promote RCNMV replication until a late 

infection phase at 24 hpi; however, it promotes RNA-2 replication as early as 3 hpi.  

The pre-silenced NbWRKY affected RCNMV replication and progeny RNA 

accumulation in a pattern similar to the effect caused by the pre-silenced NbSAR but with a 
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greater magnitude. RCNMV genomic and sub-genomic accumulation was increased 4 fold 

by the pre-silenced NbWRKY (Figure 14) compared to 2 fold by the pre-silenced NbSAR at 

24 hpi (Chapter 4 Figure 4). This evidence leads to the conclusion that the pre-silenced 

NbWRKY produces a higher positive impact on RCNMV replication than the pre-silenced 

NbSAR.  

The WRKY TFs are involved in regulating expression of many defense genes [55]. 

Also, individual WRKY TFs transcriptionally reprogram expression of more than one 

defense gene at a time. Given the possibility of NbWRKY functioning as a transcription 

regulator of more than one host defense gene, the pre-silenced NbWRKY could presumably 

govern host defense system on a larger scale than the pre-silenced NbSAR. This may explain 

why the pre-silenced NbWRKY produces a higher impact on RCNMV replication than the 

pre-silenced NbSAR. Another assumption is that NbWRKY and NbSAR expression is co-

regulated at the early stage of a RCNMV infection. I speculate that NbWRKY gene 

expression is correlated to NbSAR gene expression and NbSAR gene expression may be 

under the control of NbWRKY TF. This speculation is drawn from the evidence that 

AtWRKY53 and AtWRKY70 from A. thaliana both positively modulate SAR [56].  

Loss-of-function and gain-of-function studies in Arabidopsis have been pivotal in 

demonstrating that WRKY TFs control a complex defense response network as both positive 

and negative regulators [1]. The transient gene silencing study in this report demonstrates 

that the pre-silenced NbWRKY in N. benthamiana enhances host susceptibility toward 

RCNMV infection early (after 12 hpi), suggesting that the wild-typed NbWRKY functions as 
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a positive regulator of resistance against an RCNMV infection early. Considering that TF is 

an upstream regulator of gene expression, it suggests that a wild-type N. benthamiana host 

increases NbWRKY gene expression at 24 hpi in order to rapidly activate the expression of a 

wide range of defense-related genes for generating defense proteins or molecules which 

subsequently augment the launching of defense efforts against an RCNMV infection.  

 

4.2) Pre-overexpressed NbWRKY did not affect RCNMV replication 

In wild-type N. benthamiana, RCNMV infection triggers the activation of WRKY 

gene expression at 24 hpi. The pre-silenced NbWRKY increased RCNMV replication at 24 

hpi. My hypothesis is that NbWRKY is a positive regulator of host defense against RCNMV 

infection and the increased NbWRKY expression subsequently induces host defense gene 

expression. The increased NbWRKY expression is therefore driven by the host itself to 

launch the defense response against RCNMV. To test this hypothesis, I have also performed 

the NbWRKY gene overexpression experiment and studied its impact on RCNMV 

replication. 

The NbWRKY gene was overexpressed in N. benthamiana with the PZP212-

NbWRKY overexpression construct which was derived from the pRTL2 expression cassette 

and PZP212 binary vector system. PZP212-NbWRKY was delivered to plant cells along with 

the RNA silencing suppressor (PZP212-HCPro) using agroinfiltration method. Two days 

after agroinfiltration, the WRKY expression in leaves agroinfiltated with PZP212-

NbWRKY/PZP212-HCpro was significantly increased greater than 40 fold compared to the 
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control leaves which are agroinfiltrated with only PZP212-HCPro (α = 0.05) (Figure 16). The 

NbWRKY gene was overexpressed for two days prior to RCNMV inoculation.  

Pre-silenced NbWRKY increases host vulnerability to RCNMV infection. Therefore, 

one would expect that the overexpression of NbWRKY would enhance resistance toward 

RCNMV infection. However, it appears that overexpression of NbWRKY did not 

significantly affect RCNMV replication and progeny RNA accumulation between 3 to 24 

hours post RCNMV inoculation (Figure 17) (α = 0.1). This finding is the opposite of the 

assumed outcome based on the results from the NbWRKY gene silencing study. Several 

reasons contribute to this unexpected observation. The full-length NbWRKY protein used in 

this study may not properly function as a TF inside the host cells. This could be due to an 

improper protein conformation that was previously discussed in section 2.1. Despite the 

prediction that this full-length NbWRKY protein would be capable of folding into the proper 

conformation based on its similarity to AtWRKY1, this study does not experimentally 

confirm that the NbWRKY protein is able to bind/interact with its target DNAs and initiate 

their transcription processes. Although this study lacks the biochemical evidence of 

NbWRKY functioning as a TF, the GFP fusion tagging NbWRKY demonstrates that the 

protein product of full-length NbWRKY used in this overexpression study does localize 

inside the nucleus as previously discussed in section 3. 

If, on the other hand, the full-length NbWRKY protein is able to function properly as 

a TF, an alternative scenario may be that NbWRKY possesses opposing functions in 

regulating resistance toward RCNMV infection in wild-type N. benthamiana. This 
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assumption is drawn from the evidence that WRKY TFs from A. thaliana are involved in 

transcriptional reprogramming of plant defense gene expression in both directions, that is, as 

both positive and negative regulator, dependent on the invading pathogens. Dual 

functionality in defense signaling was observed for AtWRKY53 where mutants showed 

delayed symptom development against Ralstonia solanacearum while displaying increased 

susceptibility toward Pseudomonas syringae [57, 58]. Dual functionality was also suggested 

for AtWRKY41 with plants overexpressing AtWRKY41 showing enhanced resistance 

toward virulent Pseudomonas but decreased resistance toward Erwinia carotovora [59]. 

The pre-silenced NbWRKY increases host resistance toward RCNMV infection in the 

first 6 hours but dramatically decreases host resistance after 12 hours (Figure 14). This 

implies that NbWRKY may possess a dual regulatory function of the resistance toward 

RCNMV infection. The wild-typed NbWRKY may act as a negative regulator of the 

resistance toward RCNMV infection in the first 6 hours then shift its function to a positive 

regulator after 12 hours. This time-dependent response suggests that the dual functionality of 

NbWRKY may associate with the onset or duration of RCNMV infection.  

Given functioning as negative regulator of resistance in the first 6 hours in wild-type 

N. benthamiana, the overexpression of NbWRKY may already prime the negative regulation 

of resistance and so decreasing a defense response prior to RCNMV infection. Thus, one 

would expect an increasing accumulation of RCNMV RNA in the first 6 hours. However, 

NbWRKY studied in this project is not the only naturally occurring WRKY TF in N. 

benthamiana. The WRKY TF family is well known for its structural and functional 
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redundancy regulating plant defense response upon pathogen attack [56, 60]. Plants evolved 

this ability to ensure the proper function of essential upper layer transcriptional regulatory 

network. If NbWRKY is a prime negative regulator of the defense surveillance system, a 

continuously overexpressed NbWRKY gene will dramatically suppress plant immunity and 

place it in a very vulnerable state to any pathogen attack. To avoid this unexpected 

circumstance in the WRKY regulatory network, the redundancy of WRKY genes may 

compensate or overcome the consequences of NbWRKY overexpression by increasing other 

defense strategies. Therefore, the overexpressed NbWRKY in this study would not likely 

affect RCNMV RNA accumulation. Manipulation of WRKY gene expression by RCNMV 

may partly reveal the existence of redundancy within the WRKY TF family in N. 

benthamiana as reinforcement to the essential regulatory functions. In the case of the 

redundant WRKY genes that compensate when other WRKY gene functions are disturbed, 

gene mutation or gene downregulation experiments of more than one WRKY gene may 

prove to be more effective at manipulating host resistance to pathogen attack.  

The functional redundancy among structurally related WRKY family members has 

been observed in A. thaliana. For instance, AtWRKY53 and AtWRKY70 are both a positive 

modulator of SAR [56]. AtWRKY18, AtWRKY40, and AtWRKY60 form both 

homocomplexes and heterocomplexes and DNA binding activities were shifted depending on 

which WRKY proteins were present in these complexes [60]. Single WRKY mutant exhibits 

no or small alterations in response to Pseudomonas syringae and Botrytis cinerea. However, 

wrky18 wrky40 and wrky18 wrky60 double mutants and the wrky18 wrky40 wrky60 triple 

mutant were substantially more resistant to P. syringae but more susceptible to B. cinerea 
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than wild-type plants. Thus, the three WRKY proteins have partially redundant roles in plant 

responses to the two distinct types of pathogens, with WRKY18 playing a more important 

role than the other two. 

 

Conclusion 

 This study demonstrates that Nb04875, assigned the name NbWRKY, is a novel 

WRKY gene found in N. benthamiana. In a wild-type N. benthamiana, microarray and qRT-

PCR analysis indicated that NbWRKY expression was not increased until very late in an 

RCNMV infection at 24 hpi. It was previously found in Chapter 3 that at 24 hours RCNMV 

has completed its replication cycle in an initially infected cell and has begun second rounds 

of replication in neighboring infected cells. My hypothesis is that increasing NbWRKY 

expression is driven by the plant host, specifically, very late in the virus infection at 24 hours, 

in order to defend itself against RCNMV infection. However, the plant host does not make an 

effort to increase NbWRKY before 12 hours of RCNMV infection based on the assumption 

that NbWRKY has dual functionality as both a negative regulator of host defense in the first 

6 hours and a positive regulator after 12 hours. Increasing expression of NbWRKY  prior to 

12 hours of infection does not likely benefit plant well-being but only costs energy without 

profit in return as seen in the overexpression of NbWRKY experiment where over production 

of NbWRKY did not affect early RCNMV infection. This implies that a coordinated 

modulation of positive- and negative- acting host defense factors is an essential feature to 
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facilitate the proper amplitude and duration of plant defense response toward RCNMV 

attack. 

Some key questions remain to be addressed in the future investigations of NbWRKY 

and its impact on RCNMV replication. These key questions are: (i) what are the exact gene 

targets that are transcriptionally regulated by NbWRKY?, (ii) how are NbWRKY genes 

themselves regulated?, (iii) which cellular/nuclear component(s) does NbWRKY interact 

with during regulating resistance toward RCNMV infection?, and (iv) what other N. 

benthamiana WRKY genes/proteins might be co-regulated with NbWRKY during RCNMV 

infection, and what is the relationship/association between these co-regulated WRKY genes? 

The promoter analysis of the NbWRKY gene described in this study demonstrates that 

NbWRKY possibly contains at least three W-boxes that could potentially interact with 

WRKY TFs (Figure 11). This analysis is not experimentally confirmed but the computational 

evidence suggests that the transcription of NbWRKY may be regulated by itself in an auto-

feedback loop mechanism or by other WRKY TFs as a cross regulation.  
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Table 1 N. benthamiana WRKY (transcription factor) unigene annotation information. The 

N. benthamiana unigene nucleotide sequences are searched against GenBank non-redundant 

protein sequence database (nr) using a BLASTX method. The conserved WRKY DNA-

binding domain is identified by a search of the unigene sequences against GenBank 

conserved domain database (CDD). 

 

Unigene 

ID 
Annotation description 

Conserved  

WRKY domain  

(smart00774, 

pfam03106)* 

GenBank  

accession 

number 

E-value 

Nb00460 WRKY TF30  

(Capsicum annuum) 

no gi|209978913 7 X 10
-16

 

Nb03337 predicted WRKY TF13-like isoform X2 

(Citrus sinensis) 

no gi|568819978 4 X 10
-9

 

Nb04425 WRKY TF 

 (Capsicum annuum) 

no gi|254762128 8 X 10
-12

 

Nb04426 WRKY TF 

(Capsicum annuum) 

yes gi|254762128 1 X 10
-140

 

Nb04875 WRKY TF6  

(Solanum tuberosum) 

yes gi|156118328 4 X 10
-115

 

Nb05135 putative WRKY TF1a 

 (Coffea arabica) 

no gi|86155943 6 X 10
-64

 

Nb05865 predicted WRKY TF72-like          

(Solanum tuberosum) 

yes gi|565381839 2 X 10
-89

 

Nb05926 DNA-binding protein 2  

(Nicotiana tabacum) 

yes gi|4322940 1 X 10
-116

 

Nb06607 predicted WRKY TF22-like        

(Solanum tuberosum) 

yes gi|565345089 8 X 10
-26

 

Nb06938 WRKY1  

(Nicotiana benthamiana) 

yes gi|47176940 2 X 10
-82

 

Nb06939 WRKY3  

(Nicotiana benthamiana) 

yes gi|47176938 5 X 10
-49

 

Nb08344 predicted WRKY TF4-like isoform X2  

(Solanum tuberosum) 

yes gi|565366990 1 X 10
-99

 

Nb09029 predicted WRKY TF32-like        

(Solanum tuberosum) 

yes gi|565353448 1 X 10
-57

 

Nb09156 WRKY TF, WIZZ (wound-induced 

leucine zipper zinc finger)  

(Nicotiana tabacum) 

no gi|6472585 5 X 10
-59

 

Nb10179 WRKY TF2  

(Nicotiana benthamiana) 

yes gi|45239442 9 X 10
-116

 

Nb10180 DNA-binding protein 2  

(Nicotiana tabacum) 

yes gi|4322940 7 X 10
-153

 

Nb10247 predicted WRKY TF55-like  

(Solanum lycopersicum) 

yes gi|460390958 2 X 10
-124

 

Nb10311 predicted WRKY TF22-like  

(Solanum tuberosum) 

yes gi|565345089 6 X 10
-62

 

Nb10418 predicted  WRKY TF6-like  

(Solanum tuberosum) 

yes gi|565397153 4 X 10
-175

 

Nb10967 WRKY TF  

(Capsicum annuum) 

no gi|254762128 7 X 10
-37
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Table 1 Continued 

 

Unigene 

ID 
Annotation description 

Conserved  

WRKY domain  

(smart00774, 

pfam03106)* 

GenBank  

accession 

number 

E-value 

Nb11052 WRKY TF2  

(Capsicum annuum) 

yes gi|164666156 0.00 

Nb11159 predicted WRKY TF57-like isoform 1  

(Solanum lycopersicum) 

yes gi|460386766 4 X 10
-130

 

Nb11752 predicted WRKY TF48-like  

(Solanum tuberosum) 

yes gi|565375607 3 X 10
-25

 

Nb12332 predicted WRKY TF69-like isoform X1  

(Solanum tuberosum) 

yes gi|565364358 5 X 10
-135

 

 

* The accession numbers “smart00774 and pfam03106” are assigned to proteins containing 

WRKY DNA-binding domain. 

TF = transcription factor 
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Figure 1 Hierarchical clustering the differential microarray expression data of N. 

benthamiana WRKY genes at 2, 6, 12 and 24 hours post RCNMV inoculation (hpi). A 

differential expression of each host WRKY gene was computed from a subtraction between 

microarray expression data of RCNMV-inoculated plants (v) and mocks (m) at each time 

point of study. An asterisk (*) indicates a significant differential host gene expression at FDR 

cutoff of 0.01. Unigene ID is colored according to its cluster. The host WRKY gene 

expression patterns at 2, 6 and 24 hpi appear to be clustered in the same expression group 

according to the duration of infection. This clustering result suggests that the WRKY gene 

expression pattern at 12 hpi is left out. The distinct WRKY gene expression pattern at 12 hpi 

is likely a consequence of RCNMV migrating to neighboring cells, which was previously 

discussed in Chapter 3. 
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Table 2 Nb04875 has the top BLAST hits to WRKY transcription factors from various plant 

species. The unigene sequence Nb04875 was searched against the GenBank non-redundant 

protein sequence (nr) database using BLASTX. 

 
Species name BLASTX hit  

description 

GenBank  

Accession 

number 

Query  

coverage 

E-value Identity 

Solanum tuberosum 

(potato) 

StWRKY6 NP_001275414 96% 4 x 10
-115

 66% 

Nicotiana tabacum 

(tobacco) 

DNA-binding protein 4 AAF61864 

 

60% 3 x 10
-72

 63% 

Theobroma cacao 

(cocoa) 

WRKY70,  

putative isoform 1 

XP_007033512 

 

91% 1 x 10
-58

 42% 

Cucumis sativus 

(cucumber) 

WRKY70 NP_001267577 

 

64% 2 x 10
-55

 48% 

Jatropha curcas 

(Barbados nut) 

WRKY56 AGQ04250 

 

93% 1 x 10
-54

 41% 

Ricinus communis 

(castor oil plant) 

WRKY transcription 

factor, putative 

XP_002528697 85% 1 x 10
-54

 42% 

Morus notabilis 

(mulberry tree) 

putative WRKY 

transcription factor 70 

EXB74394.1 63% 6 x 10
-54

 44% 

Vitis pseudoreticulata 

(grapevine) 

WRKY transcription 

factor 

ACY69975.1 75% 1 x 10
-51

 41% 

Gossypium hirsutum 

(cotton) 

WRKY transcription 

factor 5 

AGV75930.1 89% 9 x 10-
49

 37% 

Gossypium hirsutum 

(cotton) 

WRKY transcription 

factor 31 

AIE43830.1 89% 4 x 10
-48

 37% 
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Table 3 WRKY (transcription factor) homolog sequence information. These genes were used 

in the multiple sequence alignments in Figure 2 in order to identify WRKY DNA binding 

domains and zinc finger motifs in Nb04875 and NbWRKY. This sequence information was 

retrieved from a BLAST result of Nb04875 and NbWRKY against the GenBank non-

redundant protein sequence database (nr) and conserved domain database (CDD). 

 

Species name 
GenBank 

accession ID 
Description 

Arabidopsis thaliana gi|56966912| 
Solution structure of C-terminal WRKY domain of 

Atwrky4 

Arabidopsis thaliana gi|18400580|  Putative WRKY transcription factor 17  

Arabidopsis thaliana gi|237769813|  
Putative disease resistance protein , WRKY DNA 

binding domain 

Arabidopsis thaliana gi|118137307| 

Crystal structure Of C-terminal WRKY domain of 

Atwrky1, SA-induced and partially Npr1-dependent 

transcription factor 

Arabidopsis thaliana gi|29839678| WRKY DNA-binding protein 46 

Arabidopsis thaliana gi|20978793| WRKY DNA-binding protein 39 

Arabidopsis thaliana gi|29839684| WRKY DNA-binding protein 29 

Arabidopsis thaliana gi|29839672| WRKY DNA-binding protein 14 

Arabidopsis thaliana gi|29839444| WRKY DNA-binding protein 22 

Arabidopsis thaliana gi|20978782| WRKY DNA-binding protein 18 

Arabidopsis thaliana gi|29839551| WRKY DNA-binding protein 41 

Avena sativa gi|4894963|  DNA-binding protein WRKY3 

Avena sativa gi|75215322| DNA-binding protein WRKY3 

Cucumis sativus gi|525507067|  Probable WRKY transcription factor 70-like  

Nicotiana benthamiana gi|110354649|  WRKY cDNA clone  

Nicotiana tabacum gi|7406997|  DNA-binding protein 4  

Nicotiana tabacum gi|14530681|  WRKY DNA-binding protein  

Nicotiana tabacum  gi|75213273| NtWRKY2 

Oryza sativa (Indica) gi|218193913|  
Hypothetical protein OsI_13911, WRKY DNA 

binding domain 

Oryza sativa (Indica) gi|125550704|  
Hypothetical protein OsI_18309, WRKY DNA 

binding domain 

Oryza sativa (Japonica) gi|46394316|  WRKY transcription factor 31  

Oryza sativa (Japonica) gi|57863827| Hypothetical protein WRKY DNA binding domain 

Oryza sativa (Japonica) gi|297607012|  
Hypothetical protein Os07g0273700, WRKY DNA 

binding domain 

Solanum tuberosum gi|156118328|  WRKY transcription factor 6 or StWRKY6 

Theobroma cacao gi|590653760|  WRKY DNA-binding protein 70, putative isoform 1  
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Figure 2 WRKY homolog multiple sequence alignment identifies WRKY DNA binding 

domain (WRKYGQK, blue box), zinc finger motif (Cx7Cx23HxC, brown box), and a 

nuclear localization signal (NLS) (KRRK, green box) in Nb04875 and NbWRKY. The 

WRKY homolog sequence information is described in Table 3. 

 

WRKYGQKNuclear localization 
signal 

(K-K/R-X-K/R) 

Zinc finger motif 
(Cx7Cx23HxC)
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Figure 3 A phylogenetic tree of WRKY homologs indicates StWRKY6 gene is the closest 

homolog to Nb04875 and NbWRKY (red label). The phylogenetic tree was constructed by 

ClustalW2-Phylogeny web application using UPGMA method and hdrC2 as a control. 

Homolog information and accession number used in this analysis is described in Table 3. 
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Figure 4 NbWRKY and Nb04875 both contain a nuclear localization signal (NLS). The NLS 

prediction was performed by the PSORT bioinformatic tool. The monopartite NLS pattern of 

the consensus four residue sequence K-K/R-X-K/R was detected in the conceptually 

translated NbWRKY and Nb04875 as K-R-R-K (green box). 
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Unigene ID 

(Query) 

Unigene 

assigned 

name 

BLASTX hit 
Accession 

number 

Query 

coverage 
E-value Identity 

Nb04875 

940 bp (313 aa), 

partial CDS 

NbWRKY 

StWRKY6 

(S. tuberosum) 

1036 bp (293 aa) 

complete CDS 

NP_001275414 96% 4 x 10
-115

 66% 

 

 
 

Figure 5 Nb04875 has a top BLAST hit to potato StWRKY6. The unigene sequence 

Nb04875 was searched against the GenBank non-redundant protein sequence (nr) database 

using BLASTX. The unigene Nb04875 has 66% sequence identity to StWRKY6 (potato). 

WRKY DNA binding domain is identified with a blue box. A nuclear localization signal 

(NLS) is identified by a green box. 
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acgaaacacaacatggagtctccgttgccggaaaagtcatcagctgatctgaaaagggca 

 T  K  H  N  M  E  S  P  L  P  E  K  S  S  A  D  L  K  R  A  

atcgacgggttaattcgtggccaggaattaacgcgccgattaaaagagataatcaaggaa 

 I  D  G  L  I  R  G  Q  E  L  T  R  R  L  K  E  I  I  K  E  

cctcttggtggtgaagttgcaaccattatggctgagaatttaattggaaaaattatgaat 

 P  L  G  G  E  V  A  T  I  M  A  E  N  L  I  G  K  I  M  N  

tcattttccgaaacactttccgtcataaactccggcgagtcggatgaggataccgccgaa 

 S  F  S  E  T  L  S  V  I  N  S  G  E  S  D  E  D  T  A  E  

gttaagtcgtcggaagattctagtggaagttgcaagagtacatcattcaaagatcgaaga 

 V  K  S  S  E  D  S  S  G  S  C  K  S  T  S  F  K  D  R  R  

ggattgtacaagagaaggaaaacttcagaaacaaacacaaaagaatcctcagatttggtg 

 G  L  Y  K  R  R  K  T  S  E  T  N  T  K  E  S  S  D  L  V  

gatgatggtcatgcttggagaaaatatggacaaaaacaaatcctccattccacttatcca 

 D  D  G  H  A  W  R  K  Y  G  Q  K  Q  I  L  H  S  T  Y  P  

aggcactattttaggtgcactcataaatatgataaaaaatgtcaagcaaccaagcaggtg 

 R  H  Y  F  R  C  T  H  K  Y  D  K  K  C  Q  A  T  K  Q  V  

cagaaaattcaagacaatccaccactattccggacaacatactatggaaatcacacatgt 

 Q  K  I  Q  D  N  P  P  L  F  R  T  T  Y  Y  G  N  H  T  C  

aaacctttccctagagtttctcaaataattttggatacccctattcatgccgattcctct 

 K  P  F  P  R  V  S  Q  I  I  L  D  T  P  I  H  A  D  S  S  

attctactttgttttgatcacaacaacaacaataattactcttcagtccaaaacgctaat 

 I  L  L  C  F  D  H  N  N  N  N  N  Y  S  S  V  Q  N  A  N  

cataattaccagccttatgatattcctacatttccctcaataaaacaggaaaccaaagag 

 H  N  Y  Q  P  Y  D  I  P  T  F  P  S  I  K  Q  E  T  K  E  

gaagtattccaaagatcatgtacttactatccaaaaatagaatatcaaaaccaatcatca 

 E  V  F  Q  R  S  C  T  Y  Y  P  K  I  E  Y  Q  N  Q  S  S  

aactctgattattttctacaagccaatgatgttcatctgagtactccggcagtatttgaa 

 N  S  D  Y  F  L  Q  A  N  D  V  H  L  S  T  P  A  V  F  E  

gcctccggcgaccacatggcggcggcattgtcgccggatgtcatatcatctggggtctat 

 A  S  G  D  H  M  A  A  A  L  S  P  D  V  I  S  S  G  V  Y  

tcttctcgtacgactagtacagataatcttgagattgatt 

 S  S  R  T  T  S  T  D  N  L  E  I  D       

 

Figure 6 Nb04875 nucleotide sequence (940 bp) is conceptually translated to 313 amino 

acids by using ExPASY translate tool and standard genetic code. The translation starts at 

frame 1 in the 5’ to 3’ direction. This translation frame was chosen because it includes a 

predicted start codon (M, red), a predicted NLS (KRRK, green), a predicted WRKY DNA 

binding domain (WRKYGQK, blue) and zinc finger motif (CX7CX23HXC, pink and 

italicized). The structure of the unigene Nb04875 is only a partial coding sequence missing 

the 3’ cDNA end.  
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Figure 7 Amino acid sequence comparison between the predicted full-length Nb04875 

cDNA (predFLNbWRKY) and the obtained clone (NbWRKY). The prediction for 

predFLNbWRKY was derived from the N. benthamiana genomic draft (Sol Genomic 

Network database). 

 

 

 

 
 

Figure 8 Amino acid sequence comparison between the obtained clone NbWRKY and the 

unigene Nb04875. NbWRKY clone has a 99% identity to the Nb04875 unigene, with only 

one amino acid difference from arginine (R) to lysine (K) (blue box). 
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Figure 9 Use of AtWRKY1 to predict NbWRKY three-dimensional protein structure. 

NbWRKY protein structure was predicted using the SWISS-MODEL web application. 

AtWRKY1 (2ayd.1.A) was used as the model template to predict NbWRKY protein structure 

since it shared the highest homology with 42.2% sequence identity.  A) NbWRKY tertiary 

structure prediction. A sequence alignment comparison between NbWRKY and AtWRKY1 

revealed that NbWRKY is capable of folding into a tertiary structure consisting of four β 

strands (arrow). The DNA binding domain with sequence pattern “WRKYGQK” is identified 

in the first β strand of AtWRKY1 and NbWRKY. QMEAN4 is model quality estimation. 

The blue shade shows a higher prediction quality and the orange shade is a lower prediction 

quality. The box in β1 indicates a conserved WRKY DNA binding domain motif. B) 

NbWRKY model quality. An overall estimation of NbWRKY model quality is based on the 

reference template AtWRKY1. Higher numbers (toward the blue region) indicates a higher 

model quality.  
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Figure 10 NbWRKY and Nb04875 three dimensional protein structure model prediction 

using SWISS-MODEL. The highest structure match to NbWRKY (A) and Nb04875 (B) is 

AtWRKY1 (C) and AtWRKY4 (D). One amino acid difference between NbWRKY (A) and 

Nb04875 (B) from arginine to lysine had no effect on protein folding.  

A) NbWRKY 3D model 

 

 

C) AtWRKY1 (2ayd.1A) 3D template model  

B) Nb04875 3D model 

D) AtWRKY4 (1wj2.1) 3D template model 
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Figure 11 NbWRKY promoter architecture predicted by PLACE bioinformatic tool. 

Promoter analysis was performed on the 1,500 bp region upstream from the predicted start 

codon of the NbWRKY gene. The upstream nucleotide sequence was retrieved from the N. 

benthamiana genomic draft (Sol Genomic Network database), scaffold ID 

Niben.v0.4.2.Scf16974 (NbWRKY hit region between10802-12451). Three W-box elements 

are identified in green text. Two TATA box elements are identified in red text. Three exons 

are identified with blue shading. Predicted start and stop codons are underlined. 
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Exon 1 

TATA 

box 

TATA 

box 

W-box 

W-box 

W-box 

Start codon 

       -1370     -1360     -1350     -1340     -1330     -1320     -1310     -1300     -1290     -1280  

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

AATTTCTGACGATATACTTTTATTGACAAGAAATCTCATCATACGTTTAAGATTACAACTTTTAAAAGCTAATATACAATTAAATAATGCTATATATGTA  

 

       -1270     -1260     -1250     -1240     -1230     -1220     -1210     -1200     -1190     -1180  

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ACTAGGGAATATGTGATGGTCCCTGTTAGAGGATGTAGCCTATTTTTGTTTTAGTTGTTTATAAACATTAAAGAACCGTTTCCAATTATTGAGATTGATG  

 

       -1170     -1160     -1150     -1140     -1130     -1120     -1110     -1100     -1090     -1080  

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ATCATGTGTACATATTCAACCATCAATTCTTTGTCTTATTTAGATTCCAAAATGCCCATCAATATTTCCATAATTAATTTTCAACCATCTCTTACAGTCC  

 

       -1070     -1060     -1050     -1040     -1030     -1020     -1010     -1000     -990      -980  

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ACAATTTGGAAAGGTCATTTTTGACATTGCAATGACAAGTTTTGTCTCTCTGTAATCCCCAAGGGATAAGGAAGGAAAATGAAATACTTGCAATTAAACA  

 

       -970      -960      -950      -940      -930      -920      -910      -900      -890      -880   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

GACAACTACCAGTAATTAATTATTCTTAAACAGCGATTAGCATTTGCCTTGCCAGGTGGCACATGGATGACGATACTAGGGTGACAACATCGGAAGAACG  

 

       -870      -860      -850      -840      -830      -820      -810      -800      -790      -780  

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

TAATCAGTAATGGCCTAAAACTCTCTTAACGCTCCTTGTGGCGCGTGCAAACCAGTGCTATTACATTATATTCCTCCCGAAGTGTTTGTTACAACTTTAC  

 

       -770      -760      -750      -740      -730      -720      -710      -700      -690      -680    

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

TCGGGAAGGTTTTTCCACTAAAAATGTCATTTTCTCTATAAAAACACAATGATATATACAAAGTTAAAGATGATTTCAATTCATAGTATTTAAATGATTT  

 

       -670      -660      -650      -640      -630      -620      -610      -600      -590      -580   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

TTATTGTTAAAAAAGGATAACAACAACTAATTGTTGATTCAAACAAACAATAAAATATTAGTATTGAGTAAGAGTTTTGATATTTGTAAATTAAAGGAAA  

 

       -570      -560      -550      -540      -530      -520      -510      -500      -490      -480   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

TGACTTGTATCTATAACCTAGAAGTTATTTTCACTTTTAATAATAATTGATGTAACTTTAAAATATATTGAGAATTTATTTTACAAAGATAAAAATACGT  

 

       -470      -460      -450      -440      -430      -420      -410      -400      -390      -380   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

CCAAGAAAATATTCTACATTCATAATATTTTTTATATCTCAAGTTATGTATTATCCTTTCCATTTCAGTCTGTTACAAAATTAATATCATATCTTTTATA  

 

       -370      -360      -350      -340      -330      -320      -310      -300      -290      -280   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

TTTAAAAATTTTAAAATTTTATTTTATTTTTAATGAAATACTTTATATTTATATAAATATTTATTTATTATTTTATACCATAAAATTTTTCCAAGAGGAA  

 

       -270      -260      -250      -240      -230      -220      -210      -200      -190      -180   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

TTCTTATTTTCAAATTTCTAAAAGTTTAATCAAATGCTGCACAAAATTTCATGGACGTCCAAAGTGGTCCCAATGGTTCGTGAACCTGATCCATCATTGT  

 

       -170      -160      -150      -140      -130      -120      -110      -100       -90       -80  

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

CTTAATCACTTGTGTGAAAAGATTCCACTAATGCGCGTGGGGTTCGTTTTCTCCACAAGCTAAGGCGAATTTTCCTTCTAAGCTTCCATTAATTTACTAA  

 

        -70       -60       -50       -40       -30       -20       -10        1         10        20   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

GAAATCACATTTTCTTACATATATATCCCCTCATGTTTTTGTAACTTGTTGCTACCTAATAGTTAAAACGAAACACAACATGGAGTCTCCGTTGCCGGAA  

 

         30        40        50        60        70        80        90       100       110       120   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

AAGTCATCAGCTGATCTGAAAAGGGCAATCGACGGGTTAATTCGTGGCCAGGAATTAACGCGCCGATTAAAAGAGATAATCAAGGAACCTCTTGGTGGTG  

 

        130       140       150       160       170       180       190       200       210       220   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

AAGTTGCAACCATTATGGCTGAGAATTTAATTGGAAAAATTATGAATTCATTTTCCGAAACACTTTCCGTCATAAACTCCGGCGAGTCGGATGAGGATAC  

 

        230       240       250       260       270       280       290       300       310       320    

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

CGCCGAAGTTAAGTCGTCGGAAGATTCTAGTGGAAGTTGCAAGAGTACATCATTCAAAGATCGAAGAGGATTGTACAAGAGAAGGTGATTTTATTACTTA  

 

        330       340       350       360       370       380       390       400       410       420    

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

CTCCTTTTTTACTGCTCCACTGTTTTATTATTAGTGAATGTCATAAATTATTTTCATGCAGGGTATTTTAGTCTCTTTATATTGATGGAGGACAAAGTAT  

 

 

        430       440       450       460       470       480       490       500       510       520    

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

TATACCTGTGCTCAAGCACGTTTTGATTTGGATTTAAATGTCTTTATTGGTTGATTGGTTCTCTTTTAGTCAATTATTGTGAAGTTAGGTTGGATTCTTG  
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Stop codon 

Exon 2 

Exon 3 

        530       540       550       560       570       580       590       600       610       620     

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ATGGTTATTGACTACTTTCTCCTTGAAAAAATACTAGAAATACAAAAAAGGGGATGATCCTTCTTGGTGATAATATTGGTTAAGATTTTCCATATTGAAT  

 

        630       640       650       660       670       680       690       700       710       720    

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

GATAATTTTCATATAGTTTATAGTATAAGTTGCAATAATCATGTAGCTCACTAGGTAAAGATAGATCTAAGAACAAGTGAATGAGTGTAAAATATCGTTA  

 

        730       740       750       760       770       780       790       800       810       820     

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

CGCCAGCTGTTTATTTATGAGAATGTGTTAGGAAATTTATTATCTCTAAAATACATCTACTCTGTAATTAAGTAATGTTATTTTAAGAACAAATTTCCTC  

 

        830       840       850       860       870       880       890       900       910       920    

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ATGAGTTATTTGGAAATTATTTCCTGCAGGAAAACTTCAGAAACAAACACAAAAGAATCCTCAGATTTGGTGGATGATGGTCATGCTTGGAGAAAATATG  

 

        930       940       950       960       970       980       990       1000      1010      1020    

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

GACAAAAACAAATCCTCCATTCCACTTATCCAAGGTTTGATTCCACAATTTATTTTAGTATTTTTATCCAATCAAGATAGTTATGTAATTATAGAGTAGG  

 

        1030      1040      1050      1060      1070      1080      1090      1100      1110      1120    

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

TGATATTATGTAATTAAGCATTCTATTTTTTTTATTATTAATGTTTGGTATATAAATGAATATGCAGGCACTATTTTAGGTGCACTCATAAATATGATAA  

 

        1130      1140      1150      1160      1170      1180      1190      1200      1210      1220   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

AAAATGTCAAGCAACCAAGCAGGTGCAGAAAATTCAAGACAATCCACCACTATTCCGGACAACATACTATGGAAATCACACATGTAAACCTTTCCCTAGA  

 

        1230      1240      1250      1260      1270      1280      1290      1300      1310      1320   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

GTTTCTCAAATAATTTTGGATACCCCTATTCATGCCGATTCCTCTATTCTACTTTGTTTTGATCACAACAACAACAATAATTACTCTTCAGTCCAAAACG  

 

        1330      1340      1350      1360      1370      1380      1390      1400      1410      1420   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

CTAATCATAATTACCAGCCTTATGATATTCCTACATTTCCCTCAATAAAACAGGAAACCAAAGAGGAAGTATTCCAAAGATCATGTACTTACTATCCAAA  

 

        1430      1440      1450      1460      1470      1480      1490      1500      1510      1520   

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

AATAGAATATCAAAACCAATCATCAAACTCTGATTATTTTCTACAAGCCAATGATGTTCATCTGAGTACTCCGGCAGTATTTGAAGCCTCCGGCGACCAC  

 

        1530      1540      1550      1560      1570      1580      1590      1600      1610      1620    

....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

ATGGCGGCGGCATTGTCGCCGGATGTCATATCATCTGGGGTCTATTCTTCTCGTACGACTAGTACAGATAATCTTGAGATTGATTTTGATTTTGAGGAGT  

 

        1630      1640      1650      1660      1670        

....|....|....|....|....|....|....|....|....|....|....|... 

CTCTTTGGAATTTTGAAGGGTACAATTCTTGAGTAGCTAATATTTGAGAGTGAAGTAG  

  



287 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Nuclear localization of NbWRKY protein. A modified green fluorescent protein 

derivative (sGFP) was used as a visual tag to identify the subcellular localization of the full-

length NbWRKY protein. The full-length NbWRKY protein was fused at its C-terminus to 

the sGFP tagging protein to generate NbWRKY-sGFP fusion protein. The localization 

constructs were agroinfiltrated into N. benthamiana leaves and the photographs were taken 2 

days after agroinfiltration with a confocal microscope. The images were scanned using three 

different filters (green = GFP, red = chloroplast auto fluorescence, and white/black = bright 

field). (A-D) shows a typical pattern of sGFP subcellular localization (control), images taken 

from a leaf agroinfiltrated with a mixture of PZP212-sGFP and PZP212-HCPro. A merged 

image of sGFP (D) shows that a florescence signal was accumulated inside the nucleus and 

cytoplasm. However, sGFP does not appear to localize to the chloroplast. (E-H) shows a 

characteristic pattern of NbWRKY-sGFP subcellular localization, images taken from a leaf 

agroinfiltrated with a mixture of PZP212-NbWRKY-sGFP and PZP212-HCPro. A merged 

image of NbWRKY-sGFP (H) indicates that a florescence signal was most concentrated 

inside the nucleus. 
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Figure 13 NbWRKY gene expression was suppressed in N. benthamiana by using TRV-

VIGS vector system. The silencing vector TRV1:TRV2-NbWRKY was delivered into plant 

cells by an agroinfiltration method. NbWRKY was pre-silenced 10 days prior to RCNMV 

inoculation. The pre-silenced NbWRKY plants were inoculated with RCNMV RNA-1/RNA-

2, and then harvested between 0 and 72 hours-post RCNMV inoculation (hpi). The qRT-PCR 

analysis showed that the expression of pre-silenced NbWRKY remained significantly 

repressed over 72 hpi (α = 0.05). Plants agroinfiltrated with TRV1:TRV2 10 days prior to 

RCNMV inoculation were used as the baseline controls in a student’s t-test statistical 

analysis. 
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Figure 14 Pre-silenced NbWRKY affected RCNMV RNA accumulation at 3, 6 and 24 

hours-post inoculation (hpi), but not at 12 hpi. The expression of NbWRKY was transiently 

knocked down by TRV1:TRV2-NbWRKY (TRV-VIGS system) 10 days prior to RCNMV 

inoculation. The pre-silenced NbWRKY plants were inoculated with RCNMV RNA-1/RNA-

2, and then harvested between 3 and 24 hours after RCNMV inoculation. RCNMV RNA 

levels were measured by using qRT-PCR analysis of three regions of the genome: 1) within 

the p88 coding region of RNA-1 (POL), 2) within the CP coding region of RNA-1 (CP) and 

3) within the MP coding region of RNA-2 (MP). The viral RNA accumulation was computed 

by a relative quantification method and displayed as % viral replication. Plants agroinfiltrated 

with TRV1:TRV2 10 days prior to RCNMV inoculation were used as the baseline controls in 

a student’s t-test statistical analysis. All data shown in this figure was significant at α = 0.1, 

except the data with an asterisk symbol (*). 
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Figure 15 Pre-silenced NbWRKY promoted RCNMV GFP accumulation at 3 days post 

inoculation. The expression of NbWRKY was transiently knocked down using the TRV-

VIGS system 10 days prior to RCNMV inoculation. The pre-silenced NbWRKY plants were 

inoculated with RCNMV R1SG1/RNA-2, and then harvested at 3 days after RCNMV 

inoculation. Plants agroinfiltrated with TRV1:TRV2 10 days prior to RCNMV inoculation 

were used as the baseline controls in a student’s t-test statistical analysis (α = 0.05). 
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Figure 16 NbWRKY gene was overexpressed in N. benthamiana by using PZP212 and 

pRTL2 vector system. The overexpression construct PZP212-NbWRKY was delivered into 

plant cells along with the RNA silencing suppressor construct PZP212-HCPro by an 

agroinfiltration method to constitutively express NbWRKY. The leaf samples were harvested 

2 days after agroinfiltration. Plants agroinfiltrated with only PZP212-HCPro were used as the 

baseline controls in a student’s t-test statistical analysis. The qRT-PCR analysis showed that 

the expression of NbWRKY gene was significantly increased greater than 40 fold (α = 0.05). 
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Figure 17 Pre-overexpressed NbWRKY did not affect RCNMV RNA accumulation at 6, 12 

and 24 hpi. The expression of NbWRKY was transiently overexpressed by agroinfiltrated 

PZP212-NbWRKY along with the RNA silencing suppressor construct PZP212-HCPro 2 

days prior to RCNMV inoculation. The pre-overexpressed NbWRKY plants were inoculated 

with RCNMV RNA-1/RNA-2, and then harvested between 6 and 24 hours after RCNMV 

inoculation. RCNMV RNAs were measured by using qRT-PCR analysis. The viral RNA 

accumulation was computed by a relative quantification method, and displayed as % viral 

replication. Plants agroinfiltrated with only PZP212-HCPro 2 days prior to RCNMV 

inoculation were used as the baseline controls in a student’s t-test statistical analysis. All data 

shown in this figure was not significant at α = 0.1. 
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Figure 18 N. benthamiana plant size selection for a gene over-expression study (A) and a 

gene silencing study (B). The plant size is compared to a US ten-cent coin (0.7 inch 

diameter). 
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Table 4 Oligonucleotide information used in Chapter 5. 

 

Name Sequence information 

Nb04875F CGTTGCCGGAAAAGTCATCA 

Nb04875R CGGAAAGTGTTTCGGAAAATGA 

GS04875F AATTTCTAGAGCTCAATCGACGGGTTAATTCGTG 

GS04875R AATTTCTAGAGCTCGCCTTGGATAAGTGGAATGG 

FL04875F AATTCCATGGGATCGATGGAGTCTCCGTTGCCGGAAAAGTC 

 

FL04875R AATTTCTAGATTACATCGATGCAGAATTGTACCCTTCAAAATTCC 

3’sGFP/XbaI GCTCTAGACGCGTTACTTGTACAGCTCGTCC 

RNA1-POLF TCACAAGGGTCAAATTCTCAAATCCT 

RNA1-POLR TGCTGCTTTTTGGTATAACTTCCTCTT 

RNA1-CPF ATGTCTTCAAAAGCTCCCAA 

RNA1-CPR CGCTCATGACTAACTGGGTA 

RNA2F CGCGTCTGATTGAGTTGGAAGTA 

RNA2R CTGCCTTGATGCTCGACAGTA 

TRV2F TTACTCAAGGAAGCACGATGAGC 

TRV2R GAACCGTAGTTTAATGTCTTCGGG 

TEVLeader80 CGAATCTCAAGCAATCAAGCATTC 

35sTERM ATAAGAACCCTAATTCCC 

ActF GTGACCTCACTGATAGTTTGA 

ActR TACAGAAGAGCTGGTCTTTG 
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Materials and Methods 

  

1) Plants 

N. benthamiana seeds were sowed in a tray and the two-week old seedlings were 

transplanted to individual pots. Seedlings and transplants were maintained in a temperature 

and light controlled environment at 26
o
C, 16 hour-light and 8 hour-dark period at NCSU 

greenhouses (Method Road). 

 

2) Plasmid DNA constructs 

RC169, R1SG1 and RC2 are plasmid DNA constructs containing the infectious 

cDNAs of RCNMV RNA-1, RCNMV RNA-1 with the sGFP in place of the CP and 

RCNMV RNA-2, respectively. All three plasmids were transformed into competent 

Escherichia coli DH5α in order to increase their copy number. The bacterial transformation 

procedure is as follows: 10 µl of competent bacterial cells were gently mixed with 1 µl 

plasmid DNA (at least 100 ng) in 0.5 ml microcentrifuge tubes, heat shocked at 42°C for 1 

min and immediately snap cooled on ice. 100 µl of LB broth containing 10 mM glucose was 

added to each tube and the transformants were plated onto LB agar containing ampicillin 

(100 µg/ml) and incubated at 37°C for 16-18 hours. Isolated colonies were picked from the 

LB agar plates and inoculated into 3 ml LB broth containing ampicillin (75 µg/ml) in a 14 ml 

culture tube (Falcon
TM

). The culture tubes were placed at an angled position in order to 

increase the surface area for oxygen exposure. The bacterial cultures were incubated at 37°C 

with shaking at 270 rpm for 16-18 hours. Plasmid DNA was isolated from the transformants 

using QIAprep Spin Miniprep Kit (Qiagen
TM

). 
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The silencing construct TRV2-NbWRKY utilizing the TRV VIGS system [61] was 

designed to down regulate NbWRKY expression in N. benthamiana. A 365 bp fragment of 

the NbWRKY gene was amplified from cDNA using OneTaq DNA polymerase [New 

England Biolabs (NEB
TM

), Ipswich, MA] according to the manufacturer’s protocol to 

generate construct GS-NbWRKY. First strand cDNA was synthesized using random primers 

(Promega
TM

) and total RNA extracted from RCNMV-infected plant tissue. The PCR primers 

used were GS04875F and GS04875R (Table 4). The PCR conditions for amplifying GS-

NbWRKY were as follows: 1) an initial denaturation cycle of 94
°
C for 30 sec, 2) 30 

amplification cycles of 94°C for 30 sec, 55°C for 30 sec and 68
°
C for 1 min, and 3) a final 

extension cycle of 68°C for 5 min. The PCR product was electrophoresed on a 1% agarose 

gel and isolated using the QIAquick Gel Extraction Kit (Qiagen
TM

). The gel purified 

amplification product was then cloned into the pGEM T-Easy vector (Promega
TM

) to produce 

construct pGEM T-Easy-GS-NbWRKY. The antibiotic used for pGEM T-Easy vector was 

ampicillin. The resultant construct was submitted for sequencing to confirm its completeness. 

The pGEM T-Easy-GS-NbWRKY was digested with restriction enzyme SacI (NEB) to 

release the insert which was gel electrophoresed and purified. This isolated product was then 

cloned into the TRV2 vector that was previously linearized with SacI and treated with 

Antarctic Phosphatase (NEB
TM

). This treatment is required to remove -PO4
3-

 from the 5’ end 

of SacI-TRV2 to prevent vector self-ligation (preventing the formation of 3’-5’ 

phosphodiester bonds) and so decreasing vector background. The ligation between GS-

NbWRKY fragment and TRV2 was performed according to the T4 DNA ligase protocol 

(NEB
TM

). The ligation mixture was transformed into competent E. coli DH5α and plated onto 
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LB agar plates containing kanamycin. A colony PCR technique using the primer set TRV2F 

(forward primer) and TRV2R (reverse primer) (Table 4) was used to identify TRV2 clones 

that contained the GS-NbWRKY insert. A positive plasmid was also confirmed by digesting 

with SacI. The resultant construct TRV2-NbWRKY was used for down regulating NbWRKY 

expression in N. benthamiana for a gene silencing study. 

The PZP212-NbWRKY construct was designed for overexpression of NbWRKY in 

N. benthamiana and is based on the pRTL2 expression cassette and the PZP212 binary 

vector. A full-length NbWRKY DNA (975 bp) was obtained via PCR using the same starting 

source material and conditions as mentioned above for the silencing construct with the 

following modifications: the PCR primers used were FL04875F and FL04875R (Table 4) and 

the extension cycle at 68°C was performed for 1 min 30 sec rather than the 1 min used 

previously. The PCR product was gel electrophoresed, purified and cloned into the pGEM T-

Easy vector as mentioned previously. The resultant construct pGEM-T-Easy-NbWRKY was 

verified by sequencing prior to digestion with NcoI and XbaI restriction enzymes (NEB
TM

). 

The digested product was gel electrophoresed, isolated, and subsequently cloned into the 

pRTL2 vector which had been linearized with NcoI and XbaI. A colony PCR was used to 

identify the pRTL2 clone that contained a full-length NbWRKY with the primer set of 

TEVleader80 and 35sTERM (Table). The pRTL2 construct containing the full-length 

NbWRKY was then verified by sequencing using sequencing primers TEVleader80 and 

35sTERM (Table). The resultant plasmid pRTL2-NbWRKY was digested with HindIII 

(NEB
TM

) to release the insert containing the full-length NbWRKY expression cassette. This 

isolated fragment was subsequently cloned into PZP212 linearized with HindIII and treated 
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with Antarctic Phosphatase (NEB
TM

). PZP212 is kanamycin resistant. The PZP212-

NbWRKY construct was used to constitutively express the putative full-length NbWRKY 

protein in N. benthamiana for a gene over-expression study. 

The PZP212-NbWRKY-sGFP construct was designed for subcellular localization 

study of NbWRKY. A full-length NbWRKY DNA was initially cloned into the RNA 

transcript expression vector pHST2-sGFP through the unique ClaI restriction site. The 

orientation of the clone was confirmed by a restriction analysis and the properly orientated 

construct was used as a template to amplify the NbWRKY-sGFP product using FL04875F 

and 3’sGFP/XbaI (Table 4). The PCR product was then cleaved with NcoI and XbaI and 

ligated into similarly digested pRTL2 to produce construct pRTL2-NbWRKY-sGFP. The 

nature of the construct was verified by sequencing and the expression cassette containing 

NbWRKY-sGFP was released by digestion with HindIII and subsequently cloned into 

PZP212 to yield construct PZP212-NbWRKY-sGFP.  

 

3) In vitro T7 RNA transcription 

Prior to transcription, plasmid DNA was linearized with SmaI (NEB
TM

) in a 100 µl 

reaction containing 10 µg plasmid DNA, 10 µl 10X NEB Buffer 4, 1 µl SmaI (20 units/µl), 

and dH2O up to 100 µl. 0.5 µl was taken from this reaction and mixed with 4.5 µl dH2O to 

use as a control prior to adding SmaI. The restriction reaction and control were incubated at 

room temperature overnight. The completeness of digestion was verified by gel 

electrophoresis on a 1% agarose gel with TAE buffer at 115 V for 45-50 minutes. A gel 

loading sample for the restriction reaction was set at 6 µl which was a mixture of 0.5 µl 
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restriction reaction, 1 µl 6X gel loading dye (0.25% bromophenol blue v/v, 0.25% xylene 

cyanol FF, 30% glycerol) and 4.5 µl dH2O. A gel loading sample for the control was also set 

at 6 µl which was a mixture of 5 µl control and 1 µl 6X gel loading dye. The gel was stained 

with in 1X TAE buffer containing ethidium bromide (2 µg/ml) for 1 minute and then rinsed 

with dH2O for 5-10 minutes. The gel was visualized and photographed under a UV 

transilluminator. The linearized plasmid DNA was phenol/chloroform extracted to remove 

the restriction enzyme and buffer and then precipitated with 0.3 M sodium acetate/2.5 

volumes 95% ethanol at -20°C. The linearized plasmid DNA was pelleted and resuspended 

in dH2O. The concentration and purity of this cleaned, linearized plasmid DNA was assessed 

by using a NanoDrop spectrophotometer. 

In vitro T7 RNA transcription was prepared according to MEGAscript® T7 

Transcription Kit (Ambion
TM

). The reaction volume was set at 20 µl total in a 0.5 ml 

microcentrifuge tube. The reaction components were assembled at room temperature to 

prevent template precipitation. The reagents were combined in the following order: nuclease-

free dH2O up to 20 µl, 2 µl ATP, 2 µl UTP, 2 µl CTP, 2 µl GTP, 1 µg linearized plasmid 

DNA template, 2 µl 10X reaction buffer and 2 µl T7 RNA polymerase. The assembled 

reaction was gently mixed and incubated at 37°C for 2 hours.  

The quality of the RNA transcripts obtained from the in vitro T7 transcription 

reaction was assessed by gel electrophoresis on a 1% agarose RNA gel in TAE buffer. The 

gel loading sample was set at 6 µl which was a mixture of 0.2 µl in vitro T7 transcription 

reaction, 3 µl 2X RNA loading dye (NEB), and 2.8 µl dH2O. The premixed gel loading 
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sample was heat shocked at 55
°
C for 1 min then snap cooled on ice. The 2X RNA loading 

dye and heating/snap cooling helps prevent formation of RNA secondary structure. The RNA 

gel was pre-run (prior to sample loading) at 90V for 15 mins. This pre-run method helps 

remove impurities from the RNA gel. The premixed gel loading sample was then loaded and 

the RNA gel was run at 90V for 50 min. The gel was stained, destained and photographed as 

above.  

 

4) RCNMV inoculum preparation and inoculation procedure 

RCNMV inoculum was prepared in a 110 µl volume per 1 plant. This 110 µl 

inoculum was a mixture of 1 µl in vitro T7 RNA-1 transcript (or 1 µl in vitro T7 R1SG1 

transcript), 1 µl in vitro T7 RNA-2 transcript and 108 µl inoculation buffer (10 mM sodium 

diphosphate, pH 7.2). The RCNMV transcripts were mechanically inoculated onto leaves 

(either healthy or previously agroinfiltrated; see below) by the following method. Firstly, 

leaves were lightly dusted with carborundum (abrasive) and 27 µl of the RCNMV transcript 

mixture was pipetted onto each of four leaves per plant. Secondly, the inoculum was 

mechanically and gently rubbed onto the adaxial side of the leaf. The inoculation was 

performed using a middle finger for rubbing and the other hand to support the leaf. The 

inoculated leaves were then rinsed with water to remove excess inoculum. Inoculated plants 

were maintained in a temperature and light controlled environment at 18-22°C, 16 hour-light 

and 8 hour-dark period at the NCSU greenhouses (Method Road).  
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5) Agrobacterium preparation and infiltration 

Agrobacterium based constructs (the silencing constructs TRV1, TRV2-NbWRKY, 

the overexpression construct PZP212-NbWRKY and the subcellular localization construct 

PZP212-NbWRKY-sGFP along with the RNA silencing suppressor construct PZP212-

HCPro) were transformed into Agrobacterium tumefaciens strain C58C1 using a BioRad 

electroporator. This strain is resistant to rifampicin and gentamicin. Transformed cells were 

plated onto LB agar plates containing rifampicin, gentamicin and a vector specific antibiotic 

(kanamycin for both TRV vectors and PZP212-based vectors) and then incubated at 28°C for 

48 hours. Due to rifampicin light sensitivity, the plates were wrapped with foil during the 

incubation period. Several clones were picked per plate and their identities confirmed by 

colony PCR as described above. Suitable colonies were cultured in 2 ml LB broth containing 

all three antibiotics and incubated at 28°C for 20 hours with shaking at 270 rpm. A 250 µl 

inoculum from this initial culture was then used to inoculate 5 ml LB broth containing 40 µM 

acetosyringone, 10 mM MES, pH 5.6, and all three antibiotics and then incubated at 28°C for 

20 hours with shaking at 270 rpm. This overnight culture was pelleted, resuspended in 

agroinfiltration buffer (10 mM MgCl2, 10mM MES, pH 5.6, 200 µM acetosyringone) to an 

OD600 reading ~ 1 and then incubated at room temperature for at least 3 hours prior to 

infiltration into plants.  

 For NbWRKY silencing experiments, Agrobacterium cultures of TRV1 and TRV2-

NbWRKY (or TRV2 for the control) were mixed at a 1:1 ratio immediately prior to 

infiltration into plants. For NbWRKY overexpression experiments, Agrobacterium cultures 

of PZP212-NbWRKY and the RNA silencing suppressor PZP212-HCPro (or PZP212-HCPro 
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alone for the control) were mixed at a ratio of 1:1 immediately prior to infiltration into plants. 

For subcellular localization experiments, Agrobacterium cultures of PZP212-NbWRKY-

sGFP (or PZP212-sGFP for the control) and the RNA silencing suppressor PZP212-HCPro 

were mixed at a ratio of 1:1 immediately prior to infiltration into plants. Agroinfiltration was 

performed on either 2-3 week old (silencing experiments; Panel B in Figure 18) or 3-4 week 

old (overexpression and subcellular localization experiments; Panel A in Figure 18) N. 

benthamiana plants with two leaves per plant being infiltrated by using a 1 ml needleless 

syringe on the abxial side of the leaf. Plants agroinfiltrated with a silencing construct were 

maintained in a temperature and light controlled environment at 26°C, 16 hour-light and 8 

hour-dark period at NCSU greenhouses (Method Road). Plants agroinfiltrated with an over-

expression construct and a subcellular localization construct were maintained in a 

temperature and light controlled environment at 18-22°C, 16 hour-light and 8 hour-dark 

period. Leaves infiltrated for the subcellular localization experiments were harvested 2 days 

after agroinfiltration and imaged via confocal microscopy (Cellular and Molecular Imaging 

Facility, NCSU). 

 

6) Total RNA extraction and cleanup 

 Leaves to be sampled in each experiment consisted of the following: four plants and 

two leaves per plant were used to represent the test condition (silencing or overexpression of 

NbWRKY) as well as the respective control (see above). Total RNA extracts isolated from 

the same plant were pooled to represent one biological replicate (4 biological replicates for 

the test condition and 4 biological replicates for controls). Leaf samples were collected either 
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2 days (overexpression experiments) or 10 days (silencing experiments) after agroinfiltration 

as well as various time points after RCNMV transcript inoculation for both types of 

experiments. 

Total RNA was extracted from 100 mg N. benthamiana leaf tissue samples according 

to the TRIzol protocol (Invitrogen
TM

), with a few modifications in the sample 

homogenization step. Plant tissue was kept in 1.5 ml microcentrifuge tubes containing 3 mm-

glass beads at -80°C. Samples were transferred to a liquid nitrogen bath and snap-frozen for 

at least 3 minutes. Tissue was homogenized by vigorously shaking the tubes for 20 seconds 

using a Silamat S5 mixer (Ivoclar Vivadent). 1 ml TRIzol reagent was immediately added to 

this ground tissue and then vigorously mixed using a vortex. The reaction was incubated at 

room temperature for 5 minutes in order to facilitate complete cell lysis and then centrifuged 

at 12,000 rpm for 10 minutes in order to isolate and precipitate foreign contaminant (e.g. dirt, 

insoluble material).  If samples were pooled in the experiment, 700 µl of the supernatant per 

sample was combined to the pool. Then 1 ml was drawn from the pool and further processed 

according to the TRIzol
TM

 protocol (Invitrogen
TM

). The final total RNA pellet was 

resuspended in 50 µl dH2O. The quantity and quality of the total RNA extract was evaluated 

by using the NanoDrop spectrophotometer and RNA gel electrophoresis, respectively. All 

total RNA extracts were stored at -20°C. 

Total RNA extracts destined for qRT-PCR analysis were treated with Turbo DNA-

free (Ambion
TM

) according to the manufacturer’s protocol to remove any residual input 

DNA. The 50 µl total reaction volume was a mixture of 10 µg total RNA, 5 µl 10X TURBO 
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DNase buffer, nuclease-free water up to 50 µl and 1 µl Turbo DNase I (2 units/µl) placed in a 

0.5 ml microcentrifuge tube. The reaction was assembled at room temperature and incubated 

at 37°C for 30 minutes. 5 µl DNase inactivation reagent was then added to the reaction, 

gently mixed and incubated at room temperature for 5 minutes with occasional flicking of the 

tube to redisperse the DNase inactivation reagent. The sample was centrifuged at 13,000 rpm 

for 1 minute 30 seconds and the supernatant transferred to a new tube and stored at -20°C. 

 

7) RNA quantification by real-time PCR (qRT-PCR) 

First strand cDNA synthesis was performed in a 50 µl total reaction volume 

consisting of 5 µl DNA-free total RNA (equivalent to ~1 µg total RNA), 14.25 µl dH2O, 5 µl 

10X GeneAmp® PCR Buffer II (Applied Biosystems
TM

), 11 µl 25 mM MgCl2, 10 µl dNTPs 

(2.5 mM each dNTP), 2.5 µl 50 µM random primers (Promega
TM

), 1 µl RNase inhibitor (20 

units/µl, Applied Biosystems
TM

) and 1.25 µl MultiScribe reverse transcriptase (50 units/µl, 

Applied Biosystems
TM

). The reaction was assembled in 0.2 ml PCR tubes at room 

temperature. A thermal cycler was used to incubate the cDNA synthesis reaction as follows: 

25°C for 10 minutes, 48°C for 30 minutes and 95°C for 5 minutes. The resultant first strand 

cDNA was stored at -20°C. 

SYBR Green-based quantitative real-time PCR (qRT-PCR) method was used in this 

study. The reaction volume was set at 10 µl which consisted of 2 µl first strand cDNA 

(equivalent to 40 ng total RNA), 4.4 µl dH2O, 0.3 µl forward primer (10 µM), 0.3 µl reverse 

primer (10 µM) and 5 µl 2X FastStart Universal SYBR Green Master ROX (Roche
TM

). The 

Taq polymerase of this SYBR Green master mix contains a hot start property which means 
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the PCR reaction will not start until the reaction is heated up to 95°C for 10 minutes. The 

reactions were setup in a 384 well plate (Applied Biosystems
TM

) at room temperature. The 

plate was centrifuged at 3000 rpm for 2 minutes prior to placement in the ABI7900 HT Fast 

real-time PCR system (Applied Biosystems
TM

). All PCR products were less than 200 base 

pairs. Annealing and extension steps were designed to occur in the same temperature range 

and so these steps were combined. The cycling condition was set as follows: 1 cycle at 95°C 

for 10 min (Taq polymerase activation) and 40 cycles at 95°C for 15 sec (denaturation)/55°C 

for 1 min (annealing and extension). An association analysis was also performed in order to 

test if there were any non-specific PCR products formed. The condition for the association 

analysis was set as follows: 1 cycle at 95°C for 15 sec, 60°C for 15 sec and 95°C for 15 sec. 

NbWRKY transcript levels were assayed using primers Nb04875F and Nb04875R 

(Table 4). RCNMV RNA levels were assayed with 2 primer pairs for RNA-1 and 1 primer 

pair for RNA-2 (Table 4):  1) RNA1-POLF and RNA1-POLR for probing RNA-1 at the 

polymerase (RNA-1 POL), 2) RNA1-CPF and RNA1-CPR for probing RNA-1 at the coat 

protein (RNA-1 CP) and 3) RNA2F and RNA2R for probing RNA-2 at the movement 

protein (RNA-2 MP).  

 

8) qRT-PCR data analysis  

A relative quantification, 2
-∆∆Ct

 method (equation 1) [62] was used to analyze qRT-

PCR data. Expression of the target gene was normalized against the expression of a reference 

gene. This method was aimed to correct “sample to sample variations” that occurred due to 

the differences in tissue weight used for extracting total RNA, total RNA extraction 



307 

 

 

procedure,  residual input DNA removal, cDNA synthesis and qRT-PCR reaction 

preparation. This enabled comparisons of RNA concentrations across different samples. 

Applied Biosystems SDS software version 2.4 was used to dissect real-time PCR data. Actin 

(primer set of ActF and ActR (Table 4)) was used as the reference gene to normalize the 

target gene that was performed within the same plate. Student’s t-test statistical analysis was 

used to examine the real-time PCR data. 

Equation 1 Relative quantification (RQ) using 2
-∆∆Ct

 method 

RQ = 2
-∆∆Ct 

-∆∆Ct = - (∆Ct (exp) - ∆Ct (control)) 

-∆∆Ct = - {[Ct (target gene) – Ct (reference gene)](exp)  -  [Ct (target gene) – Ct (reference gene)](control)} 

Ct = cycle threshold 

exp = experiment 

 

9) RCNMV sGFP quantification 

N. benthamiana plants were inoculated with a combination of in vitro T7 R1SG1 and 

RNA-2 transcripts. Ten plants and two leaves per plant were used for each test condition and 

each control. Leaf samples were harvested 3 days post inoculation. The GFP florescence 

intensity was analyzed by the IVIS imaging system and subjected to student’s t-test statistical 

analysis. 
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The IVIS Lumina System (Xenogen Corporation, Alameda, CA) is capable of 

quantifying photon emission from a variety of sources. A CCD camera measured and 

recorded photon emission data which was then incorporated into Living Image Software 

(Xenogen Corp.) for further analysis. Whole leaves were placed under the CCD camera and 

measurements were taken with a GFP excitation filter, and exposure time of 1 second.  
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Chapter 6 

 

Altered regulation of Nicotiana benthamiana basal transcription 

factor 3 (NbBTF3) expression early in a Red clover necrotic 

mosaic virus infection 

 

Chapter summary 

Herein, I report a study on the regulation of Nicotiana benthamiana basal 

transcription factor 3 (NbBTF3) gene expression early in the Red clover necrotic mosaic 

virus (RCNMV) infection process. The microarray study and qRT-PCR analysis described in 

Chapter 3 confirmed that the host NbBTF3 gene expression was increased at 6 hours post 

RCNMV inoculation. An NbBTF3-GFP fusion protein translocated to the nucleus. NbBTF3 

was further functionally assayed for its effects on RCNMV infection by both transient gene 

silencing and gene overexpression in N. benthamiana. These functional assays suggest that 

NbBTF3 expression was up-regulated by the plant host in an attempt to combat the RCNMV 

infection.   
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Abstract 

Plant viruses are minimalist pathogens that are required to not only co-opt host 

processes to produce a successful infection, but also to defeat a plant’s defense response. The 

plant’s ability to respond to a viral pathogen early in the infection process is critical to its 

survival. Many of the physiological changes that occur during this critical early phase of the 

infection remain unknown. The transcriptome from Red clover necrotic mosaic virus 

(RCNMV) infected Nicotiana benthamiana (Nb) was examined very early in the infection 

process utilizing a custom Nb array. A custom microarray representing an estimated 

coverage of ~38% of the Nb genome was developed. Host transcriptome profiles were 

analyzed at 2, 6, 12 and 24 hours post-inoculation (hpi) with RCNMV. The vast majority of 

host genes, whose expression was altered early in the infection process, were significantly 

down-regulated at 2, 6 and 24 hpi but up-regulated at 12 hpi at an FDR cutoff of 0.01. 

However, one gene, NbBTF3 (basal transcription factor 3) exhibited the opposite trend with 

increased expression at 2 and 6 hpi followed by a dramatic suppression at 12 hpi followed by 

a gradual increase again at 24 hpi. Furthermore, transiently silencing NbBTF3 expression in 

N. benthamiana increased RCNMV RNA accumulation while overexpression decreased 

RCNMV RNA accumulation. This suggests that early up-regulation of NbBTF3 expression 

in N. benthamiana is an attempt to suppress RCNMV infection. Localization studies revealed 

that NbBTF3 is predominantly translocated to the nucleus, suggestive of its function as a 

transcription regulator of host defense gene expression. Surprisingly, transient silencing was 

reversed by RCNMV infection after 12 hours indicating that RCNMV may actually require 
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NbBTF3 for a part of the infection process. Collectively, these observations lead to the 

scenario where NbBTF3 expression is enhanced early in the infection process as an 

immediate (albeit, ultimately futile) defense response against RCNMV infection which the 

virus has exploited to the point where NbBTF3 expression actually becomes a crucial part of 

the RCNMV infection process.  

Keywords; BTF3, basal transcription factor 3, Nicotiana benthamiana, RCNMV 

 

Introduction 

Plant viruses are intracellular obligate pathogens that require various host factors for 

multiplication and movement while also needing to defeat plant host defense factors [1]. 

Many events and interactions during the critical early period of a virus infection where the 

plant responds to the attack remain unknown. This chapter is aimed at studying the earliest 

initial defense strategy that plants employ to defend against virus infection. To elucidate 

these early virus-host interaction events, this study uses the ubiquitous plant virus host 

Nicotiana benthamiana and Red clover necrotic mosaic virus (RCNMV, a typical plus strand 

RNA plant virus). A custom microarray representing approximately 13,000 host genes with 

an estimated coverage of ~38% of the N. benthamiana genome was created and used to 

monitor the differential gene expression pattern for thousands of genes simultaneously. The 

manufacturing of the microarray was described in Chapter 2. Host transcription profiles were 

analyzed early in an RCNMV infection at 2, 6, 12 and 24 hours post inoculation (hpi). The 

microarray study in Chapter 4 revealed that host apoptosis was a primary and acute host 
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defense response in N. benthamiana against RCNMV early in the infection. Apoptosis is a 

programmed cell death that results in the visible phenotype known as a hypersensitive 

reaction (HR). Plant HR-induced cell death is known for its “walling off” effect occurring at 

the initial site of infection to prevent the virus infection from spreading to and infecting 

neighboring healthy plant cells. HR cell death is associated with viral resistance genes. Other 

genes that do not belong to theses resistance gene clusters may support HR cell death via 

protein-protein interactions, co-transcriptional activation, and modulating signaling pathways 

[2-4]. This study is aimed at identifying and characterizing a transcription factor involved in 

regulating the transcription of HR-related genes. The main assumption underlying this study 

is that host transcription factors impact HR-induced cell death pathway activation. Host gene 

Nb09394 (and its putative product NbBTF3 or N. benthamiana basal transcription factor 3) 

was selected from a microarray study (Chapter 3) for further study in this chapter due to its 

highly up-regulated levels at 6 hpi, its known involvement in co-regulating other HR-defense 

genes [5] and its initial characterization as a transcription factor [6]. 

BTF3 (β-NAC) was first identified in HeLa cell extracts as one of the basal or general 

transcription factors involved in initiation of transcription from class II promoters [6]. The 

BTF3 transcription factor is required for RNA polymerase II-dependent transcription. 

However, BTF3 was later found to also be a β-subunit of nascent-polypeptide-associated 

complex (NAC) that has been implicated in regulating protein localization during translation. 

NAC is a heterodimer of α (α-NAC) and β (β-NAC) subunits. NAC binds to ribosome-

associated nascent polypeptide chains as they emerge from the ribosomal complex [7]. NAC 

controls targeting of nascent proteins to their correct subcellular locations by preventing 
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inappropriate interactions with signal recognition particles (SRP) and thereby inhibiting the 

targeting of non-secretory proteins to the endoplasmic reticulum [8]. NAC is also associated 

with other processes including stimulating protein import into yeast mitochondria [9]. NAC 

is a highly conserved protein complex that is present in many organisms including human, 

mice, yeast (Saccharomyces cerevisiae), fruit fly (Drosophila melanogaster) and plants [10]. 

NAC is an abundant cytosolic protein [10]. Consistent with the general roles of NAC in the 

ribosome, NAC predominantly localizes to the cytosolic region where it is involved in 

contacting the ribosome and gaining access to nascent polypeptides in mammalian cells. The 

diverse functions of the α- and β-subunits of NAC indicate that they may simultaneously 

exist in, or move between, two or more different subcellular locations such as the nucleus, 

cytosol and mitochondria [11]. 

Yeast mutants lacking NAC have only slight defects in growth and morphology [12]. 

NAC mutations in mice and fruit flies exhibit an embryonic lethal phenotype [13, 14]. 

Human BTF3 protein was found to be decreased in Burkitt’s lymphoma and Jurkat T-cells 

within 6 hours of inducing apoptosis suggesting that human BTF3 is an apoptosis-associated 

protein and a potential candidate for controlling apoptosis in B-lymphocytes [11]. In 

Caenorhabditis elegans, the inhibitor of cell death-1 gene (ICD-1) that encodes the β-NAC 

functions in preventing apoptosis. RNA silencing (or RNA interference; RNAi) of ICD-1 

induces inappropriate apoptosis, whereas over expression of ICD-1 inhibits apoptosis [15]. 

This study also reported that ICD-1 protein is localized to the mitochondria, not to the 

nucleus or cytosol. 
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In plants, BTF3 or NAC functions are not yet fully understood in terms of ribosome- 

or non-ribosome associated functions. Arabidopsis BTF3 interacts with the translation 

initiation factor (iso)4E (eIFiso4E) in a yeast two-hybrid system and might be associated 

with the regulation of translation initiation [16]. Inhibition of rice Osj10gBTF3 (Oryza sativa 

L. subsp. japonica) resulted in plant miniaturization and pollen abortion. The 

Osj10gBTF3::EGFP (enhanced green fluorescent protein) fusion protein was localized to 

both the nucleus and the cytoplasmic membrane system [17]. Silencing of the wheat 

(Triticum aestivum) BTF3, TaBTF3, suggests that it is associated with the development of 

the wheat chloroplast and mitochondria as well as the structure of mesophyll cells [18]. 

Silencing TaBTF3 also impairs tolerance to freezing and drought stresses. Subcellular 

localization studies revealed that TaBTF3 was mainly located in the cytoplasm and nucleus 

[19]. 

One study demonstrated that N. benthamiana BTF3 (NbBTF3) predominantly 

localizes to the nucleus but not to the cytosol and silenced NbBTF3 plants exhibit an 

abnormal developmental phenotype [20]. NbBTF3 silencing also represses the transcript 

levels of some plastid- and mitochondria-encoded genes. It was observed that BTF3 

deficiency in N. benthamiana plants preferentially affected the development and/or 

physiology of chloroplasts and mitochondria [20]. NbBTF3 was up-regulated 2 fold in plants 

challenged with AC2 protein from the begomovirus Tomato chlorotic mottle virus [21]. In 

pepper (Capsicum annuum), CaBTF3 was shown to be involved in HR cell death upon 

Tobacco mosaic virus (TMV) infection and could function as a transcription factor in the 

nucleus by transcriptional regulation of HR-related gene expression [5]. 
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Collectively these observations lead to the main hypothesis of this study that NbBTF3 

is associated with HR-mediated cell death or involved in the biotic stress response as a 

transcription factor in the nucleus early in the RCNMV infection process. In this study, the 

NbBTF3 expression pattern was analyzed during an RCNMV infection within 24 hpi. 

Additionally, the subcellular localization of NbBTF3 and the effect of silencing and 

overexpression of NbBTF3 on RCNMV infection efficiency were also investigated.   

 

Results and discussion 

1) RCNMV infection up-regulated N. benthamiana basal transcription factor 3 

(NbBTF3) gene expression at 6 hpi 

The microarray study of the modulation of N. benthamiana gene expression early in 

an RCNMV infection described in Chapter 3 revealed that host NbBTF3 gene expression 

gradually increased after 2 hours and reached a peak at 6 hours (Figure 1). NbBTF3 gene 

expression then dramatically subsided at 12 hpi and started rising again at 24 hpi. The 

microarray study also indicated that RCNMV takes 12-24 hours to complete its infection 

within a primary infected cell and the first 12 hours of infection is a critical point when 

RCNMV begins movement to the adjacent cells. The increased expression of NbBTF3 at 6 

hpi was also confirmed by quantitative real-time PCR (qRT-PCR) analysis (Figure 1). A 

dramatic drop in NbBTF3 expression at 12 hpi is likely concordant with the RCNMV 

infection migrating to the adjacent cells. The rising expression of NbBTF3 at 24 hpi confirms 

a repeat expression pattern of the first 6-12 hours expression in secondarily infected cells.  
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Considering that the vast majority of host genes are down regulated within the first 6 

hours of an RCNMV infection (described in Chapter 3), the enhanced expression of NbBTF3 

during this critical early period is an unexpected observation. A previous study by Su et al., 

2012 [5] demonstrated that CaBTF3 and NbBTF3 are associated with the activation of an 

HR, which is caused by host programmed cell death. Silencing of NbBTF3, a gene nearly 

homologous to CaBTF3, led to reduced Bax- and Pto-mediated cell death. Responding to a 

virus infection with an HR triggered cell death is a standard two pronged defense strategy: (i) 

inhibition of viral spread from the original or primary infected cells via a “walling off effect” 

and (ii) signaling to establish a longer lasting defense to protect the entire plant against 

further systemic infection via systemic acquired resistance (SAR). Plants silenced for 

expression of CaBTF3 exhibited reduced HR cell death and decreased expression of some 

HR-related genes upon TMV infection, but increased TMV coat protein levels compared 

with control plants. This led to my speculation that increased NbBTF3 gene expression 

observed in the first 6 hours of an RCNMV infection is an integral part of the plant defense 

strategy against RCNMV.  

The central hypothesis of this chapter is that altering the potential interaction between 

the host NbBTF3 gene and RCNMV during the infection process will affect the efficiency of 

RCNMV replication. To test this hypothesis, NbBTF3 will be transiently silenced and 

overexpressed to assay its effects on RCNMV replication by: (i) measurement of viral RNA 

accumulation via quantitative real-time PCR (qRT-PCR) and (ii) measurement of GFP (by 

IVIS fluorescence imaging assay) produced by an RCNMV construct that expresses GFP in 

place of the coat protein as an indicator for viral gene expression levels. 
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2) NbBTF3 (Nb09394) sequence analysis and functional annotation 

The N. benthamiana NbBTF3 gene is represented by microarray unigene ID (probe 

ID) Nb09394. The custom microarray was originally created from a collection of 13K N. 

benthamiana unigenes. The details of the unigene collection and microarray construction are 

thoroughly described in Chapter 2. A homology search of the Nb09394 sequence against the 

GenBank non-redundant protein sequence (nr) database using BLASTX [22, 23] revealed 

that the Nb09394 top five BLAST hits were to basal transcription factor 3 (BTF3) from 

tobacco, pepper, potato and tomato (Table 1). The Nb09394 nucleotide sequence produces a 

peptide of 160 residues (ExPASy tool [24]) (Figures 2 and 3) [20]. This complete coding 

sequence information was later used to design a primer for the full-length NbBTF3 cDNA in 

sections 5 and 6 for gene over expression and subcellular localization studies, respectively. 

Nb09394 encodes a peptide that has a 100% residue identity to N. benthamiana BTF3 

GenBank ID ABE01085.1, with an E-value = 3 x 10
-67

 (Figure 2). A homology search 

against GenBank conserved domain database [25], revealed a NAC in Nb09394. Therefore, 

Nb09394 is assigned the protein name NbBTF3. NbBTF3 is predicted to be 160 residues in 

length with a molecular weight of 17.35 kDa (ExPASy [24]).  

 

3) Silencing of the NbBTF3 gene was reversed 12 hours after RCNMV infection 

N. benthamiana NbBTF3 gene expression was silenced in N. benthamiana using the 

Tobacco rattle virus (TRV) derived viral induced gene silencing (VIGS) vector 

TRV1:TRV2-NbBTF3 system [26, 27]. The silencing constructs TRV1:TRV2-NbBTF3 was 
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delivered to plant cells using an agroinfiltration method. Silencing of the N. benthamiana 

phytoene desaturase (NbPDS) gene was used a positive control for this silencing study [28].  

NbPDS is a key enzyme in the carotenoid biosynthesis pathway that converts phytoene to 

zeta-carotene [29]. Silenced NbPDS causes a visible leaf bleaching 5 days after 

agroinfiltration (Figure 5). Interestingly, silencing of NbBTF3 also causes a leaf chlorosis 

(leaf yellowing) approximately 5 days after agroinfiltration and the plants are slightly smaller 

in size compared to the various controls (wild-type, buffer infiltrated and TRV1:TRV2 

agroinfiltrated plants; Figure 5). This suggests that NbBTF3 affects plant photosynthesis and 

growth. Yang et al., 2007 [20] revealed that NbBTF3 was involved in chloroplast 

development when silenced NbBTF3 produced a severe abnormality in chloroplast 

morphology which likely explains the leaf chlorosis phenotype. 

The NbBTF3 gene was silenced 10 days prior to RCNMV inoculation. Silencing 

reduced the expression levels of NbBTF3 greater than 2 fold compared to the TRV1:TRV2 

negative control (Figure 4). Expression levels of NbBTF3 were then monitored over the first 

3 days of an RCNMV infection. Plants were harvested at 0, 12, 24 and 72 hours after 

RCNMV inoculation with NbBTF3 expression levels assayed by qRT-PCR (Figure 4). 

NbBTF3 expression remains suppressed 4 fold until 12 hours after RCNMV inoculation. 

Beginning at 12 hrs and continuing for 72 hours, NbBTF3 silencing was reversed and 

expression increased 8 fold.  

The reversal of NbBTF3 silencing during an RCNMV infection was unexpected and 

raises the question of whether silencing reversal is unique to NbBTF3 or is this also the 
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response for a large suite of host genes?  It is possible that one or more suppressors of RNA 

silencing encoded by RCNMV may be partially or completely responsible for the reversal of 

NbBTF3 silencing upon virus infection [30, 31]. As is widely known, plant viruses carry an 

array of host gene silencing suppressors (viral suppressors of RNA silencing or VSRs) as a 

counter defense to the host’s defense system (32) [32]. RNA silencing is also important for 

host mRNA turnover [33, 34] and regulates host gene expression at the post-transcriptional 

level. If virus suppressors function to disrupt the RNA silencing function, this leads to an 

unspecific disturbance in host gene expression. Consequently, I hypothesized that the 

reversal of NbBTF3 silencing resulted from the action of RCNMV encoded VSRs produced 

during the infection. To test this hypothesis, the expression of NbWRKY (WRKY 

transcription factor), NbSAR (systemic acquired resistance), and NbSI (sterol isomerase) 

were transiently silenced in N. benthamiana using the TRV VIGS system. These genes were 

pre-silenced 10 days prior to RCNMV inoculation. The expression of these silenced genes 

was assayed between 0-72 hours post inoculation (hpi) by using qRT-PCR analysis. The 

expression levels of NbWRKY, NbSAR and NbSI all remained suppressed through 72 hpi 

(Figure 4). The fact that the suppression of these three genes was not reversed by an 

RCNMV infection suggests that the reversal of silencing is not a universal phenomenon but 

rather specifically targeted to NbBTF3 for its enhanced expression. 

The step(s) in the N. benthamiana silencing pathway that are affected by the two 

characterized RCNMV VSRs [30, 31] remains unknown. There are 11 RNAi-related 

unigenes on the N. benthamiana microarray chip. The functional annotation of these RNAi-

related unigenes is described in Table 2. Most are annotated into the N. benthamiana 
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argonaute protein group or N. tabacum regulators of gene silencing. A heat map displaying 

the differential gene expression of these RNAi-related host genes from the microarray study 

described in Chapter 3 is shown in Figure 11. This differential expression is a subtraction of 

gene expression between RCNMV-infected plants and mocks at 2, 6, 12 and 24 hpi. Only 

one RNAi-related host gene was significantly decreased at 24 hpi at an FDR cutoff of 0.01. 

The expressions of the majority of the host RNAi-related genes were unchanged early in the 

RCNMV infection process. This suggests that RCNMV does not elicit or directly suppress 

the expression of RNAi pathway components. 

This raises the important question of just exactly how does RCNMV prevent the 

activation of the majority of RNAi-related genes during an infection, given that virus 

replication triggers host RNAi defense responses [35]? The lack of activation of most RNAi-

related host genes implies that RCNMV VSRs either target genes downstream in the RNAi 

pathway or they don’t directly interact with host components per se. To further investigate 

this assumption, an RCNMV mutant is required that is capable of infection but has either one 

or both of the suppressor activities abolished. This would seem highly doubtful given that 

one set of VSRs are the replication proteins (p27 and p88). Thus, more investigation will be 

necessary to determine: 1) how the  RCNMV VSRs manipulate host RNAi-related activity 

and 2) does RCNMV disruption of the host RNAi pathway have an impact on the RNAi-

induced degradation of host mRNA? 

 If the RCNMV VSRs are not responsible for the reversal of silencing effect seen with 

NbBTF3, what other explanation is plausible for this observed effect? One alternative 
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hypothesis is that RCNMV accelerates the rate of NbBTF3 transcription, resulting in a 

transcription rate that exceeds the degradation rate due to TRV VIGS silencing. This 

hypothesis is partially based on microarray and qRT-PCR analysis showing that host 

NbBTF3 gene expression was up-regulated at 2 hours post RCNMV inoculation and reached 

its highest expression level at 6 hours in wild-type N. benthamiana plants (Figure 1). I further 

hypothesized that the transcription rate exceeds the turnover rate of the silenced NbBTF3 

leading to an overall increase in NbBTF3 transcript accumulation upon virus infection. To 

test this hypothesis, measurement of the NbBTF3 transcription rate is required in the future 

study. The qRT-PCR analysis is not appropriate for this purpose because it measures a 

quantity of mRNA at its steady state. A nuclear run on assay is one method to investigate the 

transcription rate for a gene of interest. 

 A second alternative hypothesis might be that instead of combating the production of 

NbBTF3, RCNMV has evolved into actually taking advantage of this defense response gene 

product by incorporating it into the infection process. The microarray data suggest that 

RCNMV replication is unaffected by the increase in NbBTF3 expression. However, at 12 

hpi, NbBTF3 expression is curtailed, presumably since its expression is no longer beneficial 

to the RCNMV infection process. Upon re-initiation of infection in neighboring cells, 

NbBTF3 expression levels are allowed to elevate once again, in a manner beneficial to 

RCNMV. This alternative temporal hypothesis will be explored further in the next sections. 
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4) Pre-silenced NbBTF3 promoted RCNMV replication in the first 12 hours 

The N. benthamiana NbBTF3 gene expression was transiently silenced by the 

TRV1:TRV2-NbBTF3 VIGS system 10 days prior to RCNMV inoculation. The silencing of 

NbBTF3 affected RCNMV RNA-1 and RNA2 replication (Figure 6) as well as R1SG1-sGFP 

accumulation (Figure 7). The silencing of NbBTF3 increased RNA-1 and subgenomic RNA 

(sgRNA) accumulation in the first 6 hours > 2 fold. The RNA-1 CP RNA increased >2 fold 

at 6 hpi but appeared to be the first RCNMV RNA to be decreased > 3 fold as early as 12 hpi. 

By 24 hours, RCNMV RNA-1, CP sgRNA and RNA-2 levels were all dramatically 

decreased by > 10 fold. Also, R1SG1-sGFP accumulation was decreased > 2 fold after 3 

days. 

This leads to the assumption that the silencing of NbBTF3 affects RCNMV 

replication in two different ways depending on the time point in the infection process being 

examined. The silencing of NbBTF3 presumably promotes RCNMV replication in the first 

12 hours, but impedes replication between 12-24 hours as well as decreasing R1SG1-sGFP 

accumulation at 3 days. These observations might give credence to the second alternative 

hypothesis as NbBTF3 may be essential to the later stages of the RCNMV infection process. 

When NbBTF3 expression is silenced, RCNMV replication is enhanced up to 12 hpi by 

limiting the defense response to RCNMV until NbBTF3 becomes necessary for the rest of 

the infection process. At this point of the infection, NbBTF3 levels are limited and the 

RCNMV infection stalls as evidenced by decreasing genomic RNA as well as sgRNA levels. 

This is also reflected in the decreased production of sGFP from R1SG1 (via a sgRNA) after 3 
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days as R1SG1 does not replicate to as high a titer as wild-type RNA-1 and my not overcome 

the initially limiting conditions. Conversely, the increase in RCNMV replication levels in the 

NbBTF3 silenced plant may not be as positive for RCNMV as it appears due to the nature of 

the qRT-PCR assay used: qRT-PCR does not discriminate between positive strand vs. 

negative strand accumulation if the cDNA is synthesized with random primers as was the 

case for these experiments. Indeed, the increase in RCNMV RNA levels may reflect a 

blockage in the conversion of negative strand RNA templates to positive strand RNA 

progeny. To test this presumed temporal requirement for NbBTF3 in the RCNMV infection 

process, NbBTF3 was overexpressed in N. benthamiana to determine if this had a disruptive 

effect on the RCNMV infection process. 

 

5) Pre-overexpressed NbBTF3 suppressed RCNMV replication in the first 12 hours 

The NbBTF3 gene was transiently overexpressed in N. benthamiana with the 

PZP212-NbBTF3 overexpression construct derived from the pRTL2 expression cassette and 

the PZP212 binary vector. The overexpressed construct PZP212-NbBTF3 was delivered to 

N. benthamiana plants along with a silencing suppressor (PZP212-HCPro) by 

agroinfiltration.  Two days after agroinfiltration, the expression of the NbBTF3 gene was 2 

fold greater than the control leaves agroinfiltrated with only PZP212-HCPro (Figure 8).  

Overexpression of NbBTF3 decreased RCNMV RNA-1 accumulation by 10 fold at 6 

hpi, and 2 fold at 12 and 24 hpi. Also, RNA-2 accumulation was decreased by 3 fold at 6 hpi, 

and 1.5 fold at 12 hpi. This data supports the idea that increasing the expression of NbBTF3 

beyond normal levels disrupts the RCNMV replication process. 
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6) NbBTF3 - sGFP fusion protein localizes to the nucleus 

Full-length NbBTF3 protein was previously found to localize to the nucleus [20]. We 

now confirm that the full-length NbBTF3 clone used in the NbBTF3 gene overexpression 

studies in section 5 also targets to and accumulates in the nucleus.  

GFP was used as the fluorescent reporter to ascertain the subcellular localization [36] 

of the full-length NbBTF3 in this study. GFP was fused to the full-length NbBTF3 protein at 

the C-terminus. This experimental design ensures that the translation will initiate from the 

full-length NbBTF3 first and then into the GFP. A study in HEK293T cells (human cell line) 

indicated that N-terminal tagging with GFP adversely affects the protein localization in 

reverse transfection assays, whereas tagging with GFP at the C-terminus is generally better in 

preserving the localization of the native protein [37]. The study showed that all C-terminal 

fusion proteins localized to cellular compartments in accordance with previous studies and/or 

bioinformatic predictions [37]. The limitation of N-terminal or C-terminal tagging with GFP 

has not yet been thoroughly investigated in plant cells. However, with this concern, the study 

in this section utilized an experimental design to tag the full-length NbBTF3 at its C-

terminus. The GFP used in this study is a synthetic copy of GFP (sGFP) which was 

previously modified with the addition of 6xHis to the GFP structure in order to improve its 

stability and its florescence intensity [38].  

The confocal images of NbBTF3-sGFP expressed in plant cells demonstrated that the 

full-length NbBTF3 proteins used in the overexpression study were localized inside the 
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nucleus (Figure 10). This localization is consistent with the nuclear translocation of NbBTF3 

previously reported by Yang et al., 2007 [20]. 

 

Conclusions 

The wild-type N. benthamiana, microarray and qRT-PCR analysis indicated that 

NbBTF3 expression was significantly increased 1.5 fold at 6 hpi (α = 0.05). Interestingly, the 

microarray study found that NbBTF3 gene expression gradually increased beginning at 2 hpi. 

The silencing of NbBTF3 initially promoted RCNMV replication 2 fold while the 

overexpression of NbBTF3 reduced RCNMV RNA-1 10 fold and RNA-2 3 fold. NbBTF3 

was previously found to be positively associated with HR-induced programmed cell death 

[5]. It was assumed that increasing NbBTF3 gene expression in the first 6 hours in a wild-

type plant was driven by the host to activate programmed cell death. To test this hypothesis, 

future experiments are necessary to determine an association between NbBTF3 gene 

expression, the onset of HR-related gene regulation and the phenotypic cell death in a wild-

type and pre-modulated NbBTF3 (both silenced and overexpressed) N. benthamiana host 

during RCNMV infection. Trypan blue is a common vital staining technique that is used for 

visualizing phenotypic cell death. It selectively colors dead tissues or cells blue. This 

association study is expected to help determine the strategy of how host NbBTF3 gene is 

employed to defend the plant host early in the RCNMV infection process.  

Subcellular localization confirmed that NbBTF3 is localized to the nucleus. Given its 

nuclear targeting, it is logical to conclude that NbBTF3 is involved in regulating transcription 
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of other host genes. NbBTF3 is further predicted to modulate host defense genes early in an 

RCNMV infection. In addition to functioning as a transcription factor, BTF3 has been 

implicated in regulating protein localization during translation [7-9]. This suggests that 

NbBTF3 could aid in protein localization, however, this function would require NbBTF3 to 

be present in the cytoplasm. Although this study demonstrates the nuclear localization of 

NbBTF3, the subcellular localization study was performed with uninfected N. benthamiana 

plants. Additional experiments are required to determine the site(s) of NbBTF3 localization 

in N. benthamiana plants upon an RCNMV infection and the possibility of its function in 

protein translocation.  

The most interesting observation in this study was the reversal of NbBTF3 silencing 

upon RCNMV infection: the expression of NbBTF3 was significantly shifted from a 

suppression 4 fold to a dramatic increase 8 fold at 12 hpi (α = 0.05). If the RCNMV encoded 

VSRs impact how host genes behave, it should be broad across a cluster of genes and non-

specific. However, the reversal effect is specific to only NbBTF3. This leads to my 

speculation that either the transcription rate of NbBTF3 is faster than the degradation rate 

under silencing conditions during an RCNMV infection or NbBTF3 is a required host 

component of the later stages of the RCNMV infection process. To test this hypothesis, 

additional experiments will be required to either quantitatively measure the transcription rate 

of NbBTF3 during an RCNMV infection or to perform qRT-PCR assays which are strand 

specific. These experiments are expected to shed a light on determining if NbBTF3 

expression is governed at the synthesis level or the degradation level and whether the 

observed RCNMV accumulation is indicative of a block in the infection process. 
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Figure 1 Host NbBTF3 (Nb09394) gene expression was up-regulated at 6 hours post 

RCNMV inoculation (hpi). A) Microarray analysis indicated that NbBTF3 was significantly 

up-regulated > 1.18 fold at 6 hpi (FDR cutoff of 0.01) (red label). B) qRT-PCR analysis 

confirmed that NbBTF3 was significantly up-regulated > 1.5 fold at 6 hpi (α = 0.05). 
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Table 1 Nb09394 is highly homologous to a basal transcription factor 3 (BTF3) from various 

Solanaceae plants. The unigene sequence Nb09394 was searched against GenBank non-

redundant protein sequence (nr) database using BLASTX method. 

 
Species name BLASTX hit  

description 

GenBank  

Accession 

number 

Query  

coverage 

E-value Identity 

N. benthamiana BTF3 ABE01085.1 65% 3 x 10
-67

 100% 

N. tabacum 

(tobacco) 

BTF3-like transcription 

factor 

AII99813.1 

 

48% 3 x 10
-65

 100% 

 Capsicum annuum 

(pepper) 

Putative transcription 

factor BTF3 

ABM55742.1 48% 6 x 10
-64

 98% 

Solanum tuberosum 

(potato) 

BTF3-like transcription 

factor 

NP_001275047.1 

 

48% 8 x 10
-64

 97% 

S. lycopersicum 

(tomato) 

BTF3-like transcription 

factor isoforms 1 

XP_004246474.1 

 

48% 4 x 10
-63

 97% 

 

 

 

 
Figure 2 Nb09394 has a complete coding sequence (CDS) and its encoded peptide has a 

100% residue identity to N. benthamiana BTF3 GenBank ID ABE01085.1, with E-value = 3 

x 10
-67

. 
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cacgaggctgtctttcattttgcagcccctttgcttcccccttcccactgcggctagggt 

   

tttagctcactcttcaagatgaatgtagaaaagctgcgtaagatggccggttcggtcaga 

      M  N  V  E  K  L  R  K  M  A  G  S  V  R  

accggtggaaagggtaccatgagaagaaagaagaaagccgttcacaaaacaactacaacc 

 T  G  G  K  G  T  M  R  R  K  K  K  A  V  H  K  T  T  T  T  

gatgacaaaagactacagagcaccttgaaaagaataggtgtcaatgccattcctgctatt 

 D  D  K  R  L  Q  S  T  L  K  R  I  G  V  N  A  I  P  A  I  

gaagaagtcaacattttcaaggaggatgttgttatccaattcattaatcccaaagttcaa 

 E  E  V  N  I  F  K  E  D  V  V  I  Q  F  I  N  P  K  V  Q  

gcatctattgctgcaaacacatgggttgttagtggttccccccagacaaagaaattgcag 

 A  S  I  A  A  N  T  W  V  V  S  G  S  P  Q  T  K  K  L  Q  

gatatccttcctcaaattattcaccaattgggtcctgataatttggagaatttgaagaag 

 D  I  L  P  Q  I  I  H  Q  L  G  P  D  N  L  E  N  L  K  K  

ttggctgagcagttccagaagcagggtgctgctgcaggtacaggtgaggctgcagcacag 

 L  A  E  Q  F  Q  K  Q  G  A  A  A  G  T  G  E  A  A  A  Q  

gaagacgatgatgatgaagtaccagatctcgtggctggtgaaacttttgaaggtgctgct 

 E  D  D  D  D  E  V  P  D  L  V  A  G  E  T  F  E  G  A  A  

gaggagggtcacacttcttgaagtttttgttaaattttgtggcatcccttactttcaatg 

 E  E  G  H  T  S  -  

ttttgatgtcaattttacattttagcttttgagtgatctatttgatgtctatttgtgaca 

  

catctcaaaagaattccttaaatgcttttaagtaagctacttttcccttcaaagccaaaa 

  

aaaaaaaaaaaaa 

        

Figure 3 Nb09394 sequence features and its encoded peptide. The Nb09394 nucleotide 

sequence was translated to yield a peptide of 160 residues by using ExPASY tool and a 

standard genetic code. The selection of translation frame was based on its similarity to N. 

benthamiana BTF3 GenBank ID ABE01085.1 (Table 1 and Figure 2). The translation starts 

from 5’ to 3’ direction of unigene Nb09394 at frame +2. The Nb09394 sequence is 734 bp, 

containing a complete coding sequence (CDS) or a complete open reading frame (ORF; red), 

start codon (red box), stop codon (open box), 5’ untranslated region (UTR; green), 3’ UTR 

(purple) and 3’ poly (A) tail (underlined). 

 

 

 

 

 



335 

 

 

 

 

 

 

Figure 4 The gene silencing of NbBTF3 was reversed 12 hours post RCNMV inoculation. 

(A) NbBTF3 gene expression was significantly reduced > 4 fold in N. benthamiana by using 

the TRV-VIGS vector system (α = 0.05). The silencing vector TRV1:TRV2-NbBTF3 was 

delivered into plant cells by the agroinfiltration method using a 1 ml needleless syringe. 

NbBTF3 was pre-silenced 10 days prior to RCNMV inoculation. The pre-silenced NbBTF3 

plants were inoculated with in vitro T7 RNA-1 transcript and in vitro T7 RNA-2 transcript, 

and inoculated leaves were harvested between 0 and 72 hours post inoculation (hpi). The 

qRT-PCR analysis showed that the expression of NbBTF3 remained significantly reduced > 

4 fold until 12 hours followed by a significant up-regulation > 8 fold  (α = 0.05). Plants 

agroinfiltrated with TRV1:TRV2 10 days prior to RCNMV inoculation were used as the 

baseline controls in a student’s t-test statistical analysis. (B) The reversal of silencing effect 

after RCNMV inoculation was only seen with NbBTF3 among the genes selected for further 

analysis (Chapter 4, Chapter 5, and Chapter 7). The expression levels of silenced NbBTF3 

were compared to those of other silenced genes during a 72 hour RCNMV infection assay: 

NbWRKY (transcription factor), NbSAR (systemic acquired resistance) and NbSI (sterol 

isomerase). 
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Figure 5 Leaf chlorosis phenotype produced by silencing of NbBTF3 gene in N. 

benthamiana. A) Silencing NbBTF3 causes leaf yellowing and chlorosis in N. benthamiana 

as early as 5 days after agroinfiltration. B) Silenced NbBTF3 phenotype occurs consistently. 

Photographs were taken 10 days after agroinfiltration. C) Transient silencing of NbPDS 

(phytoene desaturase) gene in N. benthamiana using TRV-VIGS system produces a leaf 

bleaching phenotype. D) A closer look at N. benthamiana leaf phenotypes produced by 

different treatments. Leaves were harvested 7 days after exposing to treatments: (D1) 

untouched, (D2) buffer infiltration, (D3) TRV1:TRV2 agroinfiltration, (D4) TRV1:TRV2-

NbPDS agroinfiltration and (D5) TRV1:TRV2-NbBTF3 agroinfiltration. All leaf samples for 

each treatment were harvested from the same plant. Leaves are arranged from oldest (left) to 

youngest (right). TRV2 is the backbone VIGS construct with no insert. TRV2-NbBTF3 is the 

VIGS construct with an NbBTF3 gene fragment insert (300 bp). TRV2-NbPDS is the VIGS 

construct with an NbPDS gene fragment insert (353 bp). 
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Figure 6 Pre-silenced NbBTF3 affected RCNMV RNA-1 and RNA-2 accumulation at sub 

24 hours. The expression of NbBTF3 was transiently silenced by TRV1:TRV2-NbBTF3 

(TRV-VIGS system) 10 days prior to RCNMV inoculation. The NbBTF3 silenced plants 

were inoculated with in vitro T7 RNA-1 and RNA-2 transcripts and leaves were harvested 

between 6 and 24 hours post inoculation. RCNMV RNA levels were measured using qRT-

PCR analysis. Viral RNA accumulation was computed by a relative quantification method 

and displayed as % viral replication. Plants agroinfiltrated with TRV1:TRV2 10 days prior to 

RCNMV inoculation were used as the baseline controls in a student’s t-test statistical 

analysis. All data shown in this figure was significant at α = 0.1. 
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Figure 7 Pre-silenced NbBTF3 suppressed RCNMV GFP accumulation > 2 fold at 3 days 

post inoculation. The expression of NbBTF3 was transiently knocked down using the TRV-

VIGS system 10 days prior to RCNMV inoculation. The pre-silenced NbBTF3 plants were 

inoculated with in vitro T7 R1SG1 transcript and in vitro T7 RNA-2 transcript, and 

inoculated leaves were harvested 3 days post inoculation. Plants agroinfiltrated with 

TRV1:TRV2 10 days prior to RCNMV inoculation were used as the baseline controls in a 

student’s t-test statistical analysis (α = 0.05). The GFP quantification was performed with an 

IVIS imaging system. 
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Figure 8 NbBTF3 gene was overexpressed in N. benthamiana by using PZP212 and pRTL2 

vector system. The overexpression construct PZP212-NbBTF3 was delivered into plant cells 

along with the RNA silencing suppressor construct PZP212-HCPro by an agroinfiltration 

method to constitutively express the NbBTF3 gene. The leaf samples were harvested 2 days 

after agroinfiltration. Plants agroinfiltrated with only PZP212-HCPro were used as the 

baseline controls in a student’s t-test statistical analysis. The qRT-PCR analysis showed that 

the expression of NbBTF3 gene was significantly increased greater than 2 fold (α = 0.05). 
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Figure 9 Pre-overexpressed NbBTF3 reduced RCNMV RNA accumulation at 6 hours of 

infection. The data marked with an asterisk (*) was significant at α = 0.01.The expression of 

NbBTF3 gene was transiently overexpressed by agroinfiltration with PZP212-NbBTF3 

(along with the RNA silencing suppressor PZP212-HCPro) 2 days prior to RCNMV 

inoculation. The pre-overexpressed NbBTF3 plants were inoculated with in vitro T7 RNA-1 

and RNA-2 transcripts, and the inoculated leaves were harvested between 6 and 24 hours 

post inoculation (hpi). RCNMV RNAs were measured by using qRT-PCR analysis. Viral 

RNA accumulation was computed by a relative quantification method and displayed as % 

viral replication. Plants agroinfiltrated with only PZP212-HCPro 2 days prior to RCNMV 

inoculation were used as the baseline controls in a student’s t-test statistical analysis.
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Figure 10 Nuclear localization of NbBTF3 protein. A modified green fluorescent protein 

derivative (sGFP) was used as a visual reporter to identify the subcellular localization of the 

full-length NbBTF3 protein. The full-length NbBTF3 protein was fused at its C-terminus to 

the sGFP tagging protein to generate NbBTF3-sGFP fusion protein. The localization 

constructs were agroinfiltrated into N. benthamiana leaves and the photographs were taken 2 

days after agroinfiltration with a confocal microscope. The images were scanned using three 

different filters (green = GFP, red = chloroplast auto fluorescence, and white/black = bright 

field). (A-D) shows a typical pattern of sGFP subcellular localization (control), images taken 

from a leaf agroinfiltrated with a mixture of PZP212-sGFP and PZP212-HCPro. A merged 

image of sGFP (D) shows that a florescence signal was accumulated inside the nucleus and 

cytoplasm. However, sGFP does not appear to localize to the chloroplast. (E-H) shows a 

characteristic pattern of NbBTF3-sGFP subcellular localization, images taken from a leaf 

agroinfiltrated with a mixture of PZP212-NbBTF3-sGFP and PZP212-HCPro. A merged 

image of NbBTF3-sGFP (H) indicates that the florescence signal was exclusively 

concentrated inside the nucleus. 
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Table 2 N. benthamiana RNAi-related genes. These host genes are presented in our custom microarray (Chapter 2). Homology 

search of these genes were performed against GenBank nr database (non-redundant protein sequences) and GO database (Gene 

Ontology) using BLASTX. 

 
Gene ID Function GenBank accession number GenBank 

E-value 

GO GO description 

NB00035 argonaute protein group  gi|84688908|gb|ABC61503.1|AGO1-2  

[Nicotiana benthamiana] 

1.39X 10
-80

 mf nucleic acid binding 

NB03873 argonaute protein group gi|84688912|gb|ABC61505.1|AGO4-2  

[Nicotiana benthamiana] 

2.74X 10
-122

 mf nucleic acid binding 

NB04102 argonaute protein group gi|84688912|gb|ABC61505.1|AGO4-2  

[Nicotiana benthamiana] 

3.71X 10
-31

 mf nucleic acid binding 

NB04902 argonaute protein group gi|84688910|gb|ABC61504.1|AGO4-1  

[Nicotiana benthamiana] 

2.06X 10
-90

 mf nucleic acid binding 

NB04903 argonaute protein group gi|84688910|gb|ABC61504.1|AGO4-1 

 [Nicotiana benthamiana] 

5.81X 10
-103

 mf nucleic acid binding 

NB09170 argonaute protein group gi|84688906|gb|ABC61502.1|AGO1-1 

[Nicotiana benthamiana] 

1.93X 10
-134

 mf nucleic acid binding 

NB11968 dsRNA-specific nuclease dicer  

and related ribonuclease 

gi|224064945|ref|XP_002301611.1| 

predicted protein [Populus trichocarpa]  

3.59X 10
-67

 

 

mf protein binding 

mf RNA binding 

mf ribonuclease III activity 

bp RNA processing 

bp regulation of RNA metabolic process 

NB00590 regulator of gene silencing–

calmodulin-like protein 

gi|12963415|gb|AAK11255.1|AF329729_1 

regulator of gene silencing [N. tabacum] 

2.00X 10
-38

 mf calcium ion binding 

NB03631 regulator of gene silencing–

calmodulin-like protein 

gi|12963415|gb|AAK11255.1|AF329729_1 

regulator of gene silencing [N. tabacum] 

2.47X 10
-43

 mf calcium ion binding 

NB10906 regulator of gene silencing–

calmodulin-like protein 

gi|12963415|gb|AAK11255.1|AF329729_1 

regulator of gene silencing [N. tabacum] 

3.81X 10
-63

 mf calcium ion binding 

NB02934 

  

  

silencing group b protein 

  

  

gi|255628397|gb|ACU14543.1|unknown 

 [Glycine max] 

  

2.12X 10
-22

 mf N-acetyltransferase activity 

 mf protein binding 

 bp acyl-carrier-protein biosynthetic process 
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Figure 11 Heat map displays the differential expression of N. benthamiana RNAi-related 

genes in an early RCNMV infection from the microarray study. The differential gene 

expression is a subtraction between RCNMV-infected plants and mocks at 4 time points of 2, 

6, 12 and 24 hours post RCNMV inoculation (hpi). The differential expression was computed 

from the microarray study previously described in Chapter 3. The asterisk (*) denotes 

significantly differentially expressed gene at FDR cutoff of 0.01. The functional annotation 

of these RNAi-related host genes is described in Table 2. 
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Table 3 Oligonucleotide information used in Chapter 6. 

Name Sequence information 

Nb09394F ACATTGAAAGTAAGGGATGC 

Nb09394R ATTTGAAGAAGTTGGCTGAG 

GS09394F AATTTCTAGAGCTCACATGGGTTGTTAGTGG 

GS09394R AATTTCTAGAGCTCTGAAGGGAAAAGTAGCTTAC 

FL09394F AATTCCATGGGATCGATGAATGTAGAAAAGCTGCG 

FL09394R AATTTCTAGATTACATCGATGCAGAAGTGTGACCCTCCTCAG 

3’sGFP/XbaI GCTCTAGACGCGTTACTTGTACAGCTCGTCC 

RNA1-POLF TCACAAGGGTCAAATTCTCAAATCCT 

RNA1-POLR TGCTGCTTTTTGGTATAACTTCCTCTT 

RNA1-CPF ATGTCTTCAAAAGCTCCCAA 

RNA1-CPR CGCTCATGACTAACTGGGTA 

RNA2F CGCGTCTGATTGAGTTGGAAGTA 

RNA2R CTGCCTTGATGCTCGACAGTA 

TRV2F TTACTCAAGGAAGCACGATGAGC 

TRV2R GAACCGTAGTTTAATGTCTTCGGG 

TEVLeader80 CGAATCTCAAGCAATCAAGCATTC 

35sTERM ATAAGAACCCTAATTCCC 

ActF GTGACCTCACTGATAGTTTGA 

ActR TACAGAAGAGCTGGTCTTTG 
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Materials and Methods 

  

1) Plants, RCNMV inoculum preparation and inoculation procedure 

N. benthamiana was a plant model used in this experiment. Details of plant 

maintenance, RCNMV inoculum preparation and inoculation procedure were described in 

Chapter 5 materials and methods. Briefly, RCNMV inoculum was prepared in a 110 µl 

volume per 1 plant. This 110 µl inoculum was a mixture of 1 µl in vitro T7 RNA-1 transcript 

(or 1 µl in vitro T7 R1SG1 transcript), 1 µl in vitro T7 RNA-2 transcript and 108 µl 

inoculation buffer (10 mM sodium diphosphate, pH 7.2). Four leaves per 1 plant were 

inoculated with either RCNMV inoculum or buffer. 27 µl of the RCNMV transcript mixture 

(or inoculation buffer) was pipetted onto each leaf and mechanically rubbed with 

carborundum (abrasive). Inoculated plants were maintained in a temperature and light 

controlled environment at 18-22°C, 16 hour-light and 8 hour-dark period at the NCSU 

greenhouses (Method Road).  

 

2) Plasmid DNA constructs 

A construction of the silencing construct, the overexpression construct, and the 

subcellular localization construct are performed accordingly to detail in Chapter 5. Following 

is a brief detail and the modification. 

The silencing construct TRV2-NbBTF3 utilizing the TRV VIGS system [27] was 

designed to down regulate NbBTF3 expression in N. benthamiana. A 300 bp fragment of the 

NbBTF3 gene was amplified accordingly to OneTaq DNA polymerase protocol (NEB
TM

), 

with a primer set of GS09394F and GS09394 R (Table 3) to generate the GS-NbBTF3. The 
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PCR conditions for amplifying GS-NbBTF3 were as follows: 1) a denaturation cycle of 94
°
C 

for 30 sec, 2) 30 amplification cycles of 94°C for 30 sec, 55°C for 30 sec and 68
°
C for 1 min, 

and 3) a final extension cycle of 68°C for 5 min. A ligation between GS-NbBTF3 and TRV2 

was performed via SacI restriction site. A colony PCR technique using the primer set of 

TRV2F and TRV2R (Table 3) was used to identify TRV2 clones that contained the GS-

NbBTF3 insert. A positive plasmid was also confirmed by digesting with SacI. The resultant 

construct TRV2-NbBTF3 was used for down regulating NbBTF3 expression in N. 

benthamiana for a gene silencing study. 

The PZP212-NbBTF3 construct was designed for overexpression of NbBTF in N. 

benthamiana and is based on the pRTL2 expression cassette and the PZP212 binary vector. 

A full-length NbBTF3 DNA (450 bp) was amplified accordingly to OneTaq DNA 

polymerase protocol (NEB
TM

), with a primer set of FL09394F and FL09394R (Table 3) and 

the extension cycle at 68°C for 1 min 30 sec. A full-length NbBTF3 DNA was firstly cloned 

into pGEM T-Easy in order to increase a copy number. A ligation between a full-length 

NbBTF3 DNA and pRTL2 was performed via NcoI and XbaI restriction sites. The pRTL2 

construct containing the full-length NbBTF3 was then verified by sequencing using 

sequencing primers TEVleader80 and 35sTERM (Table 3).The resultant plasmid pRTL2-

NbBTF3 was digested with HindIII to release the insert containing the full-length NbBTF3 

expression cassette. This isolated fragment was subsequently cloned into PZP212 via HindIII 

restriction site. The PZP212-NbBTF3 construct was used to constitutively express the 

putative full-length NbBTF3 protein in N. benthamiana for a gene over-expression study. 



353 

 

 

The PZP212-NbBTF3-sGFP construct was designed for subcellular localization study 

of NbBTF3. A full-length NbBTF3 DNA was initially cloned into the RNA transcript 

expression vector pHST2-sGFP through the unique ClaI restriction site. The orientation of 

the clone was confirmed by a restriction analysis and the properly orientated construct was 

used as a template to amplify the NbBTF3-sGFP product using a primer set of FL09394F and 

3’sGFP/XbaI (Table 3). The PCR product was then cleaved with NcoI and XbaI and ligated 

into similarly digested pRTL2 to produce construct pRTL2-NbBTF3-sGFP. The nature of the 

construct was verified by sequencing and the expression cassette containing NbBTF3-sGFP 

was released by digestion with HindIII and subsequently cloned into PZP212 to yield 

construct PZP212-NbBTF3-sGFP.  

 

3) Agrobacterium preparation and infiltration 

Agrobacterium was prepared accordingly to a detail in Chapter 5 materials and 

methods. Briefly, Agrobacterium based constructs were transformed into Agrobacterium 

tumefaciens strain C58C1. Individual colonies were inoculated into 2 ml LB broth cultures 

with the appropriate antibiotics and incubated at 28°C for 20 hr with shaking. From these 

initial cultures 250 μl was used to inoculate 5 ml LB broth cultures with the appropriate 

antibiotics and 40μM acetosyringone/10mM MES, Ph 5.6. These cultures were similarly 

incubated at 28°C for 20 hr with shaking. Cultures were subsequently pelleted, resuspended 

in 10mM MgCl2/10mM MES, pH 5.6/200μM acetosyringone to the appropriate OD600 

reading and incubated at room temperature for at least 3 hr prior to syringe infiltration into 

plants. 
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 For NbBTF3 silencing experiments, Agrobacterium cultures of TRV1 and TRV2-

NbBTF3 (or TRV2 for the control) were mixed at a 1:1 ratio immediately prior to infiltration 

into plants. For NbBTF3 overexpression experiments, Agrobacterium cultures of PZP212-

NbBTF3 and the RNA silencing suppressor PZP212-HCPro (or PZP212-HCPro alone for the 

control) were mixed at a ratio of 1:1 immediately prior to infiltration into plants. For 

subcellular localization experiments, Agrobacterium cultures of PZP212-NbBTF3-sGFP (or 

PZP212-sGFP for the control) and the RNA silencing suppressor PZP212-HCPro were 

mixed at a ratio of 1:1 immediately prior to infiltration into plants. Leaves infiltrated for the 

subcellular localization experiments were harvested 2 days after agroinfiltration and imaged 

via confocal microscopy (Cellular and Molecular Imaging Facility, NCSU). 

 

4) Total RNA extraction and cleanup 

 Leaves to be sampled in each experiment consisted of the following: four plants and 

two leaves per plant were used to represent the test condition (silencing or overexpression of 

NbBTF3) as well as the respective control (see above). Total RNA extracts isolated from the 

same plant were pooled to represent one biological replicate (4 biological replicates for the 

test condition and 4 biological replicates for controls). Leaf samples were collected either 2 

days (overexpression experiments) or 10 days (silencing experiments) after agroinfiltration as 

well as various time points after RCNMV transcript inoculation for both types of 

experiments. 

A total RNA extraction and cleanup were performed accordingly to details in Chapter 

5 materials and methods. Briefly, total RNA was extracted from 100 mg N. benthamiana leaf 
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tissue samples according to the TRIzol protocol (Invitrogen
TM

). And total RNA extracts 

destined for qRT-PCR analysis were treated with Turbo DNA-free (Ambion
TM

) according to 

the manufacturer’s protocol to remove any residual input DNA.  The samples were stored at -

20°C. 

 

5) RNA quantification by real-time PCR (qRT-PCR) 

First strand cDNA synthesis and quantitative real-time PCR (qRT-PCR) preparation 

were performed according to details in Chapter 5 material and methods. Briefly, First strand 

cDNA was synthesized by using a DNA-free total RNA (equivalent to ~1 µg total RNA) as a 

template. SYBR Green-based quantitative real-time PCR (qRT-PCR) method was used in 

this study. The qRT-PCR reaction was prepared accordingly to FastStart Universal SYBR 

Green Master ROX protocol (Roche
TM

). The first strand cDNA equivalent to 40 ng total 

RNA was used to prepare qRT-PCR reaction. The qRT-PCR reactions were setup in a 384 

well plate and placed in ABI7900 HT Fast real-time PCR system (Applied Biosystems
TM

). 

The Applied Biosystems SDS software version 2.4 was used to monitor and dissect real-time 

PCR data. Three qRT-PCR reactions were prepared per 1 biological replicate. All PCR 

products are less than 200 base pairs. The cycling condition was set as follows: 1 cycle at 

95°C for 10 min, and 40 cycles at 95°C for 15 sec /55°C for 1 min. An association analysis 

was also performed in order to test if there were any non-specific PCR products formed. The 

condition for the association analysis was set as follows: 1 cycle at 95°C for 15 sec, 60°C for 

15 sec and 95°C for 15 sec. 
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NbBTF3 transcript levels were assayed using primers Nb09394F and Nb09394R 

(Table 3). RCNMV RNA levels were assayed with 2 primer pairs for RNA-1 and 1 primer 

pair for RNA-2 (Table 3): 1) RNA1-POLF and RNA1-POLR for probing RNA-1 at the 

polymerase (RNA-1 POL), 2) RNA1-CPF and RNA1-CPR for probing RNA-1 at the coat 

protein (RNA-1 CP) and 3) RNA2F and RNA2R for probing RNA-2 at the movement 

protein (RNA-2 MP).  

 

6) qRT-PCR data analysis  

A relative quantification, 2
-∆∆Ct

 method (equation shown in Chapter 5 materials and 

methods) [39] was used to analyze the real-time PCR data. Expression of the target gene was 

normalized against the expression of a reference gene. Actin was used as the reference genes 

to normalize the target gene that was performed within the same plate. Student’s t-test 

statistical analysis was used to examine the real-time PCR data. 

 

7) RCNMV sGFP quantification 

N. benthamiana plants were inoculated with a combination of in vitro T7 R1SG1 and 

RNA-2 transcripts. Ten plants and two leaves per plant were used for each test condition and 

each control. Leaf samples were harvested 3 days post inoculation. The GFP florescence 

intensity was analyzed by the IVIS imaging system and subjected to Student’s t-test 

statistical analysis. The IVIS Lumina System (Xenogen Corporation, Alameda, CA) is 

capable of quantifying photon emission from a variety of sources. A CCD camera measured 

and recorded photon emission data which was then incorporated into Living Image Software 
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(Xenogen Corp.) for further analysis. Whole leaves were placed under the CCD camera and 

measurements were taken with a GFP excitation filter, and exposure time of 1 second.  
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Chapter 7 

  

Involvement of Nicotiana benthamiana sterol biosynthesis in the 

early stages of Red clover necrotic mosaic virus infection 

 

Chapter summary 

Herein, I report on the regulation of Nicotiana benthamiana C-8, 7-sterol isomerase 

(NbSI) gene expression at the early stages of Red clover necrotic mosaic virus (RCNMV) 

infection. This constitutes the first report of a sterol isomerase gene in N. benthamiana. Both 

computational and experimental methods were employed to analyze the NbSI sequence 

structure, functional annotation and subcellular localization. The data leads to the conclusion 

that NbSI is a novel C-8, 7-sterol isomerase gene from N. benthamiana. Microarray and 

qRT-PCR analysis described in Chapter 3 reveals that host NbSI was up-regulated at 12 

hours post RCNMV inoculation. The NbSI gene was further functionally assayed for its 

effects on RCNMV infection by both transient gene silencing and gene overexpression 

studies in N. benthamiana. These functional assays suggest a potential dual effect of NbSI on 

RCNMV replication: its early involvement in membrane proliferation (presumably to the 

benefit of RCNMV) followed by a switch to being a precursor in the plant defense pathway 

(presumably a detriment to RCNMV).  
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Abstract 

Replication is a critical step in the plant viral infection cycle. A common feature 

among positive-stranded RNA plant viruses is a requirement for their replication in 

association with host membranes. How plant viruses rearrange host membranes and recruit 

host membrane components to promote membrane proliferation for their replication to take 

place remains unknown. A genome-wide screening in the model plant host N. benthamiana 

indicated that the sterol biosynthesis genes C-4 sterol methyl oxidase2 (SMO2) and C-8, 7-

sterol isomerase (NbSI) were both significantly up-regulated at 12 hours post RCNMV 

inoculation at an FDR cutoff of 0.01. This is the first report of the full-length cDNA 

sequence of C-8, 7-sterol isomerase from N. benthamiana. Sequence analysis and a 

subcellular localization study indicated that NbSI is an integral membrane protein containing 

five α-helical transmembrane domains while NbSI fusions with sGFP predominantly 

localized along cellular, nuclear and endoplasmic reticulum membranes. To gain insight into 

the role of sterols in RCNMV replication, NbSI was further functionally assayed by both 

transient gene silencing and overexpression studies in N. benthamiana. Silencing of NbSI in 

N. benthamiana suppressed RCNMV replication in the first 6 hours, but promoted RCNMV 

replication at 24 hours as well as increased R1SG1-sGFP accumulation at 3 days. 

Overexpression of NbSI in N. benthamiana inhibited RCNMV replication in the first 12 

hours. These functional assay results suggest a potential transition in NbSI function as a 

component of membranes (promoting membrane proliferation for RCNMV replication) to 

acting as a precursor of Brassinosteroid synthesis (modulating host defense system). The role 
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switching could affect RCNMV replication in an opposite direction, suggesting a so-called 

antagonistic effect.  

Keywords; Nicotiana benthamiana, RCNMV, viral replication, sterol isomerase, sterol, lipid 

 

Introduction 

Replication of most if not all plus-stranded RNA plant viruses occurs on host 

intracellular membranes or host organellar membranes. The formation of spherules, 

consisting of host lipid membranes invaginated and viral replication proteins as well as 

recruited host proteins, has been observed in infected host cells for several plus-stranded 

RNA viruses. These virus-induced spherules serve as the sites of viral replication for 

facilitating the building of viral factories, synthesis and accumulation of viral replication 

proteins and providing protection against cellular nucleases, proteases and cellular defenses 

including RNAi [1-5]. Therefore, for replication to occur, these plant viruses need to hi-jack 

host intracellular/organellar membranes as well as host membrane component synthesis to 

affect remodeling of the appropriate host membrane into a site for viral replication. These 

virus-host interaction events are hypothesized to: 1) occur at the early stages of virus 

infection and 2) result in the induction of host membrane proliferation that requires the 

production of more host membrane components and consequently more lipid biosynthesis. 

To study these events, we utilized Nicotiana benthamiana (a model host for most plant 

viruses) and Red clover necrotic mosaic virus (RCNMV, a typical plus-stranded RNA plant 

virus). A previous study in the Lommel laboratory found that RCNMV replication is 
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associated with the endoplasmic reticulum (ER) membranes [5]. We were able to determine 

the co-localization of RCNMV replication proteins (p27 and p88) to the ER with subsequent 

membrane restructuring and proliferation. Both replication proteins co-localized to the 

cortical and cytoplasmic ER and were associated with invaginations of the nuclear envelope. 

The goal of this project is to examine the modulation of N. benthamiana lipid 

biosynthesis-related gene expression at the early stages of an RCNMV infection. Rather than 

study one host gene at a time, we employed microarray technology to monitor the expression 

of thousands of host genes simultaneously over time. A custom N. benthamiana microarray 

was developed. This microarray is composed of 362,205 probes with a capacity of 9 probes 

per gene and 3 replicates per probe. The microarray represents a total of 13,415 unigenes, 

equivalent to an estimated coverage of ~38% of the N. benthamiana transcriptome. The 

creation of this custom microarray is described in Chapter 2.  

Host transcription profiles were analyzed at 2, 6, 12 and 24 hours post- RCNMV 

inoculation (hpi). The microarray study described in Chapter 3 suggests that host sterol 

biosynthesis may be associated with RCNMV replication. Sterols are ubiquitous and 

essential membrane components in all eukaryotes, affecting many membrane functions. 

Sterols regulate membrane rigidity, fluidity and permeability by interacting with other lipids 

and proteins within the membranes [6-8]. The N. benthamiana microarray contains 7 known 

genes involved in sterol biosynthesis. Among these seven genes, two were significantly up-

regulated at 12 hpi at an FDR cutoff of 0.01 (Figure 15). One of the genes is the N. 

benthamiana C-4 sterol methyl oxidase 2 (SMO2; GenBank accession number AAQ83692.1) 
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[9]. The other gene is microarray gene ID Nb02987 which is computationally annotated to C-

8, 7 sterol isomerase (NbSI) due to a strong sequence similarity to sterol isomerases from 

other plant species (Table 1). Nb02987 has never been documented in any public database. 

This study is the first report of this gene, its full-length cDNA encoding a C-8, 7 sterol 

isomerase from N. benthamiana, its sequence analysis and subcellular localization. 

C-4 sterol methyl oxidase (SMO) and sterol isomerase (SI) are key enzymes in sterol 

biosynthesis (Figures 13 and 14) [9]. Sterol biosynthesis differs in several steps in animals, 

fungi and plants, but the removal of two methyl groups at the C-4 position by SMO and a 

catalysis of isomerization of the C-8 double bond to the C-7 position within the steroid B ring 

by SI are critical and rate limiting [9]. The silencing of SMO1 and SMO2 genes in N. 

benthamiana reduced Tomato bushy stunt virus (TBSV) RNA accumulation but had a lesser 

inhibitory effect on Tobacco mosaic virus [10]. TBSV is a closely related virus to RCNMV 

with both residing in the Tombusviridae family. The up-regulated SMO2 at 12 hours post 

RCNMV inoculation supports the idea that SMO2 may be an important host factor in sterol 

biosynthesis contributing to the membrane proliferation that positively correlates with TBSV 

replication. 

At this time, there has been no report of an association between SI and virus 

infection. Due to sterol functioning as a membrane component, my first hypothesis is that the 

increased expression of NbSI is driven by RCNMV in order to increase production of sterol 

for promoting membrane proliferation. Although most studies focus on the role of plant 

sterol functioning as a membrane component [6, 7, 11], sterol also serves as a precursor in 
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Brassinosteroid biosynthesis (Figure 13) [12]. Brassinosteroids (BRs) are plant hormones 

that are essential in plant development [13, 14]. A remarkable feature of BRs is their 

potential to increase resistance in plants to a wide spectrum of stresses such as low and high 

temperatures, drought, high salt and pathogen attack [15-18]. Studies of the BR signaling 

pathway and gene-regulating properties indicate that there is cross-talk between BRs and 

other hormones, including those with established roles in plant defense responses such as 

abscisic acid, jasmonic acid and ethylene [19]. Given that sterol can function as a precursor 

of BRs, this leads to my second hypothesis in this project that a modulation of host sterol 

biosynthesis at the early stages of RCNMV infection is not driven by virus for promoting 

membrane proliferation, but rather is driven by the plant host in order to launch a defense 

response.  

 

Result and Discussion 

1) RCNMV up-regulated N. benthamiana C-8, 7-sterol isomerase (NbSI) gene 

expression at 12 hpi 

The microarray study of the modulation of N. benthamiana gene expression early in 

an RCNMV infection described in Chapter 3 revealed that host NbSI gene expression was 

not altered in the first 6 hours of the RCNMV infection. However, it was significantly up-

regulated at 12 hours (Figure 1) at an FDR cutoff of 0.01. The expression was subsequently 

down-regulated at 24 hours post RCNMV inoculation (hpi). The microarray study also 

indicated that RCNMV takes about 12-24 hours to complete its infection in the primary 



367 

 

 

infected cell with the first 12 hours being critical as RCNMV starts its movement to the 

neighboring cells. An up-regulation of NbSI expression at 12 hpi is likely concordant with 

RCNMV migrating to the cells adjacent to the primary infected cell. Also, a dramatic down-

regulation of NbSI expression at 24 hpi suggests that the plant host may be attempting to re-

adjust NbSI expression levels. The increased expression of host NbSI at 12 hpi was also 

confirmed by qRT-PCR analysis (Figure 1).  

The central hypothesis in this chapter posits that if there is an interaction between 

NbSI and RCNMV replication components, pre-modulation of this host gene (either up or 

down-regulation) will affect RCNMV replication efficiency. To test this hypothesis, the 

impact of altering NbSI gene expression on RCNMV replication was examined by utilizing 

transient gene silencing and gene overexpression assays. The associated impact of the pre-

modulated host NbSI gene to viral infection efficiency was indirectly assessed by two 

different methods: 1) a quantitative measurement of viral RNA accumulation by quantitative 

real-time PCR (qRT-PCR) analysis and 2) a quantitative measurement of viral GFP 

accumulation produced by R1SG1 (the RCNMV RNA-1 construct that contains the green 

fluorescent protein in place of the coat protein coding region) via IVIS fluorescence imaging 

assay. 

 

2) NbSI (Nb02987) sequence analysis and functional annotation  

The host NbSI gene is represented by the microarray unigene ID (probe ID) 

Nb02987. The custom microarray was created from 13 K N. benthamiana unigenes. The 



368 

 

 

detail of the unigene collection and microarray construction is thoroughly described in 

Chapter 2. The unigene Nb02987 from N. benthamiana has not been characterized or 

documented in any public databases. Therefore, this is the first study that thoroughly 

analyzes its sequence, functional annotation and subcellular localization.  

A homology search of the Nb02987 sequence against the GenBank non-redundant 

protein sequence (nr) database using BLASTX [20, 21] reveals that the Nb02987 top five 

BLAST hits are to C-8, 7-sterol isomerase from tomato, potato, grape, cocoa and corn (Table 

1).  

A search against GenBank Conserved Domain Database (CDD) [22] showed that the 

Nb02987 protein is most similar to the Emopamil binding protein (EBP) gene. EBP is also 

known as 3β-hydroxysteroid-Δ8, Δ7-isomerase. This enzyme is responsible for one of the 

final steps in the production of cholesterol. EBP is conserved in Arabidopsis [23], humans 

[24] and mice [25]. EBP is an integral membrane protein of the endoplasmic reticulum, 

cellular membrane and other intracellular membrane-bounded organelles. EBP shares 

structural features with bacterial and eukaryotic drug transport proteins and contains four 

putative transmembrane segments. GO annotations [26] related to EBP include 

transmembrane signaling receptor activity and C-8 sterol isomerase activity. Human sterol 

isomerase, a homologue of mouse EBP, is suggested not only to play a role in cholesterol 

biosynthesis, but also to affect lipoprotein internalization. In humans, mutations of EBP are 

known to cause the genetic disorder chondrodysplasia punctata (CDPX2) [24, 25]. This 
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syndrome is lethal in most males, and affected females display asymmetric hyperkeratotic 

skin and skeletal abnormalities. 

The Nb02987 nucleotide sequence encodes a peptide of 191 residues determined by 

the ExPASy tool [27] (Figure 2). The selection of the correct translation frame was based on 

the translation product’s similarity to sterol isomerase from tomato (SlySt, Genbank ID 

XP_004242445.1) and potato (StSI, GenBank ID NP_001275362.1) [28].  

A full-length Nb02987 cDNA sequence was predicted based on a strong sequence 

similarity to tomato and potato sterol isomerase (Figures 3 and 4). The predicted full-length 

sequence information was later used to design a primer set to clone/construct a full-length 

NbSI protein for an overexpression study (Section 4) as well as the subcellular localization 

study (Section 5). 

 

3) Pre-silenced NbSI suppressed RCNMV replication in the first 6 hours, followed by a 

promotion after 12 hours 

Host NbSI gene expression was reduced in N. benthamiana by the TRV1:TRV2-NbSI 

VIGS vector system [29, 30]. The silencing constructs TRV1:TRV2-NbSI were delivered to 

plant cells using an agro-infiltration method. The host NbSI gene was transiently silenced in 

N. benthamiana 10 days prior to RCNMV inoculation. The pre-silenced NbSI plants were 

inoculated with full-length infectious RNA transcripts from linearized plasmids of RC169 

and RC2 and harvested at 0 and 72 hours post RCNMV inoculation (hpi). The qRT-PCR 
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analysis showed that the expression of silenced NbSI remained reduced relative to control at 

72 hpi (Figure 5). 

Silencing of NbSI affected RCNMV RNA-1 and RNA2 replication (Figure 6). The 

silenced NbSI decreased RNA-1 POL, RNA-1 CP and RNA-2 MP RNA accumulation within 

the first 6 hours (Figure 6). RNA-POL and RNA1-CP levels were both suppressed as early as 

3 hpi whereas; RNA2-MP was not suppressed until 6 hpi. Interestingly, neither RNA-1 nor 

RNA-2 levels were affected at 12 hpi. However, RNA-1 and RNA-2 levels were all increased 

at 24 hpi. The production of sGFP from R1SG1-sGFP was increased after 3 days (Figure 7). 

These observations lead to the assumption that silencing of NbSI may affect RCNMV 

replication in two different ways depending on the progress of the infection. The silenced 

NbSI presumably suppressed RCNMV replication in the first 6 hours, but promoted RCNMV 

replication at 24 hours as well as increased sGFP accumulation from R1SG1-sGFP at 3 days 

post inoculation.  

The transition from suppression to promotion of RCNMV replication could indicate a 

switch in the role of NbSI from functioning as a component of membranes to acting as a 

precursor of Brassinosteroid synthesis which modulates the plant defense system. This leads 

to further speculation that sterol isomerase may have a dual effect on RCNMV replication. 

To test this hypothesis, a gene overexpression assay was used to examine the impact of 

overexpression of NbSI on RCNMV replication efficiency in the next section. 
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4) Pre-overexpressed NbSI suppressed RCNMV replication in the first 12 hours 

The NbSI gene was overexpressed in N. benthamiana by using the PZP212-NbSI 

construct derived from the pRTL2 expression cassette and the PZP212 binary vector. The 

overexpression construct PZP212-NbSI was delivered to plant cells along with the RNA 

silencing suppressor construct (PZP212-HCPro) using the agro-infiltration method. At day 2 

after agro-infiltration, the expression of the NbSI gene in leaves agro-infiltrated with 

PZP212-NbSI/PZP212-HCPro was significantly increased > 600 fold in comparison to the 

control leaves agro-infiltrated with only PZP212-HCPro at α = 0.05 (Figure 8).  

The NbSI gene was overexpressed for two days prior to RCNMV inoculation. The 

pre-overexpressed NbSI suppressed RCNMV replication in the first 12 hours as indicated by 

the qRT-PCR results utilizing the RNA-1 POL and RNA-2 MP primer sets (Figure 9). 

Interestingly, overexpression of NbSI gene caused a visible cell death 2 days after 

agroinfiltration. The observed cell death is the likely reason for suppression of viral RNA 

accumulation as early as 3 hpi. Likewise, overexpression of the fusion protein NbSI-sGFP 

also displayed visible cell death. Microscopic examination confirmed a cell death-like 

phenotype for both unfused and sGFP-fused NbSI. To further investigate this phenomenon, a 

common vital staining technique such as Trypan blue should be used in future studies. This 

staining technique will selectively color only dead cells.  

The results of this overexpression study did not support the idea of NbSI functioning 

as a membrane component during the first 6 hours of RCNMV infection in the NbSI silenced 
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plants. However, it likely reaffirms the functional role of NbSI as an inducer of the defense 

response after 12 hours of RCNMV infection.  

 

5) NbSI is an integral membrane  

5.1) NbSI - sGFP fusion protein localizes to cellular, nuclear and ER membranes 

Green fluorescent protein (GFP) was used as a fluorescence tag to identify the 

subcellular localization [31] of the full-length NbSI protein. GFP was fused to the C-terminus 

of the full-length NbSI protein. This experimental design ensures that the translation will 

have to start from the full-length NbSI first followed by the GFP in the NbSI- GFP construct. 

A study in HEK293T cells (human cell line) indicated that N-terminal tagging with GFP 

adversely affects the protein localization in reverse transfection assays, whereas tagging with 

GFP at the C-terminal is generally better in preserving the localization of the native protein 

[32]. This study further showed that all C-terminal fusion proteins localized to cellular 

compartments in accordance with previous studies and/or bioinformatic predictions [32]. The 

limitation of N-terminal or C-terminal tagging with GFP has not been thoroughly 

investigated in plant cells. With this concern, I utilized an NbSI C-terminal GFP fusion for 

subcellular localization studies. The GFP used in this study is a synthetic copy of GFP 

(sGFP) which was previously modified by codon optimization for expression in humans and 

maize along with the addition of 6xHis to the GFP N-terminus in order to improve its 

stability and its fluorescence intensity [33].  
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The free sGFP control confocal images exhibited typical sGFP localization, 

accumulating along the cellular membrane and inside the nucleus (Figure 10). Many studies 

have previously confirmed nuclear translocation of GFP as a result of it's relatively small size 

(~27 kDa), which allows for passive diffusion through the nuclear pores [34]. The size 

exclusion limit of nuclear pore complexes is approximately >60 kDa [35-37]. Any protein 

with a mass less than 60 kDa may passively diffuse into the nucleus.  

The mass of NbSI and the NbSI-sGFP fusion protein was predicted using a 

bioinformatic tool (ExPASy [27]). The computed molecular mass estimation for NbSI is 

25.41 kDa and NbSI-sGFP is 52.31 kDa. Given the molecular mass of the NbSI-sGFP fusion 

product is within the limits for passive transport into the nucleus, one would expect NbSI-

sGFP localization inside the nucleus, similar to free sGFP. However, the localization 

experiment demonstrated that NbSI-sGFP did not accumulate within the nucleus, but rather 

predominantly accumulated along the nuclear cellular membranes (Figure 10). A closer look 

at NbSI-sGFP in Figure 10 (J and K) also suggested accumulation on or at the endoplasmic 

reticulum (ER) as indicated by the fluorescent network or reticulate pattern. 

This localization observation leads to the speculation that NbSI may be a 

transmembrane protein or an integral membrane protein. In the next section, bioinformatic 

tools were utilized to predict the presence of subcellular localization signals in the NbSI 

protein structure. 
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5.2) NbSI is predicted to localize to the plasma membrane and ER membrane 

Three bioinformatic tools were utilized to predict the NbSI subcellular localization. 

These three bioinformatic tools used different algorithms to predict protein localization and 

used different benchmark datasets for training their algorithm. CELLO [38] confidently 

predicted that NbSI localizes to the plasma membrane with a weaker prediction for the ER. 

WoLFPSORT [39] has a first prediction that NbSI is localized to the ER with a score 5.5 and 

a second prediction to the plasma membrane with a score 5.0. Plant-mPLoc [40] predicted 

that NbSI is localized to the ER. 

 

5.3) NbSI protein is predicted to contain five α-helical transmembrane domains 

A transmembrane domain is any three-dimensional protein structure which is 

thermodynamically stable in a membrane. The ability to fold into a transmembrane domain 

structure is an important characteristic of transmembrane proteins. These proteins are also 

known as integral proteins. Transmembrane domains can be composed of a single 

transmembrane α-helix, a stable complex of several transmembrane α-helices or a 

transmembrane β-barrel. In this study, the bioinformatic tool, TMHMM server v.2.2 [41, 42], 

was used to predict the presence of one or more transmembrane domains in NbSI. This 

program has been recognized as one of the best for identifying transmembrane domains [43]. 

TMHMM predicted that NbSI contains five α-helical transmembrane domains. The graphic 

result (Figure 11) shows the probability of the residue location. This detail helps predict 

which residues reside within protein segments that face inside, outside or are transmembrane 
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in nature. A weakness of this prediction is that it cannot distinguish a signal anchor α-helical 

structure (target protein localization to membrane) from a signal peptide α-helical structure 

(target protein localization to ER). This is the primary limitation of TMHMM: predicted 

transmembrane segments in N-terminal regions sometimes turnout to be signal peptides. This 

could lead to a false interpretation of whether the protein of interest is an integral ER 

membrane protein or a secretory protein that is destined to the ER for its secretory pathway. 

A signal peptide can be either an ER signal peptide or a secretory signal peptide. It 

directs the protein across the ER membrane in eukaryotes in order to facilitate secretion. A 

signal anchor is a transmembrane helix that functions much like a signal peptide since it is 

recognized by the Signal Recognition Particle (SRP) and inserted into the translocon; but 

instead of being cleaved and degraded, it remains in the membrane and anchors the protein to 

it [44, 45].  

My assumption is that the α-helical structure that was identified in NbSI is a 

characteristic feature of the transmembrane signal anchor. Another bioinformatic tool, 

SignalP 4.1 server, was employed to help discriminate signal peptides from signal anchors 

[46]. SignalP 4.1 suggests that NbSI contains a transmembrane domain. The graphic result 

(Figure 12) from SignalP 4.1 shows no cleavage site found in the first N-terminal 70 amino 

acids therefore indicating that NbSI has no signal peptide.  

The cumulative computational evidence supports the conclusion that NbSI is an 

integral protein that contains a signal anchor of five α-helical transmembrane domains. This 
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reaffirms the reasoning behind the observed localization of NbSI along cellular, nuclear and 

ER membranes. 

 

Conclusions 

  This study demonstrates that the unigene Nb02987, assigned the name NbSI, is a 

novel C-8, 7-sterol isomerase found in N. benthamiana. NbSI is an integral membrane 

protein predicted to have five α-helical transmembrane domains, which predominantly 

localizes to cellular, nuclear and ER membranes. N. benthamiana microarray expression 

analysis and qRT-PCR analysis indicated that NbSI expression was increased at 12 hours 

post RCNMV inoculation. Pre-silenced NbSI suppressed RCNMV accumulation in the first 6 

hours, but promoted RCNMV accumulation at 24 hours as well as increased sGFP 

accumulation from R1SG1-sGFP at 3 days post-inoculation. Pre-overexpressed NbSI 

inhibited RCNMV replication in the first 12 hours. My hypothesis is that an increased NbSI 

expression in a wild-type host is driven by the virus in order to promote membrane 

proliferation for its replication. However, the excessive sterol accumulation may disturb 

Brassinosteroid biosynthesis resulting in an activation of host defense. Brassinosteroid 

hormone treatment has been shown to enhance a broad range of disease resistance in rice and 

tobacco, but the molecular mechanism remains unknown [15]. Wild-type tobacco treated 

with Brassinolide exhibited enhanced resistance to the viral pathogen Tobacco mosaic virus 

(TMV), the bacterial pathogen Pseudomonas syringae pv. tabaci (Pst) and fungal pathogens 

of the Oidium sp. 
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Some key questions remain and need to be answered to determine the role of NbSI 

and sterol biosynthesis on RCNMV replication. These key questions are: 1) how does 

inhibition of sterol biosynthesis affect RCNMV replication? (this will determine if sterol 

molecules are essential host factors for RCNMV replication), 2) are the levels of 

Brassinosteroid hormones or key intermediates in Brassinosteroid synthesis altered at the 

early stages of an RCNMV infection? and 3) are the amounts of sterols within membranes 

altered during RCNMV infection? In contrast to animals and fungi (which contain only one 

major sterol), plant cells synthesize a complex array of sterol mixtures in which sitosterol, 

stigmasterol and 24-methylcholesterol often predominate. Sitosterol and 24- 

methylcholesterol regulate membrane fluidity and permeability in a similar manner to 

cholesterol in mammalian cell membranes. In contrast, stigmasterol might be specifically 

required for cell proliferation [6, 7]. Future experimentation is required to determine which 

plant sterols are essential host factors contributing to membrane proliferation for viral 

replication. 
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Figure 1 Host NbSI (Nb02987) gene expression was up-regulated at 12 hours post RCNMV 

inoculation (hpi). A) The microarray study indicated that host NbSI was significantly up-

regulated at 12 hpi (FDR cutoff of 0.01) (red label). B) qRT-PCR analysis confirmed that 

host NbSI was significantly up-regulated at 12 hpi (α = 0.05). 
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Table 1 Nb02987 is highly homologous to sterol isomerase from various plant species. The 

unigene sequence Nb02987 was searched against the GenBank non-redundant protein 

sequence (nr) database using BLASTX method. 

 
Species name BLASTX hit  

description 

GenBank  

Accession 

number 

Query 

coverage 

E-value Identity 

Solanum lycopersicum 

(tomato) 

3-beta-hydroxysteroid-

∆(8), ∆(7)-isomerase 

XP_004242445.1 

(complete CDS) 

83% 2 x 10
-105

 87% 

Solanum tuberosum 

(potato) 

C-8,7 sterol isomerase NP_001275362.1 

(complete CDS) 

83% 1 x 10
-104

 86% 

Vitis vinifera 

(grape) 

3-beta-hydroxysteroid-

∆(8), ∆(7)-isomerase 

isoform 2 

XP_002285453.1 

(complete CDS) 

72% 2 x 10
-82

 72% 

Theobroma cacao 

(cocoa) 

C-8,7 sterol isomerase 

isoform 1 

XP_007050006.1 

(complete CDS) 

72% 7 x 10
-76

 68% 

Zea mays              

(corn) 

sterol-8,7-isomerase NP_001105846.1 82% 4 x 10
-63

 64% 

 

 

 

 
 

Figure 2 Nb02987 has a partial coding sequence (CDS) based on its alignment to the full-

length sterol isomerase peptide sequences from tomato (SlySt, GenBank ID 

XP_004242445.1) and potato (StSI, GenBank ID NP_001275362.1). 
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Figure 3 Amino acid sequence comparison between Nb02987 and its full-length protein 

(NbSI). 

 

 

 

 
 

Figure 4 Amino acid sequence comparison between Nb02987, a full-length N. benthamiana 

sterol isomerase (NbSI), a full-length tomato sterol isomerase (SlySI, Genbank ID 

XP_004242445.1) and a full-length potato sterol isomerase (StSI, GenBank ID 

NP_001275362.1). 
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Figure 5 NbSI gene expression was suppressed in N. benthamiana using TRV-VIGS vector 

system. The silencing vector TRV1:TRV2-NbSI was delivered into plant cells by an agro-

infiltration method. NbSI was pre-silenced 10 days prior to RCNMV inoculation. The pre-

silenced NbSI plants were inoculated with RNA transcripts from plasmids RC169 and RC2, 

and harvested at 0 and 72 hours post RCNMV inoculation (hpi). The qRT-PCR analysis 

showed that the expression of NbSI significantly remained suppressed until 72 hours (α = 

0.05). Plants agro-infiltrated with TRV1:TRV2 10 days prior to RCNMV inoculation were 

used as the baseline controls in a student’s t-test statistical analysis. 
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Figure 6 Pre-silenced NbSI suppressed RCNMV RNA-1 and RNA-2 accumulation in the 

first 6 hours, followed by a promotion at 24 hpi. The expression of NbSI was transiently 

silenced by TRV1:TRV2-NbSI (TRV-VIGS system) 10 days prior to RCNMV inoculation. 

The pre-silenced NbSI plants were inoculated with RNA transcripts from RC169 and RC2, 

and then harvested between 3 and 24 hours after RCNMV inoculation. RCNMV RNA levels 

were measured using qRT-PCR analysis. The viral RNA accumulation was computed by a 

relative quantification method and displayed as % viral replication. Plants agro-infiltrated 

with TRV1:TRV2 10 days prior to RCNMV inoculation were used as the baseline controls in 

a student’s t-test statistical analysis. All data shown in this figure was significant at α = 0.1, 

except the data with an asterisk symbol (*). 
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Figure 7 Pre-silenced NbSI promoted RCNMV GFP accumulation > 4 fold at 3 days post 

inoculation. The expression of NbSI was transiently silenced using the TRV-VIGS system 10 

days prior to RCNMV inoculation. The pre-silenced NbSI plants were inoculated with RNA 

transcripts from R1SG1 and RC2, and then harvested 3 days after inoculation. Plants agro-

infiltrated with TRV1:TRV2 10 days prior to RCNMV inoculation were used as the baseline 

controls in a student’s t-test statistical analysis (α = 0.05). The sGFP quantification was 

performed with an IVIS imaging system. 

 

 

 

 

 

 

R
C

N
M

V
 G

F
P

 a
cc

u
m

u
la

ti
o

n

x
1

0
-8

a
v

er
a

g
e 

ra
d

ia
n

ce
 (
p

/s
/c

m
2
/s

r)

TRV1:

TRV2 (control)

TRV1:

TRV2-NbSI

0

2

4

6

8

10



384 

 

 

 
 

Figure 8 NbSI gene was overexpressed in N. benthamiana by using PZP212 and pRTL2 

expression vector system. The overexpression construct PZP212-NbSI was delivered into 

plant cells along with the RNA silencing suppressor construct PZP212-HCPro by an 

agroinfiltration method to constitutively express the NbSI gene. The leaf samples were 

harvested 2 days after agroinfiltration. Plants agroinfiltrated with only PZP212-HCPro were 

used as the baseline controls in a student’s t-test statistical analysis. The qRT-PCR analysis 

showed that the expression of NbSI gene was significantly increased > 600 fold (α = 0.01). 
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Figure 9 Pre-overexpressed NbSI suppressed RCNMV RNA accumulation in the first 12 

hours of infection. The expression of NbSI was transiently overexpressed by agro-infiltration 

with PZP212-NbSI along with the RNA silencing suppressor (PZP212-HCPro) 2 days prior 

to RCNMV inoculation. The pre-overexpressed NbSI plants were inoculated with RNA 

transcripts derived from RC169 and RC2, and then harvested between 6 and 24 hours post 

RCNMV inoculation (hpi). RCNMV RNA levels were measured via qRT-PCR analysis. The 

viral RNA accumulation was computed by a relative quantification method, and displayed as 

% viral replication. Plants agro-infiltrated with only PZP212-HCPro 2 days prior to RCNMV 

inoculation were used as the baseline controls in a student’s t-test statistical analysis. All data 

shown in this figure was significant at α = 0.05, except the data with an asterisk symbol (*).
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Figure 10 Membrane localization of NbSI protein. A modified green fluorescent protein 

(sGFP) was used as a visual reporter to identify the subcellular localization of the full-length 

NbSI protein. The full-length NbSI protein was fused at its C-terminus to the sGFP tagging 

protein to generate NbSI-sGFP fusion protein. The localization constructs were 

agroinfiltrated into N. benthamiana leaves and the photographs were taken 2 days after 

agroinfiltration with a confocal microscope. The images were scanned using three different 

filters (green = GFP, red = chloroplast auto fluorescence, and white/black = bright field).  

 

(A-D) shows the typical pattern of sGFP subcellular localization (control). Images were 

taken from a leaf agro-infiltrated with a mixture of PZP212-sGFP and PZP212-HCPro. A 

merged image of sGFP (D) shows that the florescence signal accumulated inside the nucleus, 

cytoplasm, and along a cellular membrane. However, sGFP does not appear to localize to the 

chloroplast. 

 (E-H) shows the characteristic pattern of NbSI-sGFP subcellular localization. Images were 

taken from a leaf agro-infiltrated with a mixture of PZP212-NbSI-sGFP and PZP212-HCPro 

(silencing suppressor). The merged image of NbSI-sGFP (H) indicates that a florescence 

signal was exclusively concentrated along a cellular membrane, a nuclear membrane and the 

endoplasmic reticulum membrane. 

 (I) shows a larger image of sGFP, confirming its localization in the nucleus, cytoplasm and 

along cellular membranes.  

(J and K) show images of NbSI-sGFP, confirming its localization along the cellular 

membrane, the nuclear membrane, and the endoplasmic reticulum membrane. 
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A) 

Residue position from  

N- to C- terminus of NbSI 

Protein segment 

1-29 outside 

30-52 transmembrane helix 

53-60 inside 

61-83 transmembrane helix 

84-117 outside 

118-140 transmembrane helix 

141-146 inside 

147-169 transmembrane helix 

170-178 outside 

179-201 transmembrane helix 

202-224 inside 

 

 

 

B) 

 
 

Figure 11 NbSI protein is predicted to contain five α-helical transmembrane domains. The 

prediction was performed with the TMHMM2.0 bioinformatic tool. (A) and (B) TMHMM 

predicts the orientation of NbSI residues (segment oriented inside, outside or 

transmembrane). 
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Figure 12 NbSI does not contain a signal peptide. The prediction was performed by using 

SignalP-4.1 bioinformatic tool. The SignalP-4.1 did not find any putative cleavage site or any 

putative signal peptide in the first 70 amino acids at the N-terminus of the NbSI protein. 
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Figure 13 Sterol-specific biosynthetic pathway and Brassinosteroid (BR)-specific 

biosynthetic pathway [12]. Red label indicates a potential function of Nb02987 (NbSI) as a 

C-8, 7 sterol isomerase. Common names for the compounds are labeled and proposed 

enzymes involved in each reaction are boxed and labeled. Genes identified by mutants are 

marked. The acronyms for some compounds are in parentheses. In the inset, the carbon 

atoms of the sterol core rings and side chain are numbered. 

 



392 

 

 

(NbSI)

Sterol-Specific pathway Brassinosteriod (BR) -Specific pathway

Lipid membrane

Defense



393 

 

 

 
 

Figure 14 The sterol biosynthetic pathway distinctions in animals, fungi, higher plants and 

algae [9]. Red box indicates a potential function of Nb02987 (NbSI) as C-8, 7 sterol 

isomerase in different organisms. Full arrows represent distinct enzymes and arrows with 

broken lines represent several biosynthetic steps. The boxes represent C-4-demethylation 

multienzymic complexes, including SMO, 4α-CD and SR. Abbreviations: COI, 

cycloeucalenol isomerase; 14DM, obtusifoliol 14-demethylase; C14R, ∆
8,14

-sterol C-14 

reductase; 8,7 SI, ∆
8
-sterol 8,7-isomerase; SMT2, sterol methyltransferase 2. 
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Figure 15 Heat map displays the modulation of N. benthamiana sterol biosynthesis-related 

gene expression at the early stages of the RCNMV infection from the microarray study 

(Chapter 3). A differential gene expression was computed from a subtraction between 

RCNMV-infected plants and mocks at 2, 6, 12 and 24 hours-post inoculation (hpi). Asterisk 

(*) indicates a significant differentially expressed host gene at FDR cutoff of 0.01.  Nb02987 

(NbSI) was computationally annotated with the function of C-8, 7 sterol isomerase (red 

label). 
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Table 2 Oligonucleotide information used in Chapter 7. 

Name Sequence information 

Nb02987F ATATTCCTCTCACAGTCACAC 

Nb02987R GTAAAGACAAAATACCCCTC 

GS02987F AATTTCTAGAGCTCGACTCAGATTCGCTATTACAG 

GS02987R AATTTCTAGAGCTCAGTAGCCACATGAACAAGAC 

FL02987F AATTCCATGGGATCGATGGCAAGCCAGGGAGAAGC     

FL02987R AATTTCTAGATTACATCGATGCGCGGGTTTTGGTCTTCTGCTCG 

3’sGFP/XbaI GCTCTAGACGCGTTACTTGTACAGCTCGTCC 

RNA1-POLF TCACAAGGGTCAAATTCTCAAATCCT 

RNA1-POLR TGCTGCTTTTTGGTATAACTTCCTCTT 

RNA1-CPF ATGTCTTCAAAAGCTCCCAA 

RNA1-CPR CGCTCATGACTAACTGGGTA 

RNA2F CGCGTCTGATTGAGTTGGAAGTA 

RNA2R CTGCCTTGATGCTCGACAGTA 

TRV2F TTACTCAAGGAAGCACGATGAGC 

TRV2R GAACCGTAGTTTAATGTCTTCGGG 

TEVLeader80 CGAATCTCAAGCAATCAAGCATTC 

35sTERM ATAAGAACCCTAATTCCC 

ActF GTGACCTCACTGATAGTTTGA 

ActR TACAGAAGAGCTGGTCTTTG 
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Materials and Methods 

  

1) Plants, RCNMV inoculum preparation and inoculation procedure 

N. benthamiana was a plant model used in this experiment. Details of plant 

maintenance, RCNMV inoculum preparation and inoculation procedure were described in 

Chapter 5 materials and methods. Briefly, RCNMV inoculum was prepared in a 110 µl 

volume per 1 plant. This 110 µl inoculum was a mixture of 1 µl in vitro T7 RNA-1 transcript 

(or 1 µl in vitro T7 R1SG1 transcript), 1 µl in vitro T7 RNA-2 transcript and 108 µl 

inoculation buffer (10 mM sodium diphosphate, pH 7.2). Four leaves per 1 plant were 

inoculated with either RCNMV inoculum or buffer. 27 µl of the RCNMV transcript mixture 

(or inoculation buffer) was pipetted onto each leaf and mechanically rubbed with 

carborundum (abrasive). Inoculated plants were maintained in a temperature and light 

controlled environment at 18-22°C, 16 hour-light and 8 hour-dark period at the NCSU 

greenhouses (Method Road).  

 

2) Plasmid DNA constructs 

A construction of the silencing construct, the overexpression construct, and the 

subcellular localization construct are performed accordingly to detail in Chapter 5 materials 

and methods. Following is a brief detail and the modification. 

The silencing construct TRV2-NbSI utilizing the TRV VIGS system [30] was 

designed to down regulate NbSI expression in N. benthamiana. A 196 bp fragment of the 

NbSI gene was amplified accordingly to OneTaq DNA polymerase protocol (NEB
TM

), with a 
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primer set of GS02987F and GS02987R (Table 2) to generate the GS-NbSI. The PCR 

conditions for amplifying GS-NbSI were as follows: 1) a denaturation cycle of 94
°
C for 30 

sec, 2) 30 amplification cycles of 94°C for 30 sec, 55°C for 30 sec and 68
°
C for 1 min, and 3) 

a final extension cycle of 68°C for 5 min. A ligation between GS-NbSI and TRV2 was 

performed via SacI restriction site. A colony PCR technique using the primer set of TRV2F 

and TRV2R (Table 2) was used to identify TRV2 clones that contained the GS-NbSI insert. 

A positive plasmid was also confirmed by digesting with SacI. The resultant construct 

TRV2-NbSI was used for down regulating NbSI expression in N. benthamiana for a gene 

silencing study. 

The PZP212-NbSI construct was designed for overexpression of NbSI in N. 

benthamiana and is based on the pRTL2 expression cassette and the PZP212 binary vector. 

A full-length NbSI DNA (663 bp) was amplified accordingly to OneTaq DNA polymerase 

protocol (NEB
TM

), with a primer set of FL02987F and FL02987R (Table 2) and the 

extension cycle at 68°C for 1 min 30 sec. A full-length NbSI DNA was firstly cloned into 

pGEM T-Easy in order to increase a copy number. A ligation between a full-length NbSI 

DNA and pRTL2 was performed via NcoI and XbaI restriction sites. The pRTL2 construct 

containing the full-length NbSI was then verified by sequencing using sequencing primers 

TEVleader80 and 35sTERM (Table 2).The resultant plasmid pRTL2-NbSI was digested with 

HindIII to release the insert containing the full-length NbSI expression cassette. This isolated 

fragment was subsequently cloned into PZP212 via HindIII restriction site. The PZP212-

NbSI construct was used to constitutively express the putative full-length NbSI protein in N. 

benthamiana for a gene overexpression study. 
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The PZP212-NbSI-sGFP construct was designed for subcellular localization study of 

NbSI. A full-length NbSI DNA was initially cloned into the RNA transcript expression 

vector pHST2-sGFP through the unique ClaI restriction site. The orientation of the clone was 

confirmed by a restriction analysis and the properly orientated construct was used as a 

template to amplify the NbSI-sGFP product using a primer set of FL02987F and 

3’sGFP/XbaI(Table 2). The PCR product was then cleaved with NcoI and XbaI and ligated 

into similarly digested pRTL2 to produce construct pRTL2-NbSI-sGFP. The nature of the 

construct was verified by sequencing and the expression cassette containing NbSI-sGFP was 

released by digestion with HindIII and subsequently cloned into PZP212 to yield construct 

PZP212-NbSI-sGFP.  

 

3) Agrobacterium preparation and infiltration 

Agrobacterium was prepared accordingly to a detail in Chapter 5 materials and 

methods. Briefly, Agrobacterium based constructs were transformed into Agrobacterium 

tumefaciens strain C58C1. Individual colonies were inoculated into 2 ml LB broth cultures 

with the appropriate antibiotics and incubated at 28°C for 20 hr with shaking. From these 

initial cultures 250 μl was used to inoculate 5 ml LB broth cultures with the appropriate 

antibiotics and 40μM acetosyringone/10mM MES, Ph 5.6. These cultures were similarly 

incubated at 28°C for 20 hr with shaking. Cultures were subsequently pelleted, resuspended 

in 10mM MgCl2/10mM MES, pH 5.6/200μM acetosyringone to the appropriate OD600 

reading and incubated at room temperature for at least 3 hr prior to syringe infiltration into 

plants. 
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 For NbSI silencing experiments, Agrobacterium cultures of TRV1 and TRV2-NbSI 

(or TRV2 for the control) were mixed at a 1:1 ratio immediately prior to infiltration into 

plants. For NbSI overexpression experiments, Agrobacterium cultures of PZP212-NbSI and 

the RNA silencing suppressor PZP212-HCPro (or PZP212-HCPro alone for the control) were 

mixed at a ratio of 1:1 immediately prior to infiltration into plants. For subcellular 

localization experiments, Agrobacterium cultures of PZP212-NbSI-sGFP (or PZP212-sGFP 

for the control) and the RNA silencing suppressor PZP212-HCPro were mixed at a ratio of 

1:1 immediately prior to infiltration into plants. Leaves infiltrated for the subcellular 

localization experiments were harvested 2 days after agroinfiltration and imaged via confocal 

microscopy (Cellular and Molecular Imaging Facility, NCSU). 

 

4) Total RNA extraction and cleanup 

 Leaves to be sampled in each experiment consisted of the following: four plants and 

two leaves per plant were used to represent the test condition (silencing or overexpression of 

NbSI) as well as the respective control (see above). Total RNA extracts isolated from the 

same plant were pooled to represent one biological replicate (4 biological replicates for the 

test condition and 4 biological replicates for controls). Leaf samples were collected either 2 

days (overexpression experiments) or 10 days (silencing experiments) after agroinfiltration as 

well as various time points after RCNMV transcript inoculation for both types of 

experiments. 

A total RNA extraction and cleanup were performed accordingly to details in Chapter 

5 materials and methods. Briefly, total RNA was extracted from 100 mg N. benthamiana leaf 
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tissue samples according to the TRIzol protocol (Invitrogen
TM

). And total RNA extracts 

destined for qRT-PCR analysis were treated with Turbo DNA-free (Ambion
TM

) according to 

the manufacturer’s protocol to remove any residual input DNA.  The samples were stored at -

20°C. 

 

5) RNA quantification by real-time PCR (qRT-PCR) 

First strand cDNA synthesis and quantitative real-time PCR (qRT-PCR) preparation 

were performed according to details in Chapter 5 material and methods. Briefly, First strand 

cDNA was synthesized by using a DNA-free total RNA (equivalent to ~1 µg total RNA) as a 

template. SYBR Green-based quantitative real-time PCR (qRT-PCR) method was used in 

this study. The qRT-PCR reaction was prepared accordingly to FastStart Universal SYBR 

Green Master ROX protocol (Roche
TM

). The first strand cDNA equivalent to 40 ng total 

RNA was used to prepare qRT-PCR reaction. The qRT-PCR reactions were setup in a 384 

well plate and placed in ABI7900 HT Fast real-time PCR system (Applied Biosystems
TM

). 

The Applied Biosystems SDS software version 2.4 was used to monitor and dissect real-time 

PCR data. Three qRT-PCR reactions were prepared per 1 biological replicate. All PCR 

products are less than 200 base pairs. The cycling condition was set as follows: 1 cycle at 

95°C for 10 min, and 40 cycles at 95°C for 15 sec /55°C for 1 min. An association analysis 

was also performed in order to test if there were any non-specific PCR products formed. The 

condition for the association analysis was set as follows: 1 cycle at 95°C for 15 sec, 60°C for 

15 sec and 95°C for 15 sec. 
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NbSI transcript levels were assayed using primers Nb02987F and Nb02987R (Table 

2). RCNMV RNA levels were assayed with 2 primer pairs for RNA-1 and 1 primer pair for 

RNA-2 (Table 2): 1) RNA1-POLF and RNA1-POLR for probing RNA-1 at the polymerase 

(RNA-1 POL), 2) RNA1-CPF and RNA1-CPR for probing RNA-1 at the coat protein (RNA-

1 CP) and 3) RNA2F and RNA2R for probing RNA-2 at the movement protein (RNA-2 MP).  

 

6) qRT-PCR data analysis  

A relative quantification, 2
-∆∆Ct

 method (equation shown in Chapter 5 materials and 

methods) [47] was used to analyze the real-time PCR data. Expression of the target gene was 

normalized against the expression of a reference gene. Actin was used as the reference genes 

to normalize the target gene that was performed within the same plate. Student’s t-test 

statistical analysis was used to examine the real-time PCR data. 

 

7) RCNMV sGFP quantification 

N. benthamiana plants were inoculated with a combination of in vitro T7 R1SG1 and 

RNA-2 transcripts. Ten plants and two leaves per plant were used for each test condition and 

each control. Leaf samples were harvested 3 days post inoculation. The GFP florescence 

intensity was analyzed by the IVIS imaging system and subjected to Student’s t-test 

statistical analysis. The IVIS Lumina System (Xenogen Corporation, Alameda, CA) is 

capable of quantifying photon emission from a variety of sources. A CCD camera measured 

and recorded photon emission data which was then incorporated into Living Image Software 
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(Xenogen Corp.) for further analysis. Whole leaves were placed under the CCD camera and 

measurements were taken with a GFP excitation filter, and exposure time of 1 second.  
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